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Summary 

Interfacial polymerization is a very flexible technique in which 
polymerization occurs at the interface between two immiscible phases. It 
allows for fabrication of thin and defect-free membrane films that can be 
used in various applications, such as nanofiltration, gas separation and gas 
barriers. Normally, the polymerization reaction takes place between two 
reactive monomers, one in water and one in an organic solvent. However, 
many interesting reactants, including amines and alcohols with complex 
topologies, are difficult to dissolve in water. This thesis focuses on non-
aqueous interfacial polymerization techniques for new thin film materials 
from monomer combinations that previously could not be used in interfacial 
polymerization. With the proposed technique, a series of cyclomatrix 
polyphosphazene networks are synthesized and their properties and 
performance are tuned for various industrial application demands. 

Chapter 1 gives an overview of interfacial polymerization and the 
parameters that influence the properties and performance of the film. 
Furthermore, the challenges and restrictions of classical aqueous interfacial 
polymerization are discussed. The second part of this chapter argues the 
limitation of aqueous interfacial polymerization and proposes a new non-
aqueous platform to broaden the number of monomers and synthesis 
chemistries with this technique. It is followed by a discussion of the 
industrial needs and challenges for thermally stable gas separation 
membranes, organic solvent nanofiltration membranes, and gas barriers.  
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Chapter 2 covers a systematic study of the effects of cations on membrane 
properties and performance. For this, two distinct POSS molecules were 
used: one functionalized with -NH3

+Cl− and one, so far unexplored, with -
NH2. The ammonium groups are partially deprotonated by using three 
different bases, LiOH, NaOH, and KOH. We demonstrate that the 
introduced cations affect the film thickness but not the molecular 
composition of the polyamic acid. All the obtained polyamic acids can be 
imidized, but the cations reduce the imidization kinetics as well as the loss of 
organic crosslinkers. For flat disc membranes, at 200 °C, the absence of 
cations results in comparable permeability combined with higher selectivity 
for H2/N2. This, and the possibility to discard the fabrication step of a adding 
a base, motivates a scale-up study of the new POSS. For tubular membranes, 
much higher ideal and mixed gas selectivities are found for -NH2 
functionalized POSS than for membranes where NaOH was added. Results 
indicate that the new route allows more reproducible production of defect-
free membranes and has the potential for larger-scale polyPOSS-imide 
fabrication. 

In the next chapter, another hybrid network is assessed for gas separation at 
high temperatures. Chapter 3 reports on the formation of thin-film 
composite cyclomatrix polyphosphazene membranes via the interfacial 
polymerization reaction between polyhedral oligomeric silsesquioxane and 
hexachlorocyclotriphosphazene, on top of ceramic support. The prepared 
polyphosphazene networks are highly cross-linked and show excellent 
thermal stability until 340 °C. Single gas permeation experiments at 
temperatures ranging from 50 to 250 °C reveal a molecular sieving behavior, 
with permselectivities as high as 130 for H2/CH4 at low temperatures. The 
permselectivities of the membranes persist at higher temperatures; at 250 °C 
H2/N2 (40), H2/CH4 (31), H2/CO2 (7), and CO2/CH4 (4), respectively, while 
maintaining permeances in the order of 10–7 to 10–8 mol m–2 s–1 Pa–1. 
Compared to other types of polymer-based membranes, especially the H2/N2 
and H2/CH4 selectivities are high, with similar permeances. Consequently, 
hybrid polyphosphazene membranes have great potential for use in high-
temperature gas separation applications. 

In need to find a more stable network at high temperatures with facile 
preparation, Chapter 4 reports a  non-aqueous interfacial polymerization 
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platform to prepare a series of thermally stable cyclomatrix 
poly(phenoxy)phosphazenes thin film composite membranes that can sieve 
hydrogen from hot gas mixtures. By replacing the conventionally used 
aqueous phase with dimethyl sulfoxide/potassium hydroxide, a variety of 
biphenol molecules are deprotonated to aryloxide anions that react with 
hexachlorocyclotriphosphazene dissolved in cyclohexane to form a thin film 
of a highly cross-linked polymer film. The film membranes have persisting 
permselectivities for hydrogen over nitrogen and methane at temperatures as 
high as 260 °C and do not lose their performance after exposure to 450 °C. 
The unprecedented thermal stability of these polymer membranes opens 
potential to industrial membrane gas separations at elevated temperatures. 

In Chapter 5, a series of cyclomatrix polyphosphazene films has been 
prepared by non-aqueous interfacial polymerization of small aromatic 
hydroxyl compounds in a potassium hydroxide dimethylsulfoxide solution 
and hexachlorocyclotriphosphazene in cyclohexane, on top of ceramic 
supports. Via the amount of dissolved potassium hydroxide, the extent of 
deprotonation of the aromatic hydroxyl compounds can be changed, in turn 
affecting the molecular structure and permselective properties of the thin 
polymer networks ranging from hydrogen/oxygen barriers to membranes 
with persisting hydrogen permselectivities at high temperatures. Barrier 
films are obtained with high potassium hydroxide concentration, revealing 
permeabilities as low as 9.4×10–17 cm3 cm cm–2 s–1 Pa–1  for hydrogen and 
1.1×10–16 cm3 cm cm–2 s–1 Pa–1 for oxygen. For films obtained with a lower 
concentration of potassium hydroxide, single gas permeation experiments 
reveal a molecular sieving behavior, with hydrogen permeance around 10–8 
mol m–2 s–1 Pa–1 and permselectivities of H2/N2 (52.8), H2/CH4 (100), and 
H2/CO2 (10.1), at  200 °C. Thus, the results presented in Chapter 5 reveal 
the versatility of this non-aqueous interfacial polymerization technique, 
where numerous tuning parameters are available to produce 
films/membranes with various properties and performances. 

Chapter 6, we use the fascinating flame-retardant properties of 
polyphosphazene to prepare well-defined highly hydrogen selective thin-film 
composite membranes. The membranes are prepared via the interfacial 
polymerization reaction between 1,3,5-trihydroxybenzene or m-
dihydroxybenzene and HCCP on top of the ceramic support. It is followed 
by pyrolysis of the prepared membranes under N2. In-depth characterization 
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shows that pyrolysis is started at 350 °C. At 450 °C, the prepared pyrolyzed 
polyphosphazene networks show the best hydrogen selectivity. It has a 
compact structure mostly made of disordered carbon accompanied by P-O-C 
and P-O-P bonds. Single gas permeation experiments at 200 °C reveal a 
molecular sieving behavior, with permselectivities above 100 for  H2/N2, 
H2/CH4, and H2/CO2, with acceptable hydrogen permeance 2 ×10–10 mol m–2 
s–1 Pa–1. The H2/CO2 permselectivities outperformed other CMS membranes 
using a lower pyrolysis temperature. Finally, the pyrolyzed thin-film 
composite membranes have a great potential for use in high-temperature 
applications, such as the selective separation of hydrogen in precombustion. 

In Chapter 7, we report the synthesis of cyclomatrix polyphosphazene 
membrane with interfacial polymerization between 1,1-Tris(4 
hydroxyphenyl)ethane and hexachlorocyclotriphosphazene on top of ceramic 
and polymeric supports to design tight organic solvent nanofilteration 
membranes. The potential of ceramic-supported thin film composite 
membranes as organic solvent nanofiltration membranes is confirmed with a 
polyethylene glycol molecular weight cutoff of 463 ± 137 g mol−1 in water 
and polystyrene molecular weight cutoff of 347 ± 120 g mol−1 and 503± 220 
g mol−1 in acetone and ethanol, respectively. Also, the resulting ceramic-
supported TFC membrane shows a methylene blue rejection with Mw of 319 
g mol−1  of 99.5±0.2%, 95±0.2 %, and 93±0.5% in water, ethanol, and 
acetone, respectively. Compared to the other thin film composite ceramic-
based membranes, the rejection for dyes with  Mw<400 Da is higher with 
similar permeances. Furthermore, the network is made on top of the porous 
polyacrylonitrile supports with interfacial polymerization to validate the 
preparation technique and facilitate the industrial implementation. FE-SEM 
pictures reveal the formation of layers with a few defects. It results in higher 
permeance and a lower rejection. Consequently, our result clearly shows the 
great potential of cyclomatrix polyphosphazene membranes as organic 
solvent nanofiltration membranes, as well as the importance of the choice of 
support.  

The last chapter of this thesis, Chapter 8, reflects on the obtained results in 
the previous chapters. In addition, this chapter suggests some monomers that 
could be interesting for non-aqueous interfacial polymerization. Finally, 
some perspectives for future research are given. 
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Samenvatting 
 
 
 
 
 

Grensvlakpolymerisatie is een breed toepasbare methode waarbij 
polymerisatie plaatsvindt op het grensvlak tussen twee niet-mengbare fasen. 
Het resultaat is een dunne en defect-vrije laag, die onder andere gebruikt kan 
worden als membraan voor gasscheiding en nanofiltratie, en als gasbarrière. 
De conventionele grensvlakpolymerisatiemethode maakt gebruik van twee 
reactieve monomeren, waarvan het ene monomeer zich in water bevindt en 
het andere monomeer zich bevindt in een organisch oplosmiddel. Echter, 
veel uiterst interessante reactanten, zoals amines en alcoholen met complexe 
topologie, zijn slecht oplosbaar in water. Dit proefschrift introduceert een 
niet-watergebaseerde grensvlakpolymerisatiemethode, waarmee meer 
monomeer combinaties en materialen mogelijk zijn. De synthese van een 
serie van cyclische polyfosfazeen lagen wordt beschreven, waarvan de 
eigenschappen en prestaties geoptimaliseerd zijn aan de hand van industriële 
eisen. 

Hoofdstuk 1 geeft een overzicht van grensvlakpolymerisatie en de 
parameters die een effect hebben op de eigenschappen en prestaties van de 
betreffende laag. Daarnaast worden de uitdagingen en de beperkingen van de 
klassieke water-gebaseerde grensvlakpolymerisatie besproken. In het tweede 
gedeelte van dit hoofdstuk wordt een nieuwe methode voor 
grensvlakpolymerisatie gepresenteerd. Deze methode maakt gebruik van 
niet-waterige oplossingen, waardoor het mogelijk wordt om veel meer 
monomeren te gebruiken voor grensvlakpolymerisatie. Hierdoor wordt de 
deur geopend voor nieuwe laagsamenstellingen. Het hoofdstuk eindigt met 
een bespreking van de behoeften en uitdagingen met betrekking tot 
industriële toepassing van thermisch stabiele gasscheidingsmembranen, 
gasbarrières, en nanofiltratie van organische oplosmiddelen. 
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Hoofdstuk 2 presenteert een systematische studie van het effect van het type 
kation op de membraaneigenschappen en membraanprestaties. De twee 
verschillende polyoctaëdrische oligomere silsesquioxaan (POSS) moleculen 
die hiervoor gebruikt zijn, onderscheiden zich door verschillende functionele 
groepen. Het ene molecuul is gefunctionaliseerd met -NH3

+Cl−, terwijl het 
andere molecuul is gefunctionaliseerd met -NH2. Dit laatste molecuul is nog 
niet eerder in deze context onderzocht. De ammoniumgroep is van het 
eerstgenoemde molecuul is gedeprotoneerd met behulp van drie 
verschillende basen, LiOH, NaOH en KOH. In dit hoofdstuk laten we zien 
dat de geïntroduceerde kationen de dikte van de laag beïnvloeden, terwijl de 
moleculaire compositie van het polyamidezuur onveranderd blijft. Alle 
polyamidezuren kunnen worden geïmidiseerd, alhoewel de kationen zowel 
de imidisatiesnelheid, als de mate van vernetting verminderen. Wanneer de 
kationen afwezig zijn, laten vlakke schijfmembranen een vergelijkbare 
permeabiliteit en een hogere selectiviteit naar H2/N2 zien op een temperatuur 
van 200 °C. Dit resultaat, samen met de mogelijkheid om het gebruik van 
een base uit te sluiten, resulteerde in een studie van de mogelijkheden voor 
opschaling. Buisvormige membranen waarop de nieuwe POSS laag 
gesynthetiseerd is, hebben een veel hogere afzonderlijke en gemengde gas 
selectiviteit, in vergelijking tot de membranen waarbij NaOH was gebruikt 
tijdens de synthese. Het gebruik van het -NH2 gefunctionaliseerde POSS 
molecuul resulteert in een meer reproduceerbare synthese van defect-vrije 
membranen en kan mogelijk ook voor de productie van polyPOSS-imide 
lagen op grotere schaal gebruikt worden. 

Het volgende hoofdstuk beschrijft een ander type hybride laag, die 
onderzocht is voor hoge temperatuur gasscheiding. Hoofdstuk 3 rapporteert 
de vorming van dunne film composiet membranen gemaakt van cyclische 
polyfosfazeen met behulp van grensvlakpolymerisatie tussen POSS en 
hexachloorcyclotrifosfazeen (HCCP) op een keramische drager. De 
verkregen polyfosfazeen lagen worden gekenmerkt door de hoge mate van 
vernetting en laten een erg goede thermische stabiliteit zien tot een 
temperatuur van 340 °C. De membranen laten gedragen zich als een 
moleculaire zeef, met een permselectiviteit van wel 130 voor H2/CH4 op 50 
°C. Op 250 °C zijn de volgende permselectiviteiten verkregen: H2/N2 (40), 
H2/CH4 (31), H2/CO2 (7), and CO2/CH4 (4), met een doorlaatbaarheid in de 
ordergrootte tussen de 10–7 tot 10–8 mol m–2 s–1 Pa–1. De gemeten H2/N2 en 
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H2/CH4 selectiviteit is hoog in vergelijking met andere polymeer-gebaseerde 
membranen, terwijl de doorlaatbaarheid tussen het hier beschreven 
membraan en andere polymeer-gebaseerde membranen vergelijkbaar is. 

Hoofdstuk 4 introduceert een nieuwe grensvlakpolymerisatiemethode 
waarmee gemakkelijk lagen gesynthetiseerd kunnen worden die stabiel zijn 
op hoge temperaturen. Om dit te bereiken is voor het eerst een niet-
watergebaseerde grensvlakpolymerisatie toegepast, waarmee cyclische 
poly(fenoxy)fosfazeen dunne film composiet membranen gemaakt zijn. 
Door het vervangen van de waterige fase met een mengsel van 
dimethylsulfoxide (DMSO) en kaliumhydroxide (KOH), worden de 
aanwezige bifenol moleculen gedeprotoneerd. De verkregen aryloxide 
anionen reageren met HCCP opgelost in cyclohexaan en vormen een dunne 
laag met een hoge mate van vernetting. Deze dunne laag membranen hebben 
een goede H2/N2 en H2/CH4 permselectiviteit op 260 °C en laten dezelfde 
prestaties zien na blootstelling aan 450 °C. Deze ongekende thermische 
stabiliteit maakt het mogelijk om de membranen te gebruiken voor 
industriële hoge temperatuur gasscheiding. 

In Hoofdstuk 5 wordt niet-watergedragen grensvlakpolymerisatie gebruikt 
voor de bereiding van cyclische polyfosfazeen lagen op een keramische 
drager, door aromatische hydroxylverbindingen in een KOH-DMSO 
oplossing te laten reageren met HCCP opgelost in cyclohexaan. De mate van 
deprotonatie van de aromatische hydroxylverbinding hangt af van de 
concentratie KOH in de DMSO oplossing. Afhankelijk van de concentratie 
KOH zijn de verkregen lagen te gebruiken als waterstof/zuurstof barrièrelaag 
of als waterstof-selectief membraan met hoge permselectiviteit op hoge 
temperatuur. Hoge KOH concentraties zijn nodig voor het maken van de 
barrièrelagen met een permeatie van 9.4×10–17 cm3 cm cm–2 s–1 Pa–1 voor 
waterstof en 1.1×10–16 cm3 cm cm–2 s–1 Pa–1 voor zuurstof. Een lagere KOH 
concentratie resulteert in lagen die te gebruiken zijn als een moleculaire zeef, 
waarbij de doorlaatbaarheid voor waterstof rond de 10–8 mol m–2 s–1 Pa–1 
bedraagt. De gemeten permselectiviteit, verkregen doormiddel van permeatie 
van afzonderlijke gassen, bedraagt 52.8 voor H2/N2, 100 voor H2/CH4, en 
10.1 voor H2/CO2 op 200 °C. Hoofdstuk 5 laat de veelzijdigheid van de 
niet-watergebaseerde grensvlakpolymerisatiemethode, waarbij veel 
verschillende parameters gebruikt kunnen worden om zowel dunne lagen als 
membranen te fabriceren met uiteenlopende eigenschappen en prestaties. 
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Hoofdstuk 6 bespreekt de synthese van dunne laag composiet membranen 
voor selectieve waterstofscheiding op hoge temperatuur. Voor het verkrijgen 
van deze membranen wordt gebruik gemaakt van de niet-watergedragen 
grensvlakpolymerisatiemethode, door HCCP te laten reageren met 1,3,5-
trihydroxybenzeen of m-dihydroxybenzeen. Omdat de cyclische 
fosfazeenring onderdeel uitmaakt van een weinig vertakte polymeer wordt 
een uniek thermisch degradatieprofiel verkregen. De thermisch degradatie 
begint op ongeveer 200 °C. De films vertonen de hoogste 
waterstofpermselectiviteit wanneer deze op 450 °C gepyrolyseerd zijn. Op 
deze temperatuur ontstaat er een compacte structuur, die voornamelijk 
bestaat uit ongeordende koolstof met P-O-C en P-O-P verbindingen. 
Gaspermeatie experimenten met afzonderlijke gassen laten een 
doorlaatbaarheid zien van waterstof van 2 ×10–10 mol m–2 s–1 Pa–1. De 
verkregen permselectiviteit van dit type membraan, voor zowel H2/N2, 
H2/CH4, als H2/CO2, is hoger dan 100. Daarmee is vooral de gemeten 
H2/CO2 permselectiviteit veel hoger in vergelijking met andere koolstof 
moleculaire zeef (CMS) membranen. Het gemak waarmee de dunne laag 
composiet membranen te synthetiseren zijn, gecombineerd met de lage 
kosten en het uniek thermische degradatieprofiel, maakt dat de dunne laag 
komposieten een grote potentie kunnen hebben voor gebruik in industriële 
hoge-temperatuur toepassingen, zoals de scheiding van waterstof tijdens 
voorverbranding, alsmede als gasbarrière. 

Hoofdstuk 7 bespreekt de synthese van dichte organisch oplosmiddel 
nanofiltratie (OSN) membranen met behulp van grensvlakpolymerisatie. In 
dit geval vindt de polymerisatie plaats tussen 1,1-tri(4-hydroxyfenyl)ethaan 
en HCCP op zowel een keramische als polymeer drager. De geschiktheid 
voor OSN van de gesynthetiseerde laag op de keramische drager is bevestigd 
aan de hand van molecuulgewichtsgrens (MWCO) metingen. De verkregen 
MWCO bedraagt 463 ± 137 Da voor polyethyleenglycol in water, en 
respectievelijk 347 ± 120 Da en 503± 220 Da voor polystyreen in aceton en 
ethanol. De methyleenblauw retentie bedraagt 99.5±0.2%, 95±0.2 %, en 
93±0.5% in respectievelijk water, ethanol en aceton. Deze retentie is hoger 
in vergelijking met andere dunne laag composiet membranen, terwijl de 
doorlaatbaarheid vergelijkbaar is. De toepasbaarheid van de verkregen dunne 
laag in industriële toepassing is onderzocht door de laag op een poreuze 
polyacrylonitril drager te synthetiseren. De verkregen laag bezit een aantal 
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defecten, waardoor de doorlaatbaarheid van de laag hoger is en haar retentie 
lager is. De resultaten gepresenteerd in Hoofdstuk 7 laten de potentie van 
cyclische polyfosfazeenmembranen als OSN membranen zien. 

Ten slotte wordt een reflectie op de verkregen resultaten gegeven in 
Hoofdstuk 8. Ook bespreekt dit hoofdstuk een aantal monomeren welke 
interessant zijn voor niet-watergebaseerde grensvlakpolymerisatie. 
Daarnaast worden een aantal mogelijkheden voor toekomstig onderzoek in 
dit hoofdstuk besproken. 
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Chapter 1 

Introduction
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1.1 Membrane separation 

Membrane separation is a technique that allows us to separate one or more 
specific molecular components from a homogeneous mixture. The 
membrane is a permselective barrier that allows passage of the specific 
components at faster rates than those of the other components in the mixture. 
The performance of the membrane is generally described with two criteria: 
permeance and selectivity. The permeance is a measure of the amount of 
components passing through a surface area of the membranes, per unit of 
time and per unit of driving force. The selectivity is determined from the 
relative change in mixture composition when comparing the retained phase 
(the retentate) and permeated phase (the permeate). Often the selectivity is 
based on the ratio of permeances of two pure components; this is referred to 
as permselectivity or ideal selectivity, and this is generally different from the 
actual process selectivity that is based on mixture experiments.  

1.1.1 Historical perspective 

The first experiment for membranes was recorded in the 18th century when 
Abbe Jean Antoine Nollet developed the term osmosis to describe water 
permeation through natural membranes.[1] Through the 19th century, 
membranes were only used in the laboratory to test theories, for instance, 
related to osmotic pressure and the diffusion laws of Fick. Early researchers 
used natural membranes, including bladders of mammals and fish and 
animal intestines. It was in 1907 when Collodion (nitrocellulose) membranes 
became preferred because these could be manufactured in a consistent 
manner. In 1930 microporous collodion membranes became commercially 
available. The fabrication method was extended to other polymers, most 
notably cellulose acetate. Over the following years, membranes were still 
primarily used in a few laboratories and specialized industrial applications 
because they were costly and showed low performance. In the 1960s, Loeb 
and Sourirajan proposed a fabrication method that paved the way to extend 
the use of membranes in industrial processes. This technique made the 
membranes an order of magnitude more permeable than previous ones. The 
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Loeb-Sourirajan technique strongly accelerated the development and 
commercialization of membranes.[2] 

1.1.2. Membrane classification 

Membranes can be classified in many different ways. From a structural 
perspective, they can be categorized as porous or as dense.  

Porous membranes are mainly used in fluid separation and purification 
processes, including ultrafiltration (UF) and microfiltration (MF). Porous 
membranes have a solid matrix with defined holes or pores ranging from 1 
nm to 20 μm.[3] The fluid transport through these membranes is 
predominantly governed by viscous flow, and the separation is based on the 
molecular size of the solute relative to the membrane pore size 
distribution.[3] This allows, for instance, to separate (colloidal) particles or 
large molecular weight solutes from a fluid. 

Dense membranes are primarily used in gas separation, reverse osmosis, 
electrodialysis, and pervaporation. These membranes have a dense structure 
with no discrete pores, and the molecular transport is governed by a 
combination of sorption (solution) and molecular mobility (diffusion). 
Nanofiltration membrane materials are a juncture between porous and dense 
materials, and the molecular transport in these materials has features of both 
viscous transport and molecular solution-diffusion. For dense membranes, 
the material properties affect the relative importance of solubility and 
diffusion for the overall transport rate. In rubbery membranes, generally, the 
solubility governs the separation because the diffusion of distinct 
components in the highly dynamic macromolecular structure is comparable. 
The molecular solubility is determined by the condensability of a component 
and its affinity toward the membrane material. Rubbery membranes can be 
used to remove large condensable and soluble hydrocarbons from gas 
mixtures. For example, polyurethane membranes with low glass transition 
temperature can be used to separate butane and propane from methane since 
the solubility of the large hydrocarbons butane and propane is much larger 
than that of the smaller methane.[4] In contrast, in glassy polymers, the 
differences in diffusivity of components govern the separation. Molecules 
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must pass through localized free volume elements in a rigid dense structure. 
In this case, bigger molecules diffuse much slower than smaller molecules. 
Glassy polymers are good candidates for the separation of hydrogen from 
gas mixtures. Examples of glassy membranes are polyimide (PI), 
polyethersulfone (PES), and polybenzimidazole (PBI). In summary, as 
compared to rubbery membranes, glassy polymers show lower permeations 
but higher (perm)selectivities for small molecules over larger ones.  

Inherent to being a permselective barrier, membranes also pose mass 
transport resistance for the molecules that should preferentially permeate. In 
order to minimize this transport resistance while maintaining as much as 
possible selectivity, a membrane should be as thin as possible. A drawback 
of a thin membrane is its low mechanical strength. This can be overcome by 
making asymmetric membranes that combine a relatively thick open support 
structure, for mechanical strength, with a thin region or film. The thin film 
exclusively determines the permeance and selectivity of the membrane. 
Since the flux is inversely proportional to the membrane's thickness, the 
obtained flux in asymmetric membranes is significantly higher than in 
symmetrical membranes.[2]  The thin layer and support may be formed from 
more than one material in single or multiple separate fabrication steps.  

The Loeb-Sourirajan technique employs the phase-separation concept to 
produce asymmetric membranes. When a thin film of a polymer solution (in 
liquid form) is immersed in a non-solvent bath, separation of a polymer rich 
phase and polymer lean phase can occur. The polymer-rich phase can be a 
solid material, and the polymer lean phase, a liquid. Because of diffusion and 
mixing limitations, phase separation will be different for various locations 
within the polymer-solvent film, resulting in an asymmetric membrane. The 
method is very facile and versatile, but in general, it is limited to the 
production of membranes of a single weakly cross-linked polymer.[5] In 
another method, a distinct layer is prepared on top of a porous support, 
producing a thin-film composite membrane (TFC).[5] Currently, TFC are the 
most efficient membranes for various applications. Importantly, the TFC 
approach provides opportunities to tailor the properties of the support and 
the thin layer separately.[6] The thin layer can be produced through many 
techniques, among which interfacial polymerization is a frequently applied 
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method.[5] Interfacial polymerization allows to produce a highly cross-
linked thin film on top of a support. 

1.2 Interfacial polymerization 

The liquid-liquid interface has exceptional properties that may differ from 
bulk.[7] Amongst these, it can provide a restricted region for chemical 
reactions, which can be used for synthesizing polymers in the form of thin 
functional films.[8] This particular process is named interfacial 
polymerization (IP).  

IP is used in the large-scale production of highly cross-linked networks. It 
provides excellent flexibility regarding surface topology and chemical 
properties of synthesized polymers, as compared to bulk polymerizations.[9–
11] As a result, it has evolved as an effective technique to synthesize an 
impressive collection of polymers, including polyamides, polyurethanes, 
polyureas, polyanilines, polyimides, polyesters, and polybenzimidazole.[11–
16] The synthesized materials can be in the form of films, nanoparticles, 
capsules, and nanofibers.[17–21] Polymer films obtained by this method 
have been used for membrane applications, mostly nanofiltration (NF) and 
reverse osmosis (RO), and a few studies on gas separation.[8] 
 

 

Figure 1.1 Schematic illustration of the interfacial polymerization reaction. 
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1.2.1 Basic principles of interfacial polymerization 

In IP, the polymerization reaction occurs at the interface of two immiscible 
phases. Depending on the polymerization, two reactive monomers or 
monomers and initiators/catalysts are distributed in two phases.[22] The 
combination of phases can be categorized into three groups; liquid/solid, 
liquid/gas, and liquid/liquid.[23] Once the two phases come into contact, the 
reaction happens locally at the interface and generates a polymeric network. 
As a result, an ultrathin layer with high molecular weight can be formed.[24] 
The created films are inherently defect-free and uniform since the diffusion 
of the monomer is easier at the interfaces without films.[8] Figure 1.1 shows 
a simple schematic of an interfacial polymerization reaction between 
reactants A and B.  

During IP, the growth of the layer is determined by the kinetics of the 
chemical reactions and the diffusion of monomers. At the onset of interfacial 
polymerization, monomer-monomer reactions occur within a reaction-
diffusion boundary layer, and chemical kinetics limit the polymerization 
reaction. Consequently, a thin layer forms and separates the two phases. As 
the network grows, the polymerization rate reduces and becomes 
progressively more limited by the diffusion of monomers. Eventually, the 
film acts as a barrier that effectively hinders the diffusion of monomers and 
stops polymerization. The observed behavior for the thickness of the film is 
known as "self-limiting."[25]  

1.2.2 Interfacial polymerization parameters 

Several studies, experimental and theoretical, have explored the effects of 
different IP parameters on the formation and properties of films.[25–27] The 
parameters can affect molecular weight, branching, cross-linking, roughness, 
density, mechanical strength, and final performance of the polymer as a 
membrane.[28–31] Figure 1.2 summarizes five main categories influencing 
the formation and properties of the formed polymer; monomer, solvent, 
reaction condition, synthesized polymers, and support (membrane 
application). In some cases, parameters can be paired with each other to 
augment or alleviate the effect of each other. In brief, some of the crucial 
factors influencing the performance of membranes will be discussed here. 
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Figure 1.2 Overview of the main parameters that determine the formation and 
properties of thin films during interfacial polymerization. Those parameters can 
overlap each other. 
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variety of monomers can be used for IP. They are selected based on their 
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(TMC).[32] Over the years, many other modified amine and acyl chloride 
monomers have been investigated to enhance the performance of NF 
membranes.[33] To this aim, researchers have incorporated different isomers 
of m-phenylenediamine, aliphatic diamine, and monomers with additional 
functional groups.[33–36]  

Other monomers have been investigated to form membranes that can face up 
to the complexity of applications such as organic solvent nanofiltration 
(OSN) and gas permeation. For OSN, amine-functionalized monomers with 
particular shapes, such as cyclodextrins and trianglamine macrocycles, have 
been selected to react with acyl chlorides, forming ‘molecularly-porous’ 
polyamide membranes.[37–40] Also, other monomers (i.e. alcohols) and 
structures (i.e. polyesters) have been explored.[15,41] Similarly, monomers 
with reactive groups such as amine (m-phenylenediamine), alcohols, and 
hybrid functionalized polyhedral oligomeric silsesquioxanes (POSS) have 
been explored for gas separation. They result in polyamides, polyester, and 
polyimide structures.[15,42–44]  

The reactivity, solubility, size, and diffusion of the monomers greatly 
influence the characteristics of the finally obtained thin films.[30] Monomers 
should be reactive enough for adequate polymerization kinetics. For highly 
reactive monomers, film formation can occur in a matter of seconds.[24] In 
contrast, monomers with low reactivity sometimes need days to react. The 
reactivity of monomers impacts the thickness of films; generally, less 
reactive the monomers produce hicker films. Some ways to increase reaction 
kinetics include increasing the concentrations of the monomers and changing 
the solvents. Higher concentrations of monomers correspond to a higher rate 
of polymerization. However, increasing concentrations is not always 
practical, and there can be concentrations above which the rate of reaction 
does not change with a further increase in the concentration.[25] In addition, 
the monomer concentrations also affect the macromolecular structure of the 
polymer (the extent of cross-linking, chain packing, etc.) and hence the 
performance of a membrane.[44] Generally, a well-defined film is obtained 
when the monomers are highly reactive and their solubility in another phase 
is low. The high solubility of monomers in the opposite phases can cause the 
formation of a more corrugated layer.[44] The diffusion of monomers to the 
opposite phase is also affected by the size and flexibility of the monomer; for 
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larger and more rigid molecules the augmented mass transport limitation due 
to film formation are more pronounced, and typically thinner films of less 
flexible polymer networks are obtained. In conclusion, via the selection of 
the monomers, the membrane performance can be tailored[15,45,46] 

Reaction conditions 

The temperature and time of reaction are among the most crucial synthesis 
parameters that influence membrane performance.  

Most of the time, IP is performed at room temperature. A few researchers 
have systematically investigated the effect of the temperature by performing 
IP with one or both phases above room temperature.[47–49] Increasing the 
temperature of the organic phase improves the diffusion of monomers to the 
opposite phase. This has two distinct effects. Firstly, it disturbs the interface 
and changes the morphology of the membrane. Secondly, it enhances the 
cross-linking density. Consequently, permeability and rejection can be 
affected.[47,48] Shen et al.[49] also investigated the effect of reaction 
temperature on the properties of the membranes. They prepared polyester 
TFC membranes by IP between glucose in water and TMC in heptane. Since 
the solubility of glucose in water is limited, the IP was performed at 
temperatures between 20-50 °C to increase the diffusion of glucose 
monomers across the water/heptane interface and facilitate the reaction rate 
between glucose and TMC. As a result, the cross-linking density and 
rejection increase while maintaining high water permeances up to 16.1 L m–2 
h–1 bar–1.[49] 

Increasing the reaction time results in the formation of a thicker layer and a 
higher extent of cross-linking. At some point, the growth of film decelerates 
due to increased mass transfer limitations of the monomers. At this stage, 
there can still be a progressive formation of covalent bonds, leading to 
further densification of the material densifies, and affecting the film 
properties.[36,50,51]  

In addition to temperature and time, other parameters can affect the interplay 
of reaction and diffusion kinetics. In particular, the use of additives has been 
explored for this purpose. Common additives include acid acceptors, 
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nanomaterials, and catalysts. Acid acceptors are used to adjust the pH of the 
solution and remove the acids that are formed as a by-product of an 
interfacial polycondensation reaction.[52,53] The incorporation of 
nanomaterials as additives into the polymeric matrix has been proven to be 
effective in the design of advanced TFC membranes.[54–56]  Adding 
catalysts can be essential for obtaining high-performance membranes.[57–
60] For example, a phase transfer catalyst is crucial for the IP reaction 
between diphenols in water and hexachlorocyclotriphosphazene in 
dichloromethane. A phase transfer catalyst facilitates the transport of a 
monomer to the opposite phase, thereby increasing the polymerization rate, 
which in turn, can influence the extent of cross-linking and final membrane 
selectivity.[59,60]  

Polymer 

The properties of the polymer that is formed during IP are not only relevant 
for the final application, but already during the IP process the polymer 
properties will affect the very formation of the film. Upon contacting the two 
phases during IP, monomers diffuse to the opposite phase, react, and film 
formation starts. The film growth reduces the diffusion of the monomers, the 
extent of which is determined by the characteristics of the formed polymer 
network that has been formed, and ultimately film growth and cross-linking 
becomes very slow.[50,61] The polymer properties affect the rate of 
monomer transport via their mobility and solubility. Also, the solubility of 
the polymer in the organic solvent is important. Because the polymer is 
generally formed in the organic phase, its solubility in this solvent defines 
the precipitation point and molecular weight.[62] Specifically, higher 
solubility in the organic phase results in the precipitation of polymers with a 
higher molecular weight range.[47,63,64]  

Support 

The principal function of the membrane support is to provide mechanical 
strength to the very thin selective IP layer. Hence, the mechanical properties 
of the support, under the application condition of interest, are vital. For high 
temperatures and pressures, porous inorganic materials can be an option; 
however, these supports are expensive, brittle, and in general, have a low 

https://www.sciencedirect.com/topics/materials-science/nanostructured-material
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surface-to-volume ratio that is associated with the tubular of stiff flat sheet 
geometry. In contrast, porous polymeric supports provide a more 
inexpensive solution and can also be fabricated in the form of hollow fibers 
or flexible flat sheets that can be accommodated in spiral wound modules. 
Particularly, in gas separation, the hollow fiber geometry is favored because 
of its high-pressure resilience.  

Yet, the morphology and physicochemical properties of the support have 
pronounced the formation, properties, and performance of the IP film atop 
it.[65] Important morphological features include surface roughness, porosity, 
and pore size distribution. Important physicochemical properties include 
surface chemistry and hydrophilicity. All these properties directly affect the 
characteristics of the interface and hence directly affect the IP reaction that 
occurs there.[66–69]  

The porosity and pore size distribution affect how much monomer is 
available for the reaction and how fast it can diffuse to the reaction zone. 
Typically the support is impregnated with the aqueous phase, and a low 
porosity implies that less of this phase can present. When, in addition, the 
pores are small, the diffusion of the aqueous phase monomer will be slower. 
Small pores also provide a more suitable surface for a thin layer to form on 
top, in particular when the surface roughness is low. In addition, smaller 
pores will stabilize the phase-phase interface. As such, smooth supports with 
small pores can allow for the formation of well-defined defect-free films. It 
has also been observed that films that form on supports with smaller pore 
sizes have a higher cross-linking density. Sharabati et al.[70] and Singh et 
al.[71] have investigated the effect of the pore size of support on the 
selectivity of PA layers. Both pieces of research are in line and prove that 
reducing the pore size of the support enhances the rejections, which is 
believed can be due to the formation of a defect-free layer and improvement 
of cross-linking.[70,71]  

The surface chemistry and hydrophilicity of the support affect the 
connection between the IP film and the support. It has been observed that a 
relatively hydrophilic surface can improve this connection and decrease film 
delamination.[69,72] In hydrophilic support, a concave meniscus of the 
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aqueous phase in the pores can result in a more pronounced layer growth 
inside the pores. 

Chemistries 

Many classes of polymers can be synthesized with IP. This section briefly 
discusses the chemistries that have mainly been developed for membrane 
applications, such as polyamides, polyesters, polyamines, polyimides, and 
covalent organic frameworks (COFs).  

Polyamides is the most prevalent chemistry in IP. It is the main chemistry 
for preparing commercial membranes for desalination and, in fewer cases, 
gas separation applications.[11,43,46,47,52,73] Generally, the polyamide is 
formed by the reaction of an acyl chloride and a (poly)amine, Figure 1.3. 
Both aliphatic and aromatic precursors can be used to synthesize 
polyamides. Polyamides can generally be used at a pH ranging from 2 to 10. 
However, they are not completely stable towards chlorine treatments for 
membrane cleaning. Several methods have been developed to overcome this 
issue, including changing the monomer precursors used for IP and chemical 
post-modification.[11,43,46,47,52,73] 

 

Figure 1.3 The formation of polyamide from acyl chloride and (poly)amine 
monomers 

Polyesters are another chemistry for TFC membranes, generally for NF and 
gas separation applications.[15,37,74] Polyesters are typically synthesized 
by the reaction of acyl chloride and alcohol, Figure 1.4.[15] The main 
drawback of polyesters is that they are more susceptible to hydrolysis under 
acid and base conditions, as compared to polyamides. 
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Figure 1.4 The formation of polyesters from acyl chloride and alcohol monomers 

Via the reaction between a diamine, and a di- or trichloride functionalized 
triazine polyamine-based TFC membranes can be prepared for NF, RO, and 
a few gas separation applications, Figure 1.5.[75,76] The resonance structure 
of the triazine ring provides polymer rigidity and thermal and chemical 
stability.[24] One drawback of di-or trichloride triazines is the moderate 
reactivity of the second and third chloride groups, which might affect the 
cross-linking density. To overcome this issue, methods such as increasing 
the temperature and using monomers with a high functionality and reactivity 
can be applied.[77,78] Recently, Elshof et al. used alcohol instead of amine 
and successfully formed triazine-based TFC membranes.[78] 

 

 

Figure 1.5 The formation of polyamine from acyl chloride and alcohol monomers 

Polyimides are known for their high thermal and chemical stability. They are 
synthesized in a two-step procedure; IP reaction between an anhydride with 
a primary amine, resulting in polyamic acid, followed by chemical or 
thermal imidization to form polyimides, Figure 1.6. The synthesized 
membranes have been used for gas separation, nanofiltration, and 
pervaporation.[14,42,45] The imidization step is challenging since polyamic 

R ClCl

O O

+ R'
HO OH R OO

O O

R'

n

+ R'
H2N NH2

n

N N

NCl Cl

Cl

N N

NHN
H
N

R'

HN
R'

https://www-sciencedirect-com.ezproxy2.utwente.nl/topics/chemistry/polyimide-macromolecule


14 
 

acids are hydrolytically unstable, and the polymer molecular weight might 
decrease after the termination of the reaction. 

 

 
Figure 1.6 The formation of polyimide from a two-step procedure: IP between 
anhydride and primary amine followed by thermal or chemical imidization. 

COFs are crystalline polymers with covalent bonds in two or three 
dimensions. They are promising candidates for molecularly engineered 
membranes since by careful selection of the monomer subunits, which are 
then polymerized into layered sheets, membranes can be engineered at the 
molecular level.[79] Several researchers have reported on the preparation of 
COFs with IP between monomers such as amine and terephthalaldehyde for 
membrane applications, Figure 1.7.[57,80,81] 

 

 

Figure 1.7 The formation of COF from amine and terephthalaldehyde monomers 
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The chemistries mentioned above are some of the most important 
chemistries to form the membrane and are therefore discussed here, but the 
list is not exhaustive. It is worth to mention the number of chemistries 
developed by IP is still limited compared to bulk polymerization. 

Solvents 

Although pivotal in any IP process, here, I choose to discuss the effects of 
the solvents last. This is because the typical selection of IP solvents is the 
main reason for the limited variety of chemistries that has been explored in 
IP, so far. Departing from the conventional choice of using an aqueous 
phase, thereby significantly broadening the selection of potential nucleophile 
reactants, is a linchpin of this thesis.  

In conventional IP, the film formation is typically via a polycondensation 
reaction between two monomers, one dissolved in water and one dissolved 
in a non-polar solvent such as an alkane. The formation of a thin film, first 
and foremost, requires a stable liquid-liquid interface, which can be obtained 
by selecting a pair of solvents that are not very miscible, such as the very 
polar water and the non-polar alkane. Even for such very immiscible 
solvents, small amounts of each solvent will dissolve in the other phase. 
Selecting the non-polar solvent can be based on various considerations. 
Critical is that the polymerization reaction typically occurs in the non-polar 
phase, and the solvent choice therefore directly affects, in the reaction zone, 
the diffusivity, the solubility, and the reactivity of the monomers, as well as 
the solubility of the polymer that is formed. For less viscous solvents, 
monomer diffusion is typically faster, facilitating the fabrication of suitable 
RO membranes.[47,82] Yuan et al. [44] showed that the choice of non-polar 
solvent affects the diffusivity of the monomers, the thickness and the extent 
of cross-linking of the membranes, and finally, their performance.[44] 
Ghosh et al. [47] controlled the diffusivity and solubility of the aqueous 
monomer, MPDA, to the organic phase by changing the non-polar solvent. 
They showed that the selection of non-polar solvent directly influences 
membrane performance. [47] 

Almost without exception, the solvent of choice for the polar phase has been 
water. Water is one of the most polar solvents available, and it has many 
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ecological and economic advantages. In some studies, a co-solvent, such as 
DMSO, is added to the aqueous phase to enhance the water permeation of 
TFC membranes.[83–86] Numerous mechanisms have been proposed for 
how DMSO can influence water permeation. It can disturb the reaction zone 
and change the interface stability and monomer diffusivity in another 
phase.[24] This results in an increase in surface roughness, surface area, pore 
size, and, subsequently, flux enhancement.[87] Another mechanism is 
suggested by Lee et al.[83] who added DMSO to the aqueous phase to 
increase the water permeation of polyamide membranes prepared from PMD 
and TMC. They attributed the enhancement in water permeation to the 
dipole-dipole interaction between DMSO and TMC, which increases the 
TMC concentration at the interface and, thereby, the reaction rate. Due to the 
fast reaction, the films form quickly and hinder the diffusion of monomers 
for further reaction. As a result, the thickness and roughness of the active 
layer reduce. Furthermore, the cross-linking degree diminishes due to the 
incomplete reaction due to the interaction of acyl chloride groups interacting 
with Sδ+- Oδ- electrostatic dipoles of DMSO at the interface. However, it 
could not be the only reason, and possibly the hydrolysis of acyl group 
matters as well.[85,87].  

The addition of the co-solvents to an aqueous phase is often associated with 
changes in the reactivity of the acyl chloride but may also affect the 
reactivity of the aqueous phase monomer. For instance, as compared to water 
and other alcohols, dimethyl sulfoxide (DMSO) and dimethylformamide 
(DMF) have been shown to enhance the nucleophilicity of 
phenolates.[88,89] Throughout this thesis, DMSO is a co-solvent and prime 
solvent for the non-polar phase to enhance the reactivity of the polar phase 
reactant. It is explored how this broadens the reactant portfolio to include 
monomers that are insufficiently nucleophile for conventional (aqueous) IP. 

1.2.3 Outlook 

Interfacial polymerization is an elegant technique provides a platform to use 
a wide range of monomers to synthesize polymers with distinct and 
impressive properties. In this context, interfacial polymerization is explored 
as the main technique for designing and synthesizing very thin hybrid 
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organic-inorganic polymeric film, polyimide and polyphodphazene, on top 
of the ceramic supports and producing TFC suitable for a broad range of 
molecular separations, gas separation at high temperature, and solvent 
nanofiltration membranes, as well as hydrogen/oxygen barrier films.  

Many studies have focused on developing TFC membranes based on 
exploring different monomers in the past years. However, most organic 
compounds, including aromatic amines with complex topologies, are 
partially soluble in water. This limits the number of monomers and 
chemistries used in interfacial polymerization and, subsequently, forms 
networks for specific membrane applications.[43] In addition, water 
hydrolyses monomers such as acyl chlorides during interfacial 
polymerization and produces by-products. As a result, it reduces the cross-
linking degree and produces membranes with several defects, which 
primarily affects the selectivity of membranes.[90] To the best of our 
knowledge, few studies aimed at the formation of polyamide and polyesters 
with expanding non-aqueous interfacial polymerization, and no attempts 
have been made to expand non-aqueous interfacial polymerization to other 
chemistries.[43,91,92] Liu et al.[43] replaced water with a series of ionic 
liquids to produce polyamide membranes with interfacial polymerization. In 
another study, Wamser et al. showed the formation of various polyamide 
porphin films at the interface of DMSO/chloroform or DMSO/ethyl 
acetate.[91] Ogata et al. reported interfacial polymerization in non-aqueous 
systems for synthesizing aromatic polyesters.[93]  

This thesis aims to introduce a novel non-aqueous interfacial polymerization 
platform aiming to broaden the functional monomers in interfacial 
polymerization and, in turn, form newer chemistries. In particular, we 
explore the potential of non-aqueous interfacial polymerization for preparing 
films by replacing DMSO for water in the polar phase. Similar to classical 
aqueous interfacial polymerization, the cross-linking degree, chain flexibility 
and packing can be easily controlled to obtain various types of structures. 
Several tuning parameters are at our disposal that can be manipulated to 
obtain desired film structures, such as type of monomers and base 
concentration. The most prominent aspect of this approach is that it can be 
used to form versatile structures for harsh industrial demanding conditions 
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such as hot gas separation, hydrogen barriers and organic solvent 
nanofiltration. 

1.2 Cyclomatrix polyphoaphazene networks 

 

Figure 1.8 Three main classes of polyphosphazene. Here, R represents different 
organic functional groups 

Polyphosphazenes are a hybrid materials including a broad range of 
polymers. They contains phosphorus and nitrogen atoms attached via 
alternatingly arranged saturated and unsaturated bonds in their backbones, 
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polyphosphazene are linear, cyclolinear, and cyclomatrix, Figure 1.8. With 
the vast substitutional potential of side groups, R, and architectures, 
polymers with specialized properties can be synthesized and tailored for 
different applications, including fire retardants, fuel cells, and various 
membranes.[95]  

. 

Linear phosphazene polymers are made from the ring opening 
polymerization of hexachlorocyclophosphazene (HCCP) at 250°C under a 
vacuum. HCCP contains two chlorines atom per repeating unit that can be 
substituted by organic nucleophiles such as alkoxides, aryloxides, and 
amines. The other two architectures, cyclolinear, and cyclomatrix, are made 
from HCCP rings linked via organic or inorganic groups. If HCCP reacts 
with di or tri-functional compounds, it forms a highly cross-linked 
cyclomatrix polyphosphazene network.[96] They are of high interest for 
their flame-retardant properties and good thermal and chemical stability.[97] 
The main interest of this thesis is utilizing cyclomtrix polyphophszene 
structure for molecular separation applications.  

Depending on the structure, methods such as doctor-blade casting, drop 
casting, or spin coating can be used to prepare cyclomatrix polyphosphazene 
films, leading to the formation of relatively thick films in the order of a few 
hundred microns.[6,98] Even for a few structures such as 1,3,5-
Trihydroxybenzene and HCCP, only the formation of micro/nanospheres is 
reported.[99] The mentioned studies suggest that  a different approach rather 
than conventional bulk polymerization and film preparation is needed to 
prepare thin cyclomatrix polyphosphazene films; interfacial polymerization.  

A few studies reported the formation of cyclomatrix polyphosphazene films 
via interfacial polymerization.[36,60] Maaskant et al. reported the 
fabrication and characterization of cyclomatrix polyphosphazene layer by 
interfacial polymerization of aromatic diphenols in water with HCCP and a 
phase transfer catalyst in dichloromethane. A phase transfer catalyst was 
used to facilitate the transport of less reactive monomer, HCCP, and increase 
the polymerization rate. However, the approach did not allow to make a thin 
selective film.[60] You et al. prepared NF membranes via interfacial 

https://www.sigmaaldrich.com/CA/en/product/aldrich/p38005
https://www.sigmaaldrich.com/CA/en/product/aldrich/p38005
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polymerization between branched polyethyleneimine (PEI) and HCCP. The 
reported method to form NF membranes could not be used for other amine-
functionalized monomers, due to the specific properties of PEI, such as high 
reactivity.[36]  

In this thesis, we report on an interfacial polymerization method to prepare, 
in a single step, thin and highly cross-linked cyclomatrix networks from 
HCCP and a broad range of monomers for various applications, such as gas 
separation membranes at high temperatures, gas barriers, and organic solvent 
nanofiltration. 

1.4 Hydrogen separation membranes at high 

temperature 

The history of membrane gas separation started in 1979 when Permea, a 
trademark name owned by Monsanto, launched the first membrane plant 
based on polysulfone hollow fibers to purge hydrogen in the Bosh-Haber 
process.[100] Since then, this technology has found its application in 
hydrogen separation, natural gas treatment (e.g., CO2/CH4, H2S/CH4, 
He/CH4 separation), gas/vapor separation (e.g., C3H6/N2, C2H4/N2, 
gasoline/air) and nitrogen production (e.g., N2/O2 separation).  

Recently, hydrogen separation membranes at temperatures above 100 °C 
have attracted immense attention. Hydrogen is an important energy source 
that can address issues related to global climate change, energy security, and 
local air pollution.[101] Most of the H2 in the world is supplied using fossil 
fuels. This process is associated with the formation of many by-products 
such as CO2, and other contaminants generated in the process. Most 
importantly, the gas streams are produced at high temperatures and must be 
kept at those temperatures during the process in chemical industries and 
cooling the stream followed by re-heating causes a waste of considerable 
energy. This highlights the importance of thermally stable structures for 
hydrogen separation. 

Various membrane materials such as polymeric membranes, inorganic-based 
membranes (ceramics, metals, graphene oxide (GO)), and porous hybrid 
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materials (zeolite imidazolate framework (ZIF) and metal-organic 
frameworks (MOFs)) have been developed for hydrogen purification at high 
temperatures.[102–106] Due to the complex preparation processes (high cost 
and their modularizing problem) of inorganic and porous hybrid materials, 
numerous studies have been focused on synthesizing/modifying polymeric 
materials which stand at high temperatures.[107] Unfortunately, the existing 
commercial polymers are not suitable candidates for such applications due to 
their insufficient thermal stability and chain rigidity at high temperatures. 
Therefore, researchers have focused on developing thermally stable 
polymeric materials applicable to hydrogen separation including PBI, 
polyimide, and thermally rearranged (TR) membranes. 

 

Figure 1.9 Chemical structure of the PBI-Celazole® 

PBI is a rigid heterocyclic polymer exhibiting high thermal stability above 
500 °C and high mechanical stability at high pressures. A commercial PBI, 
known as Celazole® is considered the benchmark for H2/CO2 separation at 
high temperatures, Figure 1.9. Celazole® exhibited mixed gas H2 
permeability of 13 barrer and H2/CO2 selectivity of 20 at 270 °C.[108]  The 
substantial disadvantage of this membrane is the low gas permeability. It is 
the result of its tightly packed structure due to strong hydrogen bonding. 
Many studies have focused on increasing the gas permeabilities by 
introducing bulky functional groups, such as CF3 and CH3, in PBI and 
disrupting its chain packing.[109,110] However, in most studies, the increase 
in permeability was accompanied by a dramatic loss in selectivity. Another 
method to increase the permeability is incorporating ZIFs in PBIs to create 
mixed matrix membranes (MMMs).[111,112] Yang et al. showed that 
incorporation of 33 wt% ZIF-8 nanoparticles into PBI-based hollow fiber 
membrane led to a H2 permeance of 202 GPU at 180 °C, which is more than 
70 times higher than that of unmodified membranes.[112] In another report, 
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Lin et al. chose a completely different approach and cross-linked Celazole® 
with phosphoric acid (H3PO4).[113] As a result, at 180 °C, H2/CO2 
selectivity was enhanced by sacrificing the permeability. They attributed the 
enhancement in selectivity to the favorable combination of chain rigidity 
with efficient chain packing caused by chemical cross-linking.[113] Another 
interesting chemistry for H2 separation at high temperatures is polyimides 
(PIs). In general, PIs show moderate selectivity and higher permeance 
compared to PBI. To enhance the selectivity, several studies cross-linked the 
PI structure to restrict chain mobility.[114,115] 1,4-butanediamine (BuDA) 
cross-linked P84® membranes exhibited   H2/CO2 permselectivity of 12 at 
150 °C.[114] In other studies, PI mixed matrix membranes with ZIF7 were 
fabricated to enhance the permeability while retaining high H2/CO2 
selectivity by cross-linking.[116] Ortho-functionalized polyimide can be 
thermally rearranged at 350-400 °C to form a polybenzoxazoles (PBO)  
structure with high thermal stability (>400 °C). They were used to separate 
H2 at temperatures up to 300 °C and exhibited acceptable H2/CO2 
selectivity.[117]  

Using interfacial polymerization to prepare TFC membranes for hot gas 
separation reduces the complexity of the preparation process. However, the 
number of studies on advancing gas separation membranes with interfacial 
polymerization is limited. For gas separation, a precise molecular separation 
is required, whereas interfacial polymerization occurs with a fast reaction 
rate, which leads to an uncontrol packing of the polymer network and a 
distribution of pore diameter and free volume.[118] Raaijmakers et al.[45] 
prepared polyPOSS-imide membranes for H2 separation up to 300 
°C.[16,45] Shan et al. fabricated PBI membranes by interfacial 
polymerization with high H2/CO2 selectivities at 150 °C.[16]  

Finally, despite all the efforts, achieving some commercially viable 
membranes for hot H2 separation is still challenging due to a low separation 
performance or complex preparation processes (such as imidization or 
thermal rearrangement). The studies mentioned above illustrate that further 
developments to prepare thermally stable membranes for separating hot 
gases are required. In this thesis, we aim to offer a new one-step scalable 
interfacial polymerization approach to produce membranes for this 
application. 
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1.5 Organic solvent nanofiltration membranes 

The second topic of interest in this thesis is the development and molecular 
design of organic solvent nanofiltration (OSN) membranes suitable for 
separating molecules with Mw below 400 Da.  

Nanofiltration describes a pressure-driven membrane-based separation that 
will reject solutes below 1000 Da in mass. However, upon exposure to feed 
streams containing organic solvents, typical membranes dissolve or degrade, 
reducing membrane performance. NF membrane technology for organic 
solvents is also referred to as organic solvent nanofiltration (OSN).[119] 
OSN has attracted immense attention from academia and industries, because 
of the high application potential. Millions of tons of organic solvents are 
used in pharmaceutical, oil, and chemical industries, drugs, chemical 
products, and edible oils. The products and solvents are required to be 
purified and separated, and OSN membranes could be an alternative to the 
traditional separation method with advantages such as ease of scale-up, 
relatively mild operating conditions, and compatibility with heat-sensitive 
compounds.[119] Great efforts have been made to enhance the performance 
of OSN membranes by developing new polymeric membranes.[119–122] 
Two main types of OSN polymeric membranes are polymeric integrally 
skinned asymmetric (ISA) and TFC membranes. ISA membranes are 
typically fabricated by phase inversion followed by covalent cross-linking of 
the polymer chains in a polymeric membrane. ISA membranes are favoured 
by membrane industry due to their ease of processing. To date, many 
polymeric materials have been examined for ISA membranes, including PI 
and PBI. The main drawback of ISA membrane is the cross-linking process 
which increases the resistance of membranes and reduces the flux. On the 
other hand, TFC membranes prepared by interfacial polymerization show a 
significant advantage over ISA membranes. The unique layered structure of 
TFC, support and selective layer allow it to modify them separately.[118] 

A broad range of monomers have been exploited for interfacial 
polymerization to design the selective layer on a molecular level to increase 
the performance of OSN membranes. They have modified the thickness and 
the micro-porosity of membranes to enhance solvent permeance.[118] 
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Various types of polymers, such as polyamide, polyimide, polyester, 
covalent organic framework (COF), and covalent organic polymer (COP), 
have been explored.[15,41,123] However, designing TFC OSN membranes 
for rejecting molecules with Mw <400 Da is still challenging since it needs 
better control over the interfacial polymerization process. A few works 
succeeded in forming those membranes.[15,39,43] Jimenez-Solomon et al. 
fabricated polyester TFC OSN membranes by interfacial polymerization 
between 1,3-benzenediol and TMC. The resulting membrane display dye 
(314 g mol−1) rejection of 95% in methanol with acetone and methanol 
permeance around 0.3 L m−2 h−1 bar−1 and 0.5 L m−2 h−1 bar−1, 
respectively.[15] Liu et al. fabricated polyamide TFC OSN membrane with a 
dye rejection (327.3 g mol−1) of 95% in methanol.[43] Villalobos et al. 
fabricated a cyclodextrin-based polyester TFC membrane which display a  
rejection of methyl orange (327.3 g mol−1) between 91-96% in different 
solvents (water, acetonitrile, methanol, ethanol, and tetrahydrofuran).[39] 

The above-mentioned studies demonstrate that researchers continue to 
develop new membranes with distinct properties for OSN. Still, further 
developments in this field are required to implement interfacial 
polymerization OSN membranes for industrial applications. In this context, 
we aim to design and prepare polyphosphazene selective thin films, tailored 
for OSN.  

1.6 Barriers 

The third topic of interest in this thesis is the development of 
hydrogen/oxygen barrier films with interfacial polymerization.  

The hydrogen-based economy has captivated considerable attention during 
the past years. It is a zero-carbon fossil fuel alternative and offers more 
energy per mass than any other fuel. For aviation and transport applications, 
hydrogen should be stored and transported in lightweight materials. 
However, hydrogen storage is very challenging as it is highly diffusive. To 
store hydrogen efficiently, polymers have several advantages over metals in 
terms of specific strength, toughness, cost, and easy processability. In 
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addition, metals might suffer from severe hydrogen embrittlement and fail 
during the performance.  

The polymeric matrix can be a good gas barrier when both solubility and 
diffusivity are minimized. Regarding hydrogen, the important factor is 
controlling diffusivity, which can be controlled by tuning the polymer 
structure and adding nanofillers. Adding less bulky and more planar 
aromatic units in the polymer backbone reduces the chain packing and 
improves gas barrier properties.[124,125] Liu et al. prepared an intrinsic 
high-barrier polyimide consisting of a planar group.[125] The resulting films 
exhibited excellent oxygen barrier properties.[125]  Zeng et al. fabricated 
polyimide containing a high planarity naphthalene ring. The obtained layer 
displays superior barrier properties with extremely low water vapor and 
oxygen transmission.[124] Other researchers used this idea for other 
chemistries, such as polyamide, and polyethylene terephthalate 
(PET).[126,127] Another effective way to improve the barrier properties of 
materials is by applying a high aspect ratio two-dimensional nanofillers such 
as silica nanosheets. The nanofiller-polymer matrix restricts the diffusion of 
hydrogen by introducing a long tortuous path. Also, nanofillers hinder the 
segmental mobility of polymer chains leading to a reduction in the free 
volume.[128] Habel et al. prepared a nanocomposite of silicate nanosheets 
and poly(vinyl alcohol).[129] Films with 50% nanofillers showed helium 
and hydrogen permeabilities as low as 0.8 and 0.6 cm3 μm m−2 day−1 atm−1, 
respectively.[129] Seo et al. proposed preparing nanocomposites using 
covalently bonded graphene oxide (GO) and MXenes nanofillers and poly 
(ethylene-co-acrylic acid) (EAA). The films containing 10 wt% of 
nanofillers showed a very low H2 permeability.[130] Although using 
nanofillers is an effective technique to prepare hydrogen barrier films, 
considering the expensive costs of synthesizing and mixing nanofiller with 
polymer, it can be costly to apply on larger scales. It also demonstrates that 
developing polymeric materials could be a safer investment by the industry. 

In this context, we aim to develop a one-step scalable approach to 
synthesizing hydrogen barrier layers with interfacial polymerization. This 
aim could be achieved by using small planar monomers for interfacial 
polymerization reactions. 

https://www.sciencedirect.com/topics/materials-science/graphene-oxide
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Figure 1.10 Schematic overview of the thesis outline 
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1.7 Thesis outline 

The importance of different parameters on properties and performance of 
interfacial polymerization prepared TFC is described in the previous 
sections. To elaborate on this section, Chapter 2 of this work systematically 
studies the effect of parameters on the composition, performance, and 
scaling up the potential of polyPOSS-imide membranes. The next chapters, 
3 to 7, aim to develop a non-aqueous interfacial polymerization platform for 
preparing polyphosphazene membranes/barriers based on industrial 
demands. This is achieved by replacing water with DMSO or a mixture of 
DMSO and water in an interfacial polymerization system. The flexibility of 
this platform is evaluated by exploring parameters that affect the properties 
and performance of the layer. Similar to the traditional interfacial 
polymerization, factors such as the monomers and reaction conditions were 
explored as tuning parameters to obtain layers suitable for gas separation 
membranes, nanofiltration membranes, and gas barriers. Chapters 3 to 7 of 
this thesis describe the various monomers and the tuning parameters used to 
produce a broad range of cyclomatrix polyphosphazene layers. An overview 
of the chapters is given in Figure 1.10. 

Chapter 2 investigates the effects of cations on the polyPOSS-imide 
properties and the performance of flat discs and tubular membranes. For this, 
two distinct POSS molecules were used: functionalized with -NH3

+Cl− or, so 
far unexplored, -NH2. The ammonium groups are partially deprotonated by 
using three different bases, LiOH, NaOH, and KOH. The result shows that 
the introduced cations via the addition of bases do not affect the molecular 
composition and hydrogen separation performance of flat disc membranes at 
200 °C. In addition, the absence of cations provides a simpler synthesizing 
route by eliminating the addition of bases. For tubular membranes, much 
higher ideal and mixed gas selectivities are found than for membranes where 
the base, NaOH, was added.  

Chapter 3 reports the fabrication of cyclomatrix phosphazene POSS-HCCP 
network via interfacial polymerization between octa aminopropyl POSS in 
DMSO/water and HCCP in cyclohexane. The resulting network is highly 
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cross-linked. The hydrogen separation performance and stability of these 
membranes are tested at elevated temperatures. 

Chapter 4 reports the non-aqueous interfacial polymerization platform to 
prepare a series of thermally stable cyclomatrix poly(phenoxy)phosphazenes 
thin film composite membranes. The networks are stable at high 
temperatures and show persisting permselectivities for hydrogen over 
nitrogen and methane at temperatures as high as 260 °C. 

Chapter 5 further explores the versatility of the non-aqueous interfacial 
polymerization by using a series of smaller aromatic hydroxy compounds 
than in chapter 4 and HCCP to produce hydrogen separation membranes or 
hydrogen barriers. It also explores the parameters affecting the formation of 
the layer and the amount of KOH which dictates the conversion of the 
hydroxyl groups into phenolate anions. The results show that this parameter 
affects the molecular structure and permselective properties of the thin 
polymer networks ranging from hydrogen/oxygen barriers to membranes 
with persisting hydrogen permselectivities at high temperatures. 

Chapter 6 reports on the possibility of pyrolysis of the prepared ultrathin 
cyclomatrix polyphosphazene films in chapter 5 under N2, at relatively low 
temperatures. At 450 °C, pyrolyzed polyphosphazene networks form without 
defect and show a good hydrogen performance at 200 °C. The final structure 
comprises disordered carbon and P-O-C and P-O-P bonds. 

Chapter 7 explores the possibility of using non-aqueous interfacial 
polymerization to prepare cyclomatrix polyphosphazene for OSN membrane 
applications. The TFC membranes are prepared by interfacial polymerization 
of a larger monomer compared to previous chapters, 1,1,1-tris(4-
hydroxyphenyl)ethane (TPE), and HCCP on top of ceramic and 
polyacrylonitrile supports. The nanofiltration performance of these 
membranes in organic solvents is evaluated. 

The last chapter of this thesis, Chapter 8, reflects on all results in the 
previous chapters and outlines unexplored areas of interest. In addition, it 
contains directions for further research. 
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Abstract 
PolyPOSS-imide membranes are promising for separating H2 from larger 
molecules (CO2, N2, CH4) at temperatures up to 300 °C. Their fabrication 
involves two steps: interfacial polymerization of POSS and 6FDA, followed 
by thermal imidization. This work provides a systematic study of the effects 
of cations on membrane properties and performance. For this, two distinct 
POSS molecules were used: functionalized with -NH3

+Cl−1 or, so far 
unexplored, -NH2. The ammonium groups are partially deprotonated by 
using three different bases, LiOH, NaOH, and KOH. We demonstrate that 
the introduced cations affect the film thickness but not the molecular 
composition of the polyamic acid. All polyamic acids can be imidized, but 
the cations reduce the imidization kinetics as well as the loss of organic 
crosslinkers. For flat disc membranes, at 200 °C, the absence of cations 
results in comparable permeability combined with higher selectivity for 
H2/N2. This, and the possibility to discard adding a base, motivated a scale-
up study of the new POSS. For tubular membranes, much higher ideal and 
mixed gas selectivities are found than for membranes where NaOH was 
added. Results indicate that the new route allows more reproducible 
production of defect free membranes and has potential for larger-scale 
polyPOSS-imide fabrication. 
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2.1 Introduction 

Global warming, due to greenhouse gas emissions, is one of the current 
worldwide concerns.[1] The development of new, innovative, and flexible 
methods to reduce emissions of CO2 in industrial processes at high 
temperatures is very important. Besides, in many industrial processes, gas 
separation at elevated temperatures is desirable to reduce efficiency losses 
associated with cooling and heating of gas streams.[2] Within this context, 
membrane separations may offer valuable alternatives for existing 
technologies. 

Polyimide membranes are promising candidates for H2 separation (H2/N2, 
H2/CH4, H2/CO2) at high temperatures, thanks to their exceptional thermal, 
chemical, and mechanical stability.[3, 4] However, conventional polyimides 
are not able to properly separate H2 from mixtures at elevated temperatures. 
One way to address this issue is by improving the cross-linking density of 
polyimide, by introducing a highly functionalized and rigid monomer into 
the macromolecular structure in order to reduce the molecular dynamics.[5] 
Polyhedral oligomeric silsesquioxane (POSS) with a basic formula of 
RnSinO1.5n (n = 6, 8, 12), providing eight functionalize groups, offers this 
possibility.[6]  

Raaijmakers et al.[7] have used POSS cages as the main building block for 
synthesizing a polyimide polymeric network, resulting in hybrid membranes 
that can selectively separate gas molecules at elevated temperatures. They 
have demonstrated a two-step procedure for synthesizing a hybrid 
polyPOSS−imide network: the interfacial polymerization (IP) of an 
ammonium chloride salt functionalized POSS and anhydride, followed by 
thermal imidization. This results in ultrathin (<100 nm) selective films on 
top of ceramic supports, providing for high H2 permeance (> 1000 GPU) 
while still retaining gas selectivity of approximately 5 for H2/CH4 and H2/N2 
at 300 °C. The CO2/CH4 selectivity of approximately 60 at temperatures 
below 100 °C emphasizes the applicability of the polyPOSS−imide over a 
broad temperature range.[7] 

The procedure of Raaijmakers [7] involves the addition of a base for partial 
deprotonation of the ammonium groups of the distinguished POSS molecule. 
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The extent of the deprotonation, and the reactivity of the functional groups 
of the POSS molecules, will be affected by the nature of the cations that are 
added with the alkaline base. In addition, such cations affect the 
electrostatics during the interfacial polycondensation reaction, both with 
respect to the characteristics of the interface between the two immiscible 
liquids phases with respect to the polymerization kinetics.[8-10] This may 
affect film properties, such as thickness, free volume, degree of cross-
linking, amongst others.[11] Moreover, in the subsequent thermal treatment 
of the polyamic acid films, the presence and nature of the cations can also 
impact the properties of the final materials. The condensation of the amic 
acid bonds to form the imide groups cannot occur when the proton of the 
amic acid group is exchanged with another cation; the imidization requires a 
carboxylic acid  group in the ortho position to an amide group which is 
blocked by the ions.[12-14] Also, the cation interferes with intra and 
intermolecular interactions of polyamic acid groups, for instance, 
diminishing hydrogen bonding. This also affects the subsequent imidization 
of the polyamic acid.[15] Finally, ions that remain in the final membrane 
could facilitate the sorption of small polar molecules such as water, affecting 
the transport of these and other small molecules within the matrix (e.g., 
competitive sorption, hindrance of diffusive pathways).  

By using a proprietary approach, SINTEF is able to synthesize POSS 
molecules with amine groups (POSS–(CH2)3NH2), rather than POSS with 
ammonium groups POSS (POSS–(CH2)3NH3

+Cl−) that require 
deprotonation.[16] This allows omitting the addition of a base in the 
procedure reported by Raaijmakers.[7] Here, we investigate whether such a 
more facile method, with the new POSS source, can be used for membrane 
fabrication. For this purpose, the two different types of POSS are reacted 
with 4,4-(hexafluoroisopropylidene) diphthalic anhydride (6FDA), atop 
ceramic supports. Deprotonation of the ammonium functionalized POSS is 
done with the addition of different bases, i.e., LiOH, NaOH, and KOH, 
individually, introducing different cations. This allows studying the effect of 
the nature of the cations on the formation, imidization, and performance of 
polyPOSS-imide membranes for H2 recovery. Finally, the scale-up potential 
of membranes deploying the new POSS source is investigated using porous 
ceramic tubular supports. The performance of these tubular membranes is 
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assessed by means of single and mixed gas measurements in a wide range of 
operating conditions. 

2.2 Experimental  

2.2.1. Materials 

Toluene (anhydrous 99.8 wt.%), 6FDA, NaOH, LiOH, and KOH were 
obtained from Sigma-Aldrich. Ammonium chloride salt functionalized 
POSS (Octa ammonium POSS®, USA) was purchased from Hybrid Plastics, 
abbreviated HP-POSS. Octa aminopropyl POSS (52.6 wt.% in n-propanol) 
was kindly provided by SINTEF (Norway), abbreviated SF-POSS, and 
recently up-scaled by Funzionano AS (Norway). Porous α-alumina discs (D 
39 mm, thickness 2 mm) were obtained from Pervatech B.V. (The 
Netherlands), coated with a 3 µm thick γ-alumina layer via a dip-coating and 
calcination process as described before by Karaliç et al.[17] and used as 
supports. Asymmetric TiO2/Al2O3 single-channel (OD = 10 mm, ID = 6 mm, 
length = 250 mm) supports were provided by Céramiques Techniques 
Industrielles  (CTI, France) and coated with a γ-alumina layer atop of an 
internal zirconia microfiltration layer. 

2.2.2. Material fabrication 
Table 2.1 List of Acronyms 

 

Acronym Name 
M+ Metal cation, Li+, Na+, K+ 
PA Polyamic acid prepared with SF-POSS 

Li-PA Polyamic acid prepared with HP-POSS, pH adjusted with LiOH 
Na-PA Polyamic acid prepared with HP-POSS, pH adjusted with NaOH 
K-PA Polyamic acid prepared with HP-POSS, pH adjusted with KOH 
M-PA Polyamic acid prepared with HP-POSS, 

 pH adjusted with different bases (M-pH) 
PI Polyimide prepared from PA 

Li-PI Polyimide prepared from Li-PA 
Na-PI Polyimide prepared from Na-PA 
K-PI Polyimide prepared from K-PA 
M-PI Polyimide prepared from M-PA 
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For both the preparation of freestanding films and membranes, the pH value 
of aqueous solution of HP-POSS (0.9 wt.%) was adjusted to 9.9 by using 
one of the base solutions, NaOH, LiOH, and KOH, with a concentration of 
0.5M. For SF-POSS, the 0.9 wt.% aqueous solution has an initial pH of 10.5, 
and no additional pH adjustment was needed. Thin films were prepared by 2 
step procedures reported elsewhere [18, 19]: first, the interfacial 
polymerization reaction between 0.9 wt.% POSS in water and 0.075 wt. % 
6FDA in toluene, resulting in the formation of polyamic acid, followed by a 
thermal imidization.  Based on the type of POSS solution, different 
abbreviations were used, which can be found in Table 2.1. 

Preparing freestanding films 

The freestanding films were prepared by bringing the pH adjusted aqueous 
solution of HP-POSS into contact with the 6FDA solution of 0.075 wt.% in 
toluene. After 30 minutes, the collected film was washed with acetone and 
water. It was followed by imidization at 300 ˚C for 2 hours with a ramp rate 
of 5˚C/min in air atmosphere. The collected solid might be referred to as 
powder in the text.  

Membranes preparation 

In brief, a film was formed atop a flat disc ceramic membrane by soaking the 
porous support in 0.9 wt.% POSS aqueous solution for 15 minutes, followed 
by contacting it with the 6FDA solution in toluene. Subsequently, the 
membrane was imidized by heating it to 300 ˚C for 2 hours with a ramp rate 
of 5˚C/min in an air atmosphere. 

For the tubular membranes, the same procedure as in [19] was used. The 
tubular membranes were pre-wetted with 0.9 wt.% aqueous SF-POSS 
solutions for 15 min, followed by reacting the 6FDA solution for 5 minutes. 
Subsequently, imidization of the membranes was carried in an oven for 2 h 
at 300 °C.  

2.2.3. Material characterization 

Scanning electron micrographs were obtained using a field emission 
scanning electron microscope (FE-SEM, JSM-7610F, Jeol) to visualize the 
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samples' morphology and thickness. The images were taken after applying a 
5 nm Pt/Pd coating. Thermal gravimetric analysis (TGA) combined with 
mass spectrometer (MS) measurements were carried out using a Netsch STA 
449 F3 Jupiter TGA and QMS 403 D Aelos MS under 70 mL min−1 N2 flow 
with a heating rate of 10°C min−1 from 50 to 800°C.  Fourier transform 
infrared spectroscopy (FTIR) in attenuated total reflectance (ATR) was 
performed to analyze the structure of the membranes in the range of 400–
4000 cm−1 using (ATR-FTIR, Spectrum Two, PerkinElmer). X-ray 
Photoelectron Spectroscopy (XPS) measurements were performed on the 
membranes with an Ultra Axis™ spectrometer (Kratos Analytical, 
Manchester UK). The membranes were irradiated with with monochromatic 
Al Kα radiation (1486.6 eV) with a beam size of 100 μm at a power of 25 W.  
X-ray diffractometer (XRD) patterns were recorded by monitoring the 
diffraction angle 2θ from 5° to 40° on a D2 PHASER XRD (Bruker) using 
copper radiation under a voltage of 45 kV and a current of 40 mA. EDX 
analysis was carried out at 10 kV with >1000 counts s−1 on obtained powders 
(SEM, JSM-6010LA, JEOL). The experiment was repeated four times for 
each sample. The average value and 95% confidence interval are reported.   

2.2.4. Membrane performance 
Flat disc membranes 

Membrane single gas permeation experiments were done using Inspector 
Poseidon (Convergence, The Netherlands) gas permeation setup using a 
dead-end mode at a trans-membrane pressure of 2 bar and atmospheric 
pressure at the permeate side. Single gas permeation of He, N2, H2, CH4, and 
CO2 was measured at temperatures between 50-200 °C. Two different 
samples were measured, and the average data and standard deviation are 
reported. The ideal selectivity was calculated as the ratio of respective 
permeances. 

Tubular membranes 

Single-channel membranes were tested in a home-build gas permeation setup 
available at SINTEF, in a crossflow configuration, reported elsewhere.[19] 
In short, the feed gas was applied on the inner side of the membranes 
(lumen) with an active permeation area of 23 cm2. Mass flow controllers 
(MFC, Bronkhorst High-Tech B⋅V., The Netherlands) and a back-pressure 
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regulator (BPR, Bronkhorst High-Tech B⋅V., The Netherlands) were used to 
accurately control the gas feed flow and control its pressure, respectively. 
The permeate stream was kept at ambient pressure. The gas flow rates were 
measured with mass flowmeters (MFM, Bronkhorst High-Tech B⋅V., The 
Netherlands). Single gas permeation of N2, H2, CH4, and CO2 was measured 
up to 250 °C and 10 bar. For the mixed gas measurement, a gaseous mixture 
containing 60% H2, 20% CH4, 10% N2, and 10% CO2 was used to mimic the 
conditions of coke oven gas. The gas concentration in all the gaseous 
streams (feed, retentate, and permeate) was measured by a micro-GC (μGC, 
Agilent 490). The reported data is the average result of three tubular samples 
and denoted GEN-PI.  

The gas permeance of the i-th gas, Pi, was obtained using Equation (2.1): 
 

Pi=
ṅp yp,i

A∆pi
 

(2.1)  
 

where ṅp is the total mass flow of the permeate side, yp,i is the the i-th gas 
concentration on the permeate side, A is the membrane area, and Δpi is the 
differential i-th gas partial pressure between the feed and the permeate side. 
For gaseous mixture, the Δpi is calculated from Equation (2.2): 
 

∆pi=
�pf,in-pp�i

- �pf,out-pp�i
ln�pf,in-pp�i

-ln�pf,out-pp�i
 
  

(2.2)  

where pf,in and pf,out are the pressure at the feed inlet and outlet, respectively. 
For the gas mixture, the selectivity was obtained by means of Equation (2.3): 
 

Selectivity of i over j =
yi/yj

xi/xj
 

(2.3)  

where y and x are the gas concentration of the species i in the permeate (y) 
and in the feed (x) stream, respectively. 

The stage cut for the separation experiment was calculated as the ratio 
between the gas flow on the permeate side and the feed side, as shown in 
Equation (2.4):  
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stage cut=
ṅpyp,i

ṅfyf,i
 

(2.4)  

2.3 Results & Discussion 

In this work, the results and discussion part is divided into three parts. 
Firstly, we study the effect of cations on the formation and properties of 
polyamic acid and polyimide networks and the imidization step. Secondly, 
the gas permeation performance of small flat disc membranes is 
characterized. Finally, in the third part, the gas separation performance of 
tubular membranes is evaluated. 

2.3.1 Characterization of the polymeric network 

 
Figure 2.1 Schematic representation of the preparation of freestanding polyPOSS-
imide films; for supported membrane films a porous support structure is soaked with 
the aqueous solution and subsequently contacted with the organic solution, the 
POSS cage is illustrated as a cube. 

Figure 2.1 gives a schematic representation of the preparation of 
freestanding polyPOSS-imide films. Reactions were so rapid that the 
formation of the freestanding polyamic acid films between the two 
immiscible solutions could be easily confirmed with the bare eye in less than 
1 minute. The formed polyamic acid layer was converted to polyimide by the 
dehydrative cyclization of the polyamide acid through thermal imidization. 

Figure 2.2A represents the FTIR spectra of polyamic acid and polyimide 
powders normalized with respect to the symmetric stretching of CF3 band at 
1256 cm−1. The bands at 1624 cm−1 and 1555 cm−1 exhibit N-H bending and 
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C=O stretching of the amic acid group in all samples, respectively. A single 
peak at 1118 cm−1 for νSi–O–Si is expected for perfect symmetry of the Si–
O skeleton, but split into two split peaks [16], mainly due to the loss of that 
perfect skeleton symmetry upon reaction-induced variations of the chemical 
environment at a certain degree of cross-linking. Two bands at 1099 cm−1 

and 1032 cm−1 are attributed to the Si-O-Si asymmetric stretching of 
polyhedral silsesquioxane structures, respectively. For all the samples, 
except for PA, a peak appears around 1410 cm−1 that can be attributed to the 
C-O stretching of carboxylic acid groups in which the proton has been 
exchanged for a cation.[12, 20, 21] Figure S2.1 represents a schematic 
illustration of the cation exchange process of polyamic acids.  

Figure 2.2B shows the FTIR of polyimide powder, normalized for the CF3 
band. After heating the polyamic acids to 300 ˚C for 2 hr, two new peaks 
appear at 1778 cm−1 and 1710 cm−1 attributed to C=O symmetric and 
asymmetric stretching of the imide group. Thus, FTIR indicates the 
successful formation of all polyamic acid and polyimide networks. Also, for 
the polyamic acid networks fabricated with HP-POSS, it confirms the 
presence of carboxylate salts due to proton-cation exchange of the 
carboxylate acid groups. 

 

Figure 2.2 FTIR spectra of (A) polyamic acid and (B) polyimide powders. In the 
spectra of the polyamic acid (A), the peak at 1410 cm−1 indicates dissociated 
carboxyl groups in the M-PA film. For polyimide spectra (B), the new peaks at 1778 
cm−1 and 1710 cm−1 correspond to the imide groups. 
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EDX analysis is used on the formed networks to investigate the elemental 
composition and extent of cross-linking for polyamic acid and polyimide 
powders (Table 2.2). The data reveal the presence of Na, K, C, Si, Cl, O, and 
F. Unfortunately, Li cannot be detected with this method due to the low x-
ray yield of this element.[22] Elemental analysis reveals that the PA does not 
contain significant amounts of cations or chloride. For the M-PA powders in 
which a base was added during synthesis, the corresponding cations are 
detected, as well as Cl-. The detected cations, M+, can be presented in the 
form of M+-carboxylate groups or as the remaining MCl that was formed 
during the IP reaction. This is confirmed by XRD data, Figure S2.2, where 
distinct peaks corresponding to the salts' crystal structure indicate that MCl 
salt is present in an amorphous M-PI network. The similar elemental content 
of M+ and Cl- do not necessarily imply that the cations are predominantly 
present as MCl; the chlorine can also be present accompanied by a proton. 
Also, the content of Na is higher than K, attributed to the higher affinity of 
carboxylic acid toward Na.[23] 

The F/Si ratio is similar for all the polyamic acids. This ratio is 
representative for the degree of cross-linking, and the result implies that, in 
the interfacial polycondensation process, a similar amount of functional 
groups on the POSS cage will react with an anhydride group, irrespective of 
the presence and type of the cation and the presence of Cl-. In other words, 
the presence of the cations does not substantially affect the molecular 
composition of the polymer that is formed in the interfacial polymerization 
reaction. 

Also, in the derived polyimide material, the main elements of interest (Na, 
K, C, Si, Cl, O, and F) are detected. For all polyimides in which cations were 
added (M-PI), the changes in the concentrations of C, F, Si and O remain 
within experimental error, indicating no significant loss of crosslinker 
groups. The ratio of F over Si stays constant over the imidization process 
(around 1.1). This indicates that the POSS cages are, on average, connected 
with 3 to 4 bridges, but the experimental error is large. These results are in 
line with a previous study.[18] Notably, for PI samples, the percentage of C 
and F are slightly lower, and the content of Si and O are slightly higher than 
in the corresponding polyamic acid (PA). The thermal treatment reduces the 
ratio of F/Si to 0.5, corresponding to less than 3 imide groups per POSS 
cage, but again the experimental error is large. Still, these results indicate 



56 
 

that thermal imidization can result in the loss of more of the organic 
crosslinkers in the absence of the cations.  

Table 2.2 EDX analysis of polyamic acid and polyimide powders. 

 

XPS is performed on the surface of four membranes, PA, PI, Na-PA, and 
Na-PI, and the results are listed in Table 2.3. The data reveal the presence of 
POSS and anhydride for all samples. As expected, for PA and PI no Na is 
detected, and Na-PA and Na-PI do contain Na. After imidization, XPS 
results reveal, for both samples, decreased content of C and F and increased 
content of Si and O. The F/Si ratios are reduced by an order of magnitude for 
both samples. This implies that during thermal imidization, at the outer 
surface of the membranes, the extent of cross-linking is significantly 
decreased. Such a decrease in crosslinks is in contrast with the EDX results, 
where only small changes in crosslinker concentration are observed, even in 
the absence of the cations. It should be emphasized that XPS probes only a 
very thin (~nm) region at the outer surface of the supported membranes, 
whereas EDX probes the bulk composition of the freestanding films. It has 
previously been observed that the degree of cross-linking in the thin outer 
surface region of polyPOSS-imide membranes is lower as compared to in the 
rest of the films.[24] 

The TGA data in Figure 2.3A shows the mass loss of 4 different polyamic 
acids. All polyamic acids exhibit four steps of mass loss up to 800˚C, 
agreeing well with previous observations.[25] The mass loss between 150 to 
300 ˚C is higher for the PA sample (10%) as compared to other samples (5 
%). This is due to more pronounced imidization in the absence of amide 

Elemental Composition (%) 
Polyamic acid Polyimide 

 PA Li-PA Na-PA K-PA PI Li-PI Na-PI K-P 
Na 0 0 1±0.2 0 0 0 0.72±0.3 0 
K 0 0 0 0.5±0.2 0 0 0 0.1 
Cl 0 0.3±0.1 1.3±0.3 0.9±0.2 0 1.2±0.3 0.7±0.2 0.1 
C 54.6±2.4 53.2±1.7 55.9±2.1 52.8±2.1 46.1±2.4 57.5±5.1 54.1±0.5 53.8±0  
N 11.5±1.4 12.3±3.1 9±2 11.9±1.7 9.2±1.2 6±1.6 7.6±0.6 8.1±0.  
Si 7.3±2.1 5 ±1.8 7.8±2.4 6.4±1.2 10.2±2.7 9.5±3.1 8.3±0.9 7.4±2.  
F 7.7±1 9.3±0.9 7.9±0.5 7.7±1 5.1±0.4 8±1.5 9.4±0.8 9.5±2.  

F/Si 1.2±0.3 1.8±0.6 1±0.3 1.2±0.1 0.5±0.2 0.9±0.3 1.1±0.1 1.3±0.  
O 18.8±2.3 19.9±0.4 17.1±1.5 19.8±2.3 29.3±4.6 18.9±2.3 19.2±1.9 21.2±1  
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groups in which the protons have been exchanged for cations. In polyamic 
acid containing cations, the replacement of a proton of a carboxylic acid by 
an M+ cation prevents from ring closure (imidization). Also, the lower mass 
loss of the M-PA samples can be due to lesser detachment of linker groups. 
This can be the result of the stabilization of the CO-NH group by a cation 
[12] or the reduced hydrogen bonding between the NH and OH of adjacent 
amide groups induced by the presence of the cations. This hydrogen bonding 
can lead to destabilization, and hence to an amic acid structure that is more 
sensitive to thermal imidization.[12, 15, 26]  

Table 2.3 XPS analysis of polyamic acid and polyimide powders 

 

Table 2.4 Td
5, Td

10, Td,max, and residue at 750 °C of polyimide 

 

The thermal stability of the polyimide network is represented by TGA data 
in Figure 2.3B. It can be concluded that all polyimide polymers are 
thermally stable up to 300 ˚C, the onset of decomposition, and at a higher 
temperature, a significant decrease in mass is observed. As expected, PI has 
a higher amount of residue at 800 °C than the other polyimides. The results 
are in line with the EDX results and the TGA results for the polyamic acid. 
They indicate that the PI powders can have fewer organic bridges, leading to 
a higher final (inorganic) residue at 800 °C. The difference between the mass 
loss of M-PI and PI, around 7 %, is in good agreement with the ratio of 

Elemental Composition (%) 
Polyamic acid Polyimide 

 PA Na-PA PI Na-PI 
Na 0 1±0.1 0 0.6±0.1 
Cl 0 0.7±0.2 0 0 
C 65±2.7 59.2±1.7 32±3.1 22±3.7 
N 5.7±0.5 5.7±0.3 3.3±0.5 2.1±0.3 
Si 5.9±0.5 7.1±1.6 9.3±1.4 6.3±0.7 
F 3.5±0.2 6.4±0.4 0.8±0 0.9±0.1 

F/Si 0.6±0.1 1.2±0.2 0.08±0 0.14±0 
O 19.3±1.1 21.1±1.1 45.5±1.4 54±0.8 

 

 K-PI Na-PI Li-PI  
Td5 414 423 424.3  
Td10 472 471 473.1  

Td,max 516.3 527.1 520.5  
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6FDA and POSS derived from the EDX data; based on this ratio, and 
assuming the loss of all propyl chains and fluorine groups, the difference 
between the residuals of polyimide powders can be calculated to be 7 %.  
Table 2.4 shows the Td

5, Td
10, and Td

max
 (subscript indicates wt% loss) of the 

powders. All polyimide samples decompose around 516 to 538 °C. PI has 
the highest Td

5, Td
10 because of the lower number of organic bridges between 

the POSS cages. This leads to about 10-22 °C differences between PI and M-
PI. 

 

Figure 2.3 TGA scan of (A) polyamic acid and (B) polyimide powders. 

In summary, all the polyimide networks are stable up to 300 °C, and the 
difference between the residues and Td,max at 800 °C, originates from the 
lower amount of organic bridges between the POSS cages in PI polymers. 

2.3.2 Flat disc membrane characterization and performance 

Figure 2.4 shows the FE-SEM cross-sectional images of membranes. It 
confirms the fabrication of the layer atop the ceramic supports. The layer 
thicknesses are in the range of other IP membranes [27]: Na-PI (69.4±10 
nm) ≤  Li-PI (83.9±5 nm) < PI (100.3 ±3nm) < K-PI(137.8±10 nm). 

Different ions induce different electrostatic charge distribution on the 
interface of the solvents, which is the reaction zone. They make different 
'salting-out' and 'salting-in' effects, often following the Hofmeister series. 
For instance, in this series, K+ with higher salting-out efficiency would result 
in a faster layer formation.[28] In addition, the presence and nature of the 
salt affect the nature of the interface; a less sharp interface between two 
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liquids will affect film thickness.[9] Because of the large experimental error 
(±10 nm.) and a large number of convoluted effects, here we do not analyze 
in detail the relation between the salt and the film thickness. Yet, the 
observations are essential to interpret the results in the next section. 

 

 

Figure 2.4 FE- SEM images of cross-section (a) Li-PI, (b) PI, (c) Na-PI, and (d) K-
PI membranes. 

Figure 2.5 shows the gas permeability behavior of the polyPOSS-imide 
membranes at 200, 100, and 50 °C. All membranes display molecular 
sieving behaviour; a decreasing permeability with increasing size of the 
permeant.[29] The persistence of this sieving behavior at elevated 
temperature is attributed to moderation of the dynamics of the crosslinked 
network, resulting from the incorporation of the rigid inorganic cages. This 
is in line with earlier experimental studies.[18] The order of gas permeance 
is Li-PI, Na-PI > PI > K-PI (Figure S2.3), which is in agreement with 
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thicknesses observed in the SEM micrographs. Because of the different 
membrane thicknesses found for the different M-PI, Figure S2.2 provides the 
thickness-corrected permeability values. The data in this figure reveals 
similar permeabilities for the different membranes, with slightly lower 
values for K-PI and PI as compared to Na-PI and Li-PI. 

 

Figure 2.5 Gas permeability as a function of the gas kinetic diameter for polyimide 
membranes at (A) 200 °C, (B) 100 °C, and (C) 50 °C. 
Table 2.5 Calculated activation energies for pure gas permeance based on Arrhenius 
equation. 

 

Molecular sieving typically involves a thermally activated diffusion 
mechanism. The corresponding activation energies obtained from fitting the 
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PI Li-PI Na-PI  
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H2 12.4 ± 0.4 10.5 ± 0.9 10.4±0.7 1  

CO2 10 ± 0.1 8.7 ± 1.1 8.9±0.8  
N2 19.6 ± 0.7 16.9 ± 1.5 18±0.2 1  

CH4 21.5 ± 0.2 18.9 ± 1.5 19.8±0.5 1  
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Arrhenius equation to the data are listed in Table 2.5. The values vary in the 
range of 8-25 kJ/mol, which is in good agreement with reported data for 
polyimide membranes.[30] For all membranes, the trend for activation 
energies is CH4 > N2 > H2 > He ≥ CO2. Generally, gases with higher kinetic 
diameters have higher activation energies for diffusion. The lowest value for 
the energy of activation for CO2, is due to the affinity of these gases with the 
CF3 and amine groups. The relatively large sorption energy of this gas 
reduces the energy of activation.[31] For the other gases, the negative 
contribution of the enthalpy of sorption is lower.  

 

Figure 2.6 Permselectivity of (A) H2/N2, (B) H2/CH4, and (C) H2/CO2 as a function 
of temperature. 

The PI membrane shows a slightly higher activation energy for N2 and CH4 

than other membranes. This can be related to a lower number of organic 
bridges in the PI network, as was found in the EDX and TGA analysis. The 
only pathway for the diffusion of gases in the networks is via the organic 
bridges because the POSS cages are too small, even for H2 molecules.[32, 
33] The removal and chemical conversion of polyamic acid results in 
shrinkage and some cases, remove some additional free volume.[25] Fewer 
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organic bridges will thus lower diffusion, particularly for larger molecules. It 
should be mentioned that the lower concentration of CF3 and corresponding 
higher concentration of amines may cancel out, to a certain degree, in the 
sorption energy of CO2. As a result, all the membranes show a comparable 
value for CO2 activation energy.[34]  

Figure 2.6 depicts the (single gas) permselectivity of H2/N2, H2/CH4, and 
H2/CO2 as a function of temperature. The selectivity of all gas pairs 
decreases as a function of temperature except for H2/CO2. This is related to 
similar activation energies of the H2 and CO2.[30] The selectivity of H2/CO2 

for all the membranes is comparable; it is not affected by changing the cation 
during interfacial polymerization. 

 For the other gases, the energy of activation is large compared to that of H2. 
Sieving selectivity persists up to the highest measured temperature (200°C). 
This is attributed to the alternating network of organic bridges and rigid 
POSS cages. At 200 °C, the highest selectivity for H2/N2 is observed for the 
PI (32.9), as compared to Li-PI and Na-PI (both 21) and K-PI (24). For 
H2/CH4 at 200°C K-PI has the highest selectivity (37.1), followed by PI 
(25.1) and subsequently Li-PI (18.1) and Na-PI (17.2). Obtained selectivities 
are comparable to those of polyimide, Tröger's Base (TB)-based polyimide 
and poly(p-phenylenebenzobisimidazole).[29,35,36] The high selectivities 
for PI at high temperature result from the high activation energies, which in 
turn are attributed to the lower concentration of organic bridges and 
corresponding free volume available for diffusion. 

In summary, all polyPOSS-imide membranes are thermally stable. They 
have comparable permeabilities with subtle differences in selectivities. 
Therefore, both SF-POSS and HP-POSS can be used for synthesizing 
polyPOSS-imide membranes on a large industrial scale. SF-POSS is an 
interesting monomer to use on an industrial scale to prepare polyPOSS-
imide membranes since it provides a more straightforward procedure by 
omitting the pH adjusting step needed for HP-POSS. In view of this, we will 
assess the scale-up potential of polyPOSS-imide membranes by using SF-
POSS as a monomer. 



   

63 
 

2.3.3 Tubular Membrane characterization and performance 

 

Figure 2.7 SEM images of the cross-section of a tubular polyPOSS imide-
membrane, GEN-PI. 

Figure 2.7 shows the cross-sectional SEM images of the inner side of the 
tubular membrane. The average thickness of polyPOSS-imide layer is 120 
nm with thickness variation over the length of ± 30 nm, which is notable. 
This agrees well with the thickness obtained in the previous section for small 
flat disc membranes. The significant variation in the thickness of tubular 
membranes is related to the larger size of the support. Comparing GEN-PI 
and Na-PI from the literature [19] indicates that both membranes have a 
similar thickness in the range of 90-150 nm, unlike the flat disc membranes 
with a noticeable standard deviation. While producing a more homogeneous 
layer is more manageable for small flat disc supports (area of 11.9 cm2), 
more effort is needed to better control the fabrication on tubular supports 
(area of 43 cm2) or even multichannel supports.[19] It should be mentioned 
that more data is needed for a complete comparison between the layer's 
thickness atop flat and tubular supports. 

Figure S2.4A shows single gas performance data of GEN-PI as a function of 
temperature at a transmembrane pressure of 10 bar. It can be observed that 
the performance of the tubular membrane agrees well with the performance 
of the flat disc membranes in the previous section. This is in line with earlier 
experimental studies.[19] The permeance decreases with increasing the 
kinetic diameter of the permeating gas. Also, at higher temperatures, the 
permeance increases, which shows the dominant diffusion mechanism of gas 
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transport in the membranes. Both flat disc and tubular membranes reveal 
remarkably similar results in terms of permeances. The activation energies 
are represented in Table 2.6 , and it follows the same trend as the flat disc 
membranes, CH4 > N2 > H2 ≥ CO2. For all gases, the obtained activation 
energies are moderately higher compared to the flat disc membranes. It 
could be related to reduced mass transport resistance of the tubular 
membranes compared to their disc-shaped counterparts and higher operating 
pressure (10 bar).[19] Comparing the results with Na-PI tubular membranes 
in literature [19] reveals that the activation energies for GEN-PI are 
considerably higher, agreeing with flat disc membranes in section 2.3.2. As 
explained in the previous section, the structural changes in PI compared to 
Na-PI result in higher activation energies and underline the higher energy 
barrier for gas diffusion. 

Table 2.6 Pure gas activation energies calculated based on Arrhenius equation. 

 

Figure 2.8 shows the influence of temperature and pressure on the 
performance of the tubular GEN-PI membrane, and compares it with the 
literature data of Na-PI.[19] As mentioned before, this section aims to 
evaluate the performance of thin films for upscaling, and all the performance 
data is reported based on the membrane permeance. For all temperatures, the 
same H2 permeance trend is observed for PI and Na-PI membranes; 
permeance enhancement as a function of temperature. Also, within the 
investigated pressure range, the transmembrane pressure has a limited effect 
on H2 permeance. For all the measurement conditions, the H2 permeance of 
GEN-PI membranes is lower than those of reported Na-PI membranes.[19] 
This is attributed to higher activation energies of GEN-PI than those reported 
for Na-PI tubular membranes.[19] Lower activation energies underline the 
lower energy barrier for gas diffusion. These results agree well with the 
obtained results for flat disc membranes in section 2.3.2. Unlike the results 
of flat membranes, which shows that lower permeance of PI membranes is 
related to the thicker selective layer, all GEN-PI and Na-PI membranes have 

Gases Activation energy (kJ mol-1) 
H2 19.9±0.9 

CO2 22.1±1.5 
N2 30.4±1 

CH4 32.9±0.9 
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a thickness in the range of 90-150 nm, slightly higher for GEN-PI 
membranes, 110-120 nm compared to 90-150 nm. In summary, while GEN-
PI has a higher selectivity, the permeance is lower than Na-PI, showing the 
distinct performance of both types of polyPOSS-imide membranes on a 
larger scale regardless of the thickness of the selective layer. 

 

Figure 2.8 Influence of temperature and pressure on GEN-PI membranes' 
performance compared with literature data [19] obtained for Na-PI membranes. (A) 
H2 permeance as a function of temperature at Δp=10 bar , (B) H2 permeance as a 
function of Δp at a temperature of 200 °C.  

Figure 2.9 shows the mixed gas performance of GEN-PI at various 
temperatures (150, 200, and 250 °C) at a transmembrane pressure of 9 bar 
and its comparison with the literature data of Na-PI atop of tubular 
supports.[19] The selectivity of GEN-PI for all gas pairs decreases with 
increasing temperature in both pure and mixed gas, except for H2/CO2. This 
observation is in line with data obtained for flat disc membranes. 
Interestingly, in the case of pure gas selectivity of H2/CO2 and H2/CH4, a 
higher value is obtained for tubular membranes, 5.3 vs. 8 and 25.1 vs. 45.5, 
respectively, while the pure gas permeances are comparable for flat and 
tubular membranes (Figure S2.4A). It could be related to the reduced mass 
transport resistance of the tubular membrane compared to the disc resulting 
from morphological differences and the higher operating pressure. Similar 
effects were observed in.[19] Unexpectedly, all pure gas selectivities of Na-
PI membranes from literature, except for one membrane, GEN 7, [19] have a 
different trend than those of GEN-PI and increase as a function of 
temperature. It implies that all membranes, except for GEN 7, have defects 
and their influence on the gas selectivity becomes lower at higher 
temperature due to the drop in gas viscosity (assuming viscous flow through 
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defects). These defects can be the result of salt formation, as shown by the 
XRD results, and its interference with the layer's formation during interfacial 
polymerization. 

For all the gas pairs, the GEN-PI mixed gas selectivities are lower than pure 
gas selectivities. This is attributed to gas mixtures' effect on individual gas 
permeances, as shown in Figure S2.3B. With increasing temperature, the 
permeance increases, agreeing well with the pure gas performance. The H2 
permeance is partially affected in mixed gas measurements and is reduced by 
10% at 250 °C. This is probably due to the existence of a concentration 
polarization effect on the feed side as previously observed for high-flux Pd-
based membranes.[37] When the H2 permeance is so high, and the 
membrane is H2 selective, a reduction in H2 concentration and increment in 
the concentration of other gases occurs in the boundary layer.[37, 38] While 
positive minor changes are observed in the permeance for CO2 in mixed gas 
measurements, no remarkable changes are seen for CH4. Moreover, an 
increase of 40% in the permeance of N2 can be seen. A similar observation 
was also made for the Na-PI in the previous study.[19] The co-existence of 
CO2 and CH4 with other gases swells the polyPOSS imide layer and results 
in N2 permeance enhancement.[24] All those changes in the gas permeance 
lead to the reduction in the mixture's gas pairs selectivity. It is noteworthy to 
mention that the long-term hydrothermal stability of polyPOSS-imide 
membranes was tested at 250 °C for 1000 hours elsewhere [39], and the 
obtained results suggest that membrane's performance was preserved at 
unchanged condition. 

In conclusion, membranes synthesized with SFPOSS show a pure gas 
selectivity of H2/N2 (34), H2/N2 (42), and H2/CH4 (8) at 200 °C, which is 
higher than those produced with HPPOSS. More importantly, out of three 
produced PI samples, none of them have any defects. On the contrary, Na-PI 
tubular membranes from the previous study [19] illustrate solid proof of 
deficiency on the selective layer for 5 membranes out of 6. Therefore, 
SFPOSS may have a better potential compared to HPPOSS to be used as a 
reactant in synthesizing polyPOSS-imide membranes on a large scale. 
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Figure 2.9 PolyPOSS-imide separation performance using pure and quaternary gas 
mixtures at various temperatures and transmembrane pressure of 10 bar compared 
with literature data [19] obtained for Na-PI networks. (A) H2/N2 selectivity, (B) 
H2/CH4 selectivity, and (C) H2/CO2 selectivity as a function of temperature at Δp=9 
bar. The calculated stage cut for transmembrane pressure of 10 bar is 53%. 

2.4 Conclusions 

In this study, the effect of cations on the formation, imidization, and 
performance of polyPOSS-imide membranes atop lab-scaled flat disc and 
single-channel tubular supports for high temperature H2 separation are 
investigated. Moreover, to upscale these membranes, a more straightforward 
fabrication procedure is assessed using SF-POSS cages rather than HP-POSS 
salt functionalized cages, which need deprotonation. For this purpose, three 
different lab-scale flat discs polyPOSS-imide membranes with HP-POSS 
and bases like LiOH, NaOH, and KOH, as a cation source, and one with SF-
POSS, without cation, were prepared. Subsequently, to investigate the 
potential of SF-POSS, a tubular single-channel was fabricated. Finally, their 
performance was evaluated at different operating temperature and pressure. 
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It was found that all polyamic acid samples have the same cross-linking 
degree irrespective of the POSS source, and type of cations and, while each 
POSS cage is connected with 4 organic bridges. However, after imidization, 
an average number of imide groups per POSS cages reduces to 2 for PI 
networks, unlike M-PI, which retains the number of organic bridges. In the 
presence of cations, in the formed polyamic acid a carboxylic acid proton is 
replaced by an M+ cation. This replacement prevents ring closure and 
reduces conversion yield during imidization. Different polyPOSS-imide 
layer thicknesses are obtained on top of flat disc supports, in the order Na-PI 
(69.4nm) ≤ Li-PI (83.9nm) < PI (100.3 nm) < K-PI(137.8 nm). This may be 
due to the distinct characteristics of the interface between the liquids in the 
presence of the salts, a diverse extent of the HP-POSS deprotonation 
originating from distinct strengths of the bases, and different electrostatic 
effects in the reaction zone. PI and K-PI membranes show higher ideal 
selectivity for H2/N2 and H2/CH4 with comparable H2/CO2 and have lower 
permeance and moderately lower permeability. These results advocate the 
scaling-up potential of polyPOSS-imide membranes using SF-POSS as a 
monomer (GEN-PI). The performance of GEN-PI membranes is in good 
agreement with the flat disc membranes. While the pure gas permeances are 
similar with the lab-scale membranes, a higher H2/CO2 and H2/CH4 are 
obtained, 5.3 versus 8, and 25.1 versus 45.5, respectively. This could be 
related to the lower mass transport resistance of tubular supports than the 
disc-shaped supports. Besides, GEN-PI performance is compared with 
previously studied Na-PI tubular membranes; in all measured conditions, 
GEN-PI membranes exhibit higher selectivity and lower hydrogen 
permeance. More importantly, the average trend for GEN-PI H2/N2 and 
H2/CH4 is decreasing as a function of temperature. On the contrary, those 
selectivities increase with temperature for Na-PI membranes. This implies 
that the possibility of making defect free selective layers with SF-POSS as 
an initial monomer is much higher due to the absence of salt formation 
during interfacial polymerization. The findings signify that using SF-POSS 
in preparing large-scale defect free membranes can be beneficial. Also, the 
use of SF-POSS offers a more facile and straightforward procedure by 
omitting the deprotonation by the addition of a base. 
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2.7  Supplementary information 

In Figure S2.1, a schematic illustration of cation exchanging in polyamic 
acid networks and its effect on imidization are shown.   

 

Figure S2.1 Schematic illustration of cation exchanging in polymaic acid networks 
and its effect on imidization. 
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In Figures S2.2, the XRD measurements are shown. For the permeance and 
selectivity, only the data at 250, 200, and 100 ºC is given. All the XRD 
patterns suggest a general amorphous structure of the polymers.  The peaks 
around 2θ= 7.37 and 9.8 degrees correspond to the XRD pattern of POSS. 
The sharp peaks around 2θ=28.4 degrees are attributed to the  KCl and (26.6 
and 31.2) degrees related to NaCl crystal , implying salt formation in the 
free-standing layer. 

 

Figure S2.2 XRD patterns of polyimide.
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In Figure S2.3, the flat disc membranes' gas permeance as a function of gas 
kinetic diameter at 200, 100,  and 50 °C is shown. 

 

Figure S2.3 Single gas permeance of flat membranes as a function of gas kinetic 
diameter at (A) 200 °C, (B) 100 °C, and (C) 50 °C. 
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In Figure S2.4A and S2.4B, the single and mixed gas permeance of the GEN 
PI membranes at the transmembrane pressure of 10 bar is shown, 
respectively. 

 

Figure S2.4 (A) Single and (B) Mixed gas permeance of GEN PI as a function of 
temperature for 4 different gases at the transmembrane pressure of 10 bars. 
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Chapter 3 

Polyoctahedral silsesquioxane 
hexachlorocyclotriphosphazene 
membranes for hot gas separation 
 
 
 

 
 
 
 
This chapter is adapted from: 

Farzaneh Radmanesh1, Maria G Elshof1, Nieck E. Benes, Polyoctahedral  
silsesquioxane hexachlorocyclotriphosphazene membranes for hot gas 
separation. ACS applied materials & interfaces .  
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Abstract 
There is a need for gas separation membranes that can perform at high 
temperatures, e.g., for CO2 capture in industrial processes. 
Polyphosphazenes classify as interesting materials for use under these 
conditions, because of their high thermal stability, hybrid nature, and post-
functionalization options. In this work, thin-film composite cyclomatrix 
polyphosphazene membranes are prepared via the interfacial polymerization 
reaction between polyhedral oligomeric silsesquioxane and 
hexachlorocyclotriphosphazene on top of a ceramic support. The prepared 
polyphosphazene networks are highly crosslinked and show excellent 
thermal stability until 340 °C. Single gas permeation experiments at 
temperatures ranging from 50–250 °C reveal a molecular sieving behavior, 
with permselectivities as high as 130 for H2/CH4 at the low temperatures. 
The permselectivities of the membranes persist at the higher temperatures; at 
250 °C H2/N2 (40), H2/CH4 (31) H2/CO2 (7), and CO2/CH4 (4), respectively, 
while maintaining permeances in the order of 10−7–10−8 mol m−2 s−1 Pa−1. 
Compared to other types of polymer-based membranes, especially the H2/N2 
and H2/CH4 selectivities are high, with similar permeances. Consequently, 
the hybrid polyphosphazene membranes have great potential for use in high-
temperature gas separation applications. 
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3.1 Introduction 

Membrane technology can be used for a great variety of separation 
processes. The gas separation market uses membranes for many molecular 
separations, such as for the adjustment of the H2/CO-CO2 ratio in syngas 
production, the enrichment of N2, acid gas removal from natural gas, and 
olefin/paraffin separations [1–7]. However, at high temperatures, the 
separation of small gases is more difficult because of limited thermal 
stability and increment of molecular dynamics of polymeric membranes.[3] 
By improving the stability and performance of polymeric membranes at 
these high-temperature conditions, they can offer a promising alternative to 
traditional technologies, such as for CO2 capture and recovery in industrial 
processes [8]. Therefore, over the years, research has focused on developing 
membranes that can perform the required separations at high temperatures, 
but the available number of studies are still limited.[3,9–11] For this, a range 
of materials has been identified that might be of use for this purpose.[12] 

One of the classes of materials of interest for high-temperature applications 
are polyphosphazenes.[12,13] These materials are attractive because of their 
robustness, hybrid nature, and post-functionalization options. The basis for 
most polyphosphazenes is hexachlorocyclotriphosphazene (HCCP). It can be 
used as a building block, e.g., for the formation of supramolecular self-
assemblies or crosslinked structures. When HCCP reacts with di- or 
trifunctional compounds, it forms a cyclomatrix poly(phosphazene) 
network.[14] These crosslinked structures are of high interest for their flame 
retardant properties and good thermal stability.[15,16]  

Over the years, polyphosphazenes have gained interest for the preparation of 
different types of membranes. For instance, a variety of polyphosphazenes 
has been used as proton exchange membranes, but they also have found their 
application as a nanofiltration membrane.[17–19] Gas separation properties 
of polyphosphazene membranes have also been studied.[20] However, in 
most cases, the linear poly(dichlorophosphazene) has been used as a building 
block, and the performance has only been studied at temperatures lower than 
100 °C.[21] The gas separation performance of polyphosphazene membranes 
at higher temperatures has not been studied.  
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In this work, we use HCCP to prepare a membrane that can perform at 
elevated temperatures. This requires a highly crosslinked network with 
moderate macromolecular dynamics. For this purpose, a polyhedral 
oligomeric silsesquioxane (POSS), specifically octa aminopropyl POSS, is 
chosen as an eight functionalized amine monomer. This is a unique material 
with an inorganic cage base structure and organic functional groups that can 
serve as linkers. These cages can offer additional thermal and mechanical 
stability to the network.[12,15] Previous studies by Raaijmakers et al. 
[11,22] show that using POSS cages as the main building block in a 
polyimide network is beneficial to get high polymer chain rigidity for 
effective molecular sieving.[11]  

To the best of our knowledge, it is the first time that the unique features of 
both POSS and HCCP are combined into a cyclomatrix poly(phosphazene) 
thin-film composite (TFC) membrane and used for gas separation at elevated 
temperatures. The polyphosphazene gas separation membranes are prepared 
through interfacial polymerization (IP) between POSS and HCCP, directly 
atop of a ceramic support. The formed thin crosslinked layer on top of the 
support permits high permeance of small molecules, such as hydrogen, 
combined with a low permeance of slightly larger molecules, such as 
methane.[19,23] The polyphosphazene network is characterized for its 
stability, and the performance of the POSS-HCCP membranes is evaluated 
based on single gas permeance and permselectivity at a wide range of 
temperatures.  

3.2 Experimental 

3.2.1. Materials 

HAPS (POSS) in n-propanol (solids content 52.3 wt.%) was kindly provided 
by Funzionano AS. Phosphonitrilic chloride trimer (HCCP, 99%) and 
dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%) were obtained from Sigma 
Aldrich. Cyclohexane (EMSURE for analysis) and potassium hydroxide 
(KOH, pellets extra pure) were obtained from Merck kGaA. Ethanol (EtOH, 
100% technical grade) was purchased from Boom. Porous α-alumina discs 
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(Ø 39 mm, thickness 2 mm) were obtained from Pervatech B.V. and used as 
support.  

3.2.2. Material fabrication 

For both the preparation of POSS-HCCP freestanding films and the 
preparation of the TFC membranes, thin films were prepared by the 
interfacial polymerization reaction between 10 w/v% POSS in DMSO (5:1 
DMSO:0.3 M KOH) and 3.5 w/v% HCCP in cyclohexane.  

Synthesis of POSS-HCCP freestanding films 

POSS-HCCP freestanding films were prepared as follows. A solution of the 
organic HCCP solution was poured atop of the aqueous POSS solution. 
After 10 minutes of reaction time, a thin film was obtained that could be 
removed from the interface (Figure S3.1). The resulting solid was filtered, 
washed with water and ethanol, and dried in a vacuum oven at 50 °C. The 
solid might also be referred to as powder.  

Preparation of POSS-HCCP thin-film composite membranes 

The porous α-alumina supports were coated with a 3 µM thick γ-alumina 
layer via a dip-coating and calcination process as described before by 
Karaliç et al. [24]. This γ-alumina layer serves as an intermediate layer upon 
which the dense separating layer can be formed. 

The TFC membranes were made by interfacial polymerization directly on 
top of the porous alumina support using an IP cell, as shown in Figure S3.2 
(Supporting information). First, both the POSS solution and support 
membrane were heated to 70 °C for 30 min. After this, 10 mL POSS solution 
was poured on top of the support. The cell was placed in a closed box in the 
oven at 80 °C for 15 minutes to ensure POSS-DMSO entering the pores. 
After 15 minutes, it was taken out of the oven, and the POSS solution was 
discarded. Subsequently, the membrane surface was dried by firmly applying 
a rubber roller for 3 times and removing the remaining droplets with a N2 
gun. The drying steps are critical to avoid delamination. Then, 10 mL HCCP 
solution was gently poured on top. After allowing the reaction to complete 
for 10 minutes, the solution was discarded, and the membrane surface was 
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rinsed with ethanol. Before analysis, it was dried to air overnight, and after 
that, it was further dried in a vacuum oven at 50 °C for minimum 12 hours. 

3.2.3. Material characterization 

The thickness and morphology of the membranes were visualized with a 
field emission scanning electron microscope (FE-SEM, JSM-7610F). Both 
surface and cross-section of the membranes were evaluated. For the sample 
preparation, membranes were dried overnight in a vacuum oven at  50 °C, 
fractured in liquid nitrogen, and coated with a 5 nm Pt/Pd conductive layer. 
The chemistry of the powders was examined by Fourier transform infrared 
spectroscopy in ATR mode (ATR-FTIR, PerkinElmer Spectrum Two). 
Spectra were collected from 16 scans with a resolution of 4 cm−1 over a 
wavelength range from 400-4000 cm−1. X-Ray Fluorescence (XRF) 
measurements (S8 Tiger, Bruker) were performed on the synthesized powder 
to examine the elemental composition of the formed network. Combined 
Thermogravimetric Analysis (TGA, STA 449 F3 Jupiler®, Netzsch) and 
mass spectrometry (MS, QMS 403 D Aeolos MS, Netzsch) measurements 
were used to assess the stability of the powder upon heating (10 °C min−1, N2 
atmosphere) 

3.2.4. Membrane performance 

Single gas permeance experiments were carried out in dead-end mode at a 
trans-membrane pressure of 2 bar, using a Convergence Inspector Poseidon 
gas permeation setup. The gases measured are: He, N2, CH4, H2, and CO2. 
The permselectivity was calculated as the ratio of the respective permeances. 
Measurements were carried out at temperatures between 50 and 250 ºC. 
Error bars represent the standard deviation between two different membrane 
samples.  
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Figure 3.1 (A) Schematic representation of POSS-HCCP thin film composite 
membrane preparation. (B) FE-SEM picture of the POSS-HCCP membrane surface 
and (C) Cross-section FE-SEM image. 

3.3 Results & Discussion 

This article is divided into three parts. In the first part, the formation of thin-
film composite POSS-HCCP membranes is discussed. In the second part, the 
polyphosphazene networks are characterized in terms of their chemistry and 
thermal stability. Finally, in the third part, the gas separation performance of 
the POSS-HCCP membranes is evaluated. 

3.3.1. POSS-HCCP membrane preparation 

Figure 3.1A gives a schematic representation of the preparation of POSS-
HCCP thin-film composite membranes by the interfacial polymerization of 
POSS and HCCP on top of a ceramic support. The successful formation of 
thin POSS-HCCP polyphosphazene films is confirmed by the SEM 
micrograph of the surface of the membrane in Figures 3.1B and 3.1C, where 
both surface and cross-section images of the thin film composite membrane 
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are shown. The surface of the membrane appears smooth, confirming that a 
continuous and dense layer is formed on top of the γ-alumina layer. The 
cross-section image 3.1C reveals that the thickness of the layer is ~80 nm. 
This is a typical thickness for IP membranes. It must be noted that the spread 
in thickness along the sample, ± 40 nm, is rather big. 

3.3.2. POSS-HCCP characterization 

The chemistry of the formed networks is characterized by FTIR. In Figure 
3.2, FTIR spectra are shown of the used monomers, POSS and HCCP, as 
well of the freestanding film obtained from IP. The freestanding film shows 
the characteristic peaks of both HCCP and POSS. The POSS cage is 
apparent by the peaks in the 1000-1150 cm−1 region,[25] specifically the 
peak at 1100 cm−1 that can be assigned to the Si-O-Si functional group. The 
broad peak around 1230 covers the peaks for asymmetric P-N-P stretching of 
HCCP at 1238 and 1203 cm−1. Furthermore, at 875 cm−1, the peak 
corresponding to symmetric stretching of P-N-P is observed.[26] Finally, the 
peak at 690 cm−1 can be assigned to Si-C stretching of the POSS. From the 
presence of POSS and HCCP, combined with the mechanical integrity of the 
freestanding film, we conclude that a polyphosphazene network has been 
formed. 

 

Figure 3.2 FTIR spectra of monomers POSS and HCCP and the formed 
polyphosphazene network. 
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The mechanical integrity of the polyphosphazene films requires a sufficient 
amount of condensation reactions between POSS and HCCP, leading to a 
crosslinked network. The extent of cross-linking is estimated from the XRF 
data in Table 3.1, showing the elemental composition of polyphosphazene 
powders. The data reveal the presence of Si, P, Cl, and traces of S in the 
powder. The traces of S are most likely due to the incomplete removal of 
DMSO from the sample. Unfortunately, C and N cannot be detected with 
this method.  

The ratio of P over Cl is 1.5. This indicates that 4 out of the total 6 Cl groups 
per HCCP molecule are involved in the reaction with the POSS cages. This 
implies that most of the P atoms are covalently attached to the network. On 
the other hand, the ratio of Si/Cl is 2, which implies 2 reacted HCCP 
molecules per POSS molecule. A similar amount of HCCP molecules per 
POSS cage can be deduced from the the ratio of Si and P, which is roughly 
4/3. From this, it can be concluded that a crosslinked polyphosphazene 
network has formed in which, on average, a POSS cage is connected with 4 
bridges. 

Table 3.1  XRF data for polyphosphazene powder 
Element Elemental concentration (%) Statistical error (%) 

Si 43.2 1.3 
P 33.3 1.6 
Cl 21.5 2.2 
S 2.0 5.9 

The thermal stability of the formed network is represented by the TGA-MS 
data of the POSS-HCCP in Figure 3.3. A limited amount of mass loss is 
observed below 340 °C. This is mainly attributed to the removal of physical 
bound water, also apparent from the H2O peak, but can partly be due to loss 
of trapped DMSO and unreacted monomers or further cross-linking. Beyond 
340 °C a sharp and substantial (± 40 %) decrease in mass is observed that 
indicates the onset of the thermal decomposition of the network. From the 
MS data it is apparent that fragments of the propyl chain are coming off 
(C3H5, C2H6 and C2NH etc.). This implies that the propyl chain is the 
weakest part of the network and limits the thermal stability. Besides 
fragments of the propyl chain, also HCl and Cl are coming off, that are 
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expected to come from unreacted Cl groups on the HCCP. The remaining 
mass is completely governed by the cyclophosphazene and the inorganic 
POSS cages. The mass loss of 40 % is in good agreement with the ratio of 
POSS and HCCP derived from the XRF data; based on this ratio, and 
assuming the loss of all propyl chains and unreacted chlorine groups, the 
mass loss can calculated to be 41 %. Concluding, the data show that the 
POSS-HCCP network is thermally stable up to 340 °C, which is promising 
for use as gas separation membrane at elevated temperatures. 

Figure 3.3 TGA-MS data from the polyphosphazene powder. TGA (top), Selected 
MS data (bottom). 
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3.3.3. Gas permeation 

Polyphosphazenes are usually classified as thermally stable polymers.[12] 
Here, we report for the first time the gas permeance performance of POSS-
HCCP polyphosphazenes at elevated temperatures.  

Figure 3.4A shows single gas permeance data of the produced membranes as 
a function of gas kinetic diameter, at 250, 200, 150, 100, and 50 °C. The 
decrease in the permeance with an increasing kinetic diameter of the 
permeant is similar as the typical behavior observed for membranes 
consisting of glassy polymers.[27,28] It implies that the gas molecules are 
permeating through a rigid molecular environment in which slightly smaller 
molecules have a much higher mobility (diffusion coefficient) as compared 
to slightly larger molecules. In contrast, for elastomers generally the 
diffusion coefficient of permeants changes moderately with their size, and 
the permeation of larger molecules is actually larger due to their higher 
solubility. It is well-known that the substituents of polyphosphazenes have a 
significant effect on the final properties of these polymers, ranging from 
elastomers to glassy polymers [29]. In this case, the incorporation of the 
inorganic POSS cages results in moderation of the dynamics of the (hyper-) 
crosslinked network, which is manifested by molecular sieving 
characteristics. It should be noted that in the polyphosphaze membranes the 
only pathway for diffusion is via the organic regions (the alkyl chains and 
the HCCP) [30], because the size of the Si-O based POSS cage is too small 
to accommodate even the small hydrogen molecules. Consequently, the 
POSS cages merely act as rigid anchoring points. The molecular sieving 
characteristics of the membranes at the elevated temperatures imply that the 
dynamics of these organic bridges are moderated. This is in agreement with 
earlier experimental [11] and theoretical studies.[30] 
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Table 3.2 Comparison activation energies before and after exposure at 250 °C. 

Gases 
Activation energy (kJ mol−1) 

Before After 250 ºC exposure 
He 15.7 ± 0.8 13.1 ± 0.7 
H2 17.9 ± 1.1 11.2 ± 0.4 

CO2 23.5 ± 2.4 10.9 ± 1.5 
N2 22.8 ± 0.6 19.1 ± 0.8 

CH4 32 ± 1.7 23.8 ± 2.6 

For all gases the permeance increases with increasing temperature. This is 
expected because diffusion is generally a thermally activated process. The 
Arrhenius plots of the gas permeance (Figure 3.4B) confirm that for all gases 
the permeance is thermally activated, with a constant activation energy over 
the complete temperature range from 50 to 250 °C. The activation energies 
follow the order CH4>N2>H2>He, CO2, corresponding to the variation in the 
kinetic diameter of the gas molecules. For larger molecules the activation 
energy for diffusion is larger, because more energy is required for successful 
jumps from one location to another in the polymer network. The exception to 
this order is CO2. This different behaviour of CO2 is also observed for other, 
glassy, polymers and results from a stronger affinity of the CO2 for polar 
groups like amines. The presence of these groups results in a higher 
solubility of CO2; solubility generally decreases with increasing temperature 
with an activation energy that is opposite in sign to that of diffusion. The 
combined effect of temperature on solubility and  diffusion is manifested by 
a lower ‘apparent’ activation energy of CO2 [2,31]. The values and order of 
the activation energies are comparable with other types of thermally stable 
membranes, such as polyimide and polybenzimidazole membranes [32]. 
This implies the rigidity of the polyphosphazene network and the high gas 
barrier properties of these membranes. 
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Figure 3.4 (A) Gas permeance as a function of gas kinetic diameter for 4 different 
temperatures. (B) Arrhenius plot of pure gas permeances. The unit of activation 
energies is kJ mol−1. (C)The ideal selectivities of the membranes as a function of 
temperature. 
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of the weakest bond (CNHP); CO2 has a high affinity towards primary 
amines [33].  Several thermal cycles were conducted on a fresh membrane 
sample, to confirm these observations (Figures S3.4, S3.5 and S3.6). 

The performance of the POSS-HCCP membranes is further assessed from 
the permselectivities of several gas combinations. In Figure 3.4C the 
permselectivities of H2/N2, H2/CH4, H2/CO2, and CO2/CH4 are presented as a 
function of temperature. Results show that at low temperatures excellent 
permselectivities, as high as 130 for H2/CH4, are obtained. The 
permselectivities of all the gas pairs decrease as a function of temperature, 
except for H2/CO2. This is due to differences in the activation energies of H2 
and CO2 [32]. As temperature increases, the H2 permeance enhances to a 
greater extent compared to the CO2. Even at 250 °C, the sieving selectivity 
of the membrane persists. This is due to the moderated macromolecular 
dynamics, resulting from the high number of connections between the 
organic parts of the network with the rigid silica cages, as described in the 
XRF section.  

The performance of the membranes compare favorably with other 
membranes tested at the same high termperature conditions, i.e., the 
poly(POSS imide) membranes of Rijmakers et al.[11]. At 250 °C the 
permselectivities of the POSS-HCCP membranes are higher than those of 
the poly(POSS imide) membranes; the selectivities of H2/N2, H2/CH4 and 
H2/CO2 are 40, 31 and 7.4, respectively, while for poly(POSS imide) 
membranes, the selectivities are 10, 10 and 5.5 with comparable permeances. 
The better selectivity of the polyphosphazene membranes is due to the use of 
HCCP instead of the di-anhydride (6FDA), leading to an augmented 
immobilizing effect. 

In summary, the new POSS-HCCP polyphosphazene membranes are 
thermally stable and have persisting excellent selectivities and good 
permeances up to 250 °C. Therefore, they have a great potential for use at 
high temperature gas separation conditions, for example, for pre-combustion 
purposes. 
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3.4 Conclusion 

In this work, we show for the first time the preparation of polyphosphazene 
thin film composite membranes via interfacial polymerization of POSS and 
HCCP. The synthesized polyphosphazene networks are highly crosslinked 
and display a great thermal stability, up to 340 ºC. The gas permeance 
performance of the membranes are tested at elevated high temperatures. At 
250 °C permselectivities of 40, 31, 7 and 4 were obtained for the gas pairs 
H2/N2, H2/CH4, H2/CO2 and CO2/CH4, respectively, while maintaining 
permeances in the order of 10−7– 10−8 mol m−2 s−1 Pa−1. At these elevated 
temperatures the polyphosphazene membranes outperform other types of 
polymer based membranes, and are therefore very promising for the use at 
high temperature applications, such as the selective separation of hydrogen 
in pre-combustion. 
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3.7 Supporting information 

In Figure S3.1, the interfacial polymerization reaction is visualized. The 
free-standing layer is formed at the interface between the two solutions.  
 

 

Figure S3.1 Free-standing film POSS-HCCP. 

 

In Figure S3.2, the interfacial polymerization setup is shown, as used for the 
thin film composite membrane preparation.  

 

Figure S3.2 Interfacial polymerization setup.
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In Figure S3.3, the gas permeation performance of the membranes before 
exposure to 250 °C is shown. 

Figure S3.3 (A) Gas permeance as a function of  gas kinetic diameter for 4 different 
temperatures. (B) Arrhenius plot of pure gas permeances. The unit of activation 
energies is kJ mol−1. (C) The ideal selectivities of the membranes as a function of 
temperature.
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Table S3.1 shows the different thermal cycles that were subjected to a 
freshly prepared polyphosphazene membrane. The initial cycle started at 200 
°C, then in the second cycle the membrane was subjected to 250 °C and this 
was repeated several times. At each temperature, permeation of 5 different 
single gases (He, N2, CO2, H2 and CH4) was measured (for 30 minutes each, 
making the total duration of one temperature 2.5h).  

Table S3.1 Thermal cycles. 
Cycle # Temperature program (°C) 

1 200, 150, 100 
2 250, 200, 100, 50 
3 250, 200, 100 
4 250, 200, 150, 100 
5 250, 200, 150, 100, 50 

In Figures S3.4, S3.5 and S3.6, the results on permeance, activation energy 
and selectivity for the different thermal cycles and temperatures are shown. 
For the permeance and selectivity, only the data at 250, 200, and 100 °C is 
given. 
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Figure S3.4 Gas permeance (y-axis) vs. kinetic diameter (x-axis) at 250 °C, 200 °C 
and 100 °C for different thermal cycles (the number in the legend indicates the 
cycle).
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Figure S3.5 Activation energy for five different gases for each thermal cycle. 

Figure S3.6 Ideal selectivity (y-axis) vs. cycle number (x-axis) at 250 ºC, 200 ºC and 
100 ºC for different gas pairs.
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Chapter 4 

Thin film composite cyclomatrix 
poly(phenoxy)phosphazene 
membranes for hot hydrogen 
separation 
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Abstract 
An interfacial polymerization process is introduced for the fabrication of 
thermally stable cyclomatrix poly(phenoxy)phosphazenes thin film 
composite membranes that can sieve hydrogen from hot gas mixtures. By 
replacing the conventionally used aqueous phase with dimethyl 
sulfoxide/potassium hydroxide, a variety of biphenol molecules are 
deprotonated to aryloxide anions that react with 
hexachlorocyclotriphosphazene dissolved in cyclohexane to form a thin film 
of highly crosslinked polymer film. The film membranes have persistent 
permselectivities for hydrogen over nitrogen (16-27) and methane (14-30) 
while maintaining hydrogen permeances in the order of (10−8-10−7 mol 
m−2s−1Pa−1) at temperatures as high as 260 °C and do not lose their 
performance after exposure to 450 °C. The unprecedented thermal stability 
of these polymer membranes opens potential to industrial membrane gas 
separations at elevated temperatures.   
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4.1 Introduction 

Molecular separations are pervasive in the large-scale chemical industry and 
energy production sector and denote gigantic energy requirements. More 
efficient separation methods can have a large impact on the process 
economics and, more importantly, on their sustainability. For processes that 
occur at high temperatures the efficiency can be substantially improved 
when the necessity to cool and reheat process streams is avoided. 
Membrane-based separations for hot gases have the potential for this, but 
producing membranes that have a persisting separation performance at high 
temperatures is challenging.[1–3] Membrane materials that have been 
investigated for hot gas separation include inorganic materials (metals, 
zeolites, carbons),4-6 two dimensional layered materials,[7,8] covalent 
organic frameworks (COFs),[9] and metal-organic frameworks 
(MOFs).[1,2,10–13] However, their complex and costly production has 
hampered their industrial application.[7,14,15] Polymeric membranes would 
offer a more economical and scalable alternative. A limited range of 
polymeric materials has been investigated, including polybenzimidazole 
(PBI), polyimide (PI), and thermally rearranged polymers (TRP).[16–22] 
Shortcomings of these membranes are insufficient permeances and 
selectivity at high temperatures,[16,17,23] and the need for costly chemical 
or thermal treatment for network conversion.[23–25] Hybrid membranes, 
consisting of a network of inorganic polyhedral oligomeric silsesquioxane 
(POSS) connected via organic imide bridges, have demonstrated good 
separation performance at elevated temperatures.[26] Similar to the large-
scale production of reverse osmosis membranes, these hybrid membranes are 
fabricated via the facile interfacial polymerization (IP) method, in which a 
thin layer is formed in-situ at the interface of two immiscible phases.[27,28] 
Unfortunately, these membranes require a thermal imidization step.   

Recently, we developed membranes in which POSS cages are connected in a 
network via hexachlorocyclotriphosphazene (HCCP) bridges.[28] The cyclic 
phosphazene group offers exceptional inherent properties, such as natural 
flame retardancy and thermal stability.[29–31] Much of the current literature 
on cyclomatrix polyphosphazene (CPPz) reports super-macromolecular self-
assemblies like nano- or micro-spheres, nanosheets, and microtubes.[29,32–
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36] Limited studies report the successful formation of thin defect-free and 
continuous CPPz membrane films.[27,37] The IP process allows not only the 
formation of such films but also a high degree of cross-linking that 
moderates the macromolecular dynamics at the elevated temperatures of 
application. As such, these membranes have much potential for sieving small 
molecules, such as H2, from hot gas streams,[26,28] where the C(sp3) bonds 
in the propyl groups of the POSS molecules limit the applicable temperature 
range to 300 °C. 

Here, we demonstrate a new strikingly versatile synthesis route for highly 
crosslinked CPPz based thin film composite (TFC) membranes. By replacing 
the aqueous phase, which is typically used in conventional interfacial 
polymerizations, with dimethyl sulfoxide (DMSO)/potassium hydroxide 
(KOH) a range of different, previously non-applicable, nucleophile 
monomers can be used for substitution reactions with the HCCP. We focus 
on a selection of aromatic biphenols. Maaskant et al. reported 
polymerization of aromatic biphenols in water with HCCP in 
dichloromethane. These highly crosslinked CPPz polymers with O linking 
atoms exhibit higher thermal stability than materials with N linking 
atoms.[27,32] However, the reactivity of the phenols in water is too limited 
to allow the formation of thin defect-free membrane films. Meyer et al. 
reported enhanced reactivity of phenols in DMSO as compared to water.[38] 
The addition of KOH makes the DMSO solution a superbase in which the 
phenols can easily be deprotonated to become highly soluble and 
nucleophile phenolates that can react with HCCP.  

To demonstrate the broad applicability of this concept, various CPPz 
membranes are developed from a selection of organic bridges with different 
ranges of flexibility. The membranes are characterized in terms of 
permeance of H2 and the slightly larger CO2, CH4 and N2, at elevated 
temperatures. The results aid molecular design of high-performance CPPz 
membranes, promoting advances in gas separation applications at elevated 
temperatures.  
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4.2 Experimental 

4.2.1. Materials 

Phosphonitrilic chloride trimer (HCCP, 99%, Sigma-Aldrich), 
hexaphenoxycyclotriphosphazene (ArO6PP, >98%,TCI), 4,4′-
Dihydroxybiphenyl (BPH, Sigma-Aldrich), 4,4′-dihydroxydiphenyl ether 
(DHPE Sigma-Aldrich), 4,4′-dihydroxybenzophenone (DHBP, Sigma-
Aldrich), 4,4′-sulfonyldiphenol (BPS, Sigma-Aldrich), 4,4′-
(Hexafluoroisopropylidene)diphenol (BPAF, Sigma-Aldrich), phenol 
(Sigma-Aldrich),  tetrahydrofuran (anhydrous, ≥99.9%, Sigma-Aldrich), and 
dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%, Sigma-Aldrich), 
cyclohexane (EMSURE for analysis, Merck), sodium hydroxide (NaOH, 
reagent grade, Sigma-Aldrich) and potassium hydroxide (KOH, pellets extra 
pure, Merck) were used as received. Porous α-alumina discs (Ø 39 mm, 
thickness 2 mm) were obtained from Pervatech B.V. and used as support.  

4.2.2. Material fabrication 

Freestanding polymer layers and thin film composite polymeric membranes 
were formed by interfacial polymerization of (1) a 10 w/v% solution of the 
corresponding biphenols in DMSO containing KOH ,super base[39],  molar 
ratio of biphenol : KOH of 0.5, i.e. stoichiometric with respect to phenol 
groups, and 0.75, i.e. substoichiometric with respect to phenol groups and 
(2) a 3.5 w/v% HCCP solution in cyclohexane.

Unless otherwise mentioned, we have used a molar ratio of biphenol : KOH 
of 0.75. That means that maximal two of every three phenol groups can be 
deprotonated to phenolate anions. The used concentrations of biphenols and 
HCCP and the applied volumes reflect (if the solutions were perfectly 
mixed) a molar stoichiometry of HCCP:biphenol is 1:5. Since HCCP 
contains 6 reactive chlorine atoms and the biphenols have 2 phenol groups, 
the molar ratio of reactive chlorine to phenol is 6 : 10. Because of the molar 
ratio of biphenol:KOH of 0.75, the molar ratio of reactive chlorine to 
phenolate anion = ca 1 : 1. If all the reactive chlorine would be displaced by 
phenolate anion substitution, there are still unreacted phenol groups present 
(about 1/3 of the number of biphenol moieties). Since the performed 

https://www.tcichemicals.com/NL/nl/p/H1356
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polymerization happens at the interface, such an ideal situation does not 
exist, and some heterogeneity will be present in the formed membrane 
layers. 

Synthesis of CCPz freestanding films 

After heating biphenol solutions at 80°C for 2 hr, 10 mL was mixed with the 
HCCP solution (10 mL) and vigorously stirred for 10 minutes. The formed 
suspension was filtered, washed with water, ethanol, and acetone and dried 
in the vacuum oven at 50 °C.  

Preparation of biphenol-HCCP thin film composite 
membranes 

The CCPz membranes were prepared atop of ceramic supports: α-alumina 
discs with a 3-μm-thick γ-alumina layer (pore size of 3-5 nm) with the setup 
described elsewhere.[28] First, the biphenol solution and support were 
heated at 80 °C for 2 hr and 30 min, respectively. After this, the preheated 
ceramic was soaked in preheated biphenol solution for 15 min at 80 °C. 
Subsequently, the support surface was dried by applying a rubber roller and 
N2 gun, followed by contacting it with the HCCP solution for 10 min at 
ambient temperature. After removing the HCCP solution, the membranes 
were rinsed with ethanol. Before further analysis, the membrane was kept 
under a fume hood overnight and then dried in a vacuum oven at 50 ºC for a 
minimum of 24 hours. 

Synthesis of triphenoxy trichlorocycoltriphosphazene 
(ArO3Cl3PP) 

Triphenoxy trichlorocycoltriphosphazene was prepared according to the 
literature, with some modifications, Figure 4.1.[40,41] HCCP was reacted 
with an excess amount of sodium phenolate. For this purpose, a suspension 
of NaOH (0.85 g, 0.02 mol), phenol (2 g, 0.02 mol), HCCP (2.5 g, 0.007 
mol), and 40 mL of THF was prepared in a 100-mL three-necked round-
bottom flask. The mixture was refluxed for 5 h under a nitrogen atmosphere. 
After the reaction was completed, the suspension was distilled under reduced 
pressure with a rotary evaporator, and the remaining crude product was 
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washed with hot deionized water to give a light yellow solid of the product. 
The product was dried at 50ºC under vacuum overnight. 1H NMR (400 MHz, 
chloroform) δ(11.7-12.17), 31P NMR (162 MHz, Chloroform-d) δ 16.13, 
15.76 (d, J = 14.8 Hz), 15.57 – 15.31 (m), 15.15, 3.82, 3.53 (d, J = 14.3 Hz), 
3.28, 2.65, 2.40 – 1.95 (m), 1.90, 1.64 (d, J = 18.5 Hz), 1.27, 1.18 – 0.07 
(m). The product is mostly a mixture of diphenoxy, symmetrical triphenoxy, 
and asymmetrical triphenoxy.[41] Besides, a small trace of phenol can be 
observed, 1H NMR (400 MHz, chloroform) (7.22 (s, 2H), 6.55 – 6.44 (m, 
3H). 

Figure 4.1 Formation of a triphenoxy trichlorocyclotriphosphazene by the reaction 
of phenol with HCCP 

4.2.3. Material characterization 

A field emission scanning electron microscope (FE-SEM, Zeiss MERLIN) 
was used to evaluate the thickness and morphology of the supported 
membranes. For cross-section images, samples were immersed in the liquid 
nitrogen for 5 minutes and carefully broken to reveal the full cross-section. 
All samples were mounted on an FE-SEM holder using double-sided carbon 
tape and coated with 5 nm Pt/Pd conductive layer using a sputter coater 
Quorum Q150T ES (Quorum Technologies, Ltd., UK). Energy dispersive 
X-ray spectra (EDX) were taken with a JEOL-JSM6010 scanning electron
microscope. For this purpose, the obtained free-standing films were coated
with 5 nm Pt/Pd conductive layer prior to imaging using a sputter coater
Quorum Q150T ES (Quorum Technologies, Ltd., UK). EDX analysis was
performed at 10 kV with >1000 counts/s. The experiment was repeated three
times at different points, and the average value was reported. 1H, 13C, and 31P
nuclear magnetic resonance (NMR) spectroscopies were performed on
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400 MHz pulsed Fourier Transform NMR spectrometer (Agilent 400-MR 
DD2) using Deuterated DMSO (DMSO-d6). Fourier transform infrared 
spectroscopy in attenuated total reflectance mode (FTIR-ATR, PerkinElmer 
Spectrum Two, USA) was used to characterize the free-standing films. 
Spectra were averaged over 16 scans with a resolution of 4 cm−1 over a 
wavelength range from 400-4000 cm−1. The elemental composition of 
synthesized free-standing films was measured with X-Ray Fluorescence 
(XRF) (S8 Tiger, Bruker) and CN elemental analysis (FLASH 2000 series 
analyzer). The thermal stability of the membranes was examined by heating 
a fixed amount of sample (10 mg) on a heating stage under an inert nitrogen 
atmosphere at a heating rate of 10 °C min−1 using a Thermo Gravimetric 
Analysis (TGA, STA 449 F3 Jupiler®, Netzsch) in combination with mass 
spectrometry (MS, QMS 403 D Aeolos MS, Netzsch) to detect the released 
gaseous products according to their mass to charge ratios  (m/z = 1 −110 
amu).  

4.2.4. Membrane performance 
Single gas permeance measurements were performed using a gas permeation 
setup in dead-end mode (Convergence Inspector Poseidon). The single gas 
permeance of He (0.255 nm), H2 (0.289 nm), CO2 (0.33 nm), N2 (0.364 nm), 
and CH4 (0.389 nm) was measured at a transmembrane pressure of 2 bar 
within the temperature range from 50 °C to 260 °C, which is limited by the 
thermal stability of the sealing. The permselectivity was calculated as the 
ratio of the respective permeances. The experiments were performed at least 
twice, and the reported results are the average of the obtained values. 
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4.3 Results & Discussion 

Figure 4.2 (A) Visualization of the interfacial polymerization between HCCP in 
cyclohexane and the potassium phenoxide of hydroxyl monomers in DMSO. An 
aromatic biphenol is dissolved in DMSO/KOH solution to convert biphenol into 
potassium phenoxide. Subsequently, it reacts with HCCP that is dissolved in 
cyclohexane. The layer forms at the interface between the two solvents. (B) Picture 
of the interfacial polymerization of a poly(phenoxy)phosphazene at the interface of 
two monomer phases. (C) Synthesis of poly(phenoxy)phosphazenes films through 
interfacial polymerization between five different hydroxyl compoundsand HCCP.

Thin film CPPz were formed using phosphonitrilic chloride trimer (HCCP) 
in cyclohexane and different aromatic biphenols in the solution of DMSO 
with KOH (Figure 4.2A and Figure 4.2B). The selected biphenols are 4′-
dihydroxybiphenyl (BPH), 4,4′-dihydroxydiphenyl ether (DHPE), 4,4′-
dihydroxybenzophenone (DHBP), 4,4′-sulfonyldiphenol (BPS), and 4,4′-
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(Hexafluoroisopropylidene)diphenol (BPAF) (Figure 4.2C, Figure S4.1). 
The presence of KOH is necessary for the conversion of the biphenols into 
aryloxide anions. These anions are highly nucleophile, which aids the 
formation of a thin layer between the two immiscible solvents. The reaction 
involves the attack of the phenoxides on the P atoms of HCCP, resulting in 
the formation of CPPz, and KCl as a by-product.  

Figure 4.3 (A, B, C) Cross-sectional FE-SEM images of 
poly(phenoxy)phosphazenes membranes on alumina support for BPH-HCCP, BPS-
HCCP, and BPAF-HCCP, respectively. (D, E, F) Surface FE-SEM images of 
poly(phenoxy)phosphazenes membranes on alumina support BPH-HCCP, BPS-
HCCP, and BPAF-HCCP, respectively 

In addition to freestanding films, the CPPz films can also be formed directly 
atop a porous alumina support structure to assure sufficient mechanical 
strength for application as a membrane. For this, the porous support is 
impregnated with the DMSO solution and is then contacted with the HCCP 
in cyclohexane. Figure 4.3A, Figure 4.3B, and Figure 4.3C depict FE-SEM 
images of resulting cross sections for three different biphenols and reveals 
that the thickness of the CPPz layer is approximately ~ 30 nm. The top-view 
images in Figure 4.3D, Figure 4.3E, and Figure 4.3F show that the 
membrane surfaces are smooth and dense, and without evident pinholes or 
other defects. AFM characterization (Figure S4.2, TableS4.1) reveals that the 
surfaces of these three samples have comparable roughness (2.5-4 nm) that 
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is, due to the low thickness of selective layers, similar to that of the 
unmodified ceramic support (4 nm).  

The formation of the poly(phenoxy)phosphazene networks is confirmed by 
FTIR (Figure 4.4A), showing the characteristic peaks of P-O-Ph (950 cm−1), 
the aromatic group (1400 cm−1 and 1600 cm−1), and two bands of HCCP (a 
broad peak at 1100 to 1200 cm−1, and 875 cm−1). Except for the DHPE-
HCCP, the FTIR spectra show all typical bands of the biphenol monomers. 
In the DHBP-HCCP spectrum, the peak at 1650 cm−1 is attributed to the 
carbonyl group of DHBP. In the BPS-HCCP spectrum, the S=O group of 
BPS appears at 1290 cm−1, and in the BPAF-HCCP spectrum,  the CF3 band 
appears at 1254 cm−1.[27]  

Figure 4.4 (A) FTIR spectra and (B) TGA of the formed 
poly(phenoxy)phosphazenes network synthesized via interfacial polymerization 
under N2 atmosphere obtained with a heating rate of 10 °C min−1. 

The thermal stability of networks is evaluated by TGA-MS (Figure 4.4B and 
Figure S4.3). A limited mass loss (between 3-5 %) is detected below 400°C. 
This is attributed to the desorption of physically bound solvents (DMSO and 
water) and the removal of trapped monomers. Continuous mass loss is 
observed above 400 °C because of organic decomposition, evidenced by the 
presence of C3H3 and C4H2 in the mass spectrometer data. The thermal 
stability of the CPPz is higher as compared to the POSS-HCCP materials 
presented in our previous study. This is due to the absence of the C(sp3) of 
the POSS-propyl group, and the Ar-O-P rather than C-NH-P connection.[28] 
At 450 °C minor traces of HCl evolve, indicating a small amount of 
unreacted Cl in the networks. Noteworthy to mention is that the amount of 
HCl is far lower than in the previous study by Maaskant et al.[27], evincing 
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the great extent of cross-linking in our networks. BPH-HCCP shows a 
limited continuous release of aromatic fragments and CO2, and a slight 
reduction in the ratio of C/P (EDX, Table S4.2, Table S4.3) at 800 °C. 
Conversely, for BPAF-HCCP all fluorine is removed during TGA, and only 
C and P elements remain after the thermal procedure. The order for the 
residual mass of the networks at 800 °C is BPH-HCCP> DHBP-HCCP> 
DHPE-HCCP> BPS-HCCP> BPAF-HCCP.  

Table 4.1 XRF Elemental concentration (%) for poly(phenoxy)phosphazenes free-
standing films* 

Element BPH-
HCCP 

DHPE-
HCCP 

DHBP-
HCCP 

BPS-
HCCP 

BPAF-
HCCP 

P 56.4±0.8 45.1±0.9 45.7±0.9 27.8±0.9 50.9±1 
Cl 5±3.6 18.6±2.1 6.4±3.7 1.2±10.7 15.8±2.5 
S 0.4±0 20.3±2.1 26.1±1.2 56.9±0.7 1.6±6.6 
K 36.7±1 14.2±2.1 20.2±1.6 2.7±4.6 29.3±1.6 

P/Cl 11.3 2.4 7.1 23.3 3.2 
Unreacted 

Cl per 
HCCP 

 
0.3 

 
1.2 

 
0.4 

 
0.1 

 
1 

        *Reported errors for XRF data are the relative statistical errors of the peak. 

For HCCP it is well-known that the rings can be opened at a temperature 
exceeding 250 ˚C.[42] For the crosslinked materials, FTIR data does not 
reveal whether cyclic phosphazene rings remain after exposure to high 
temperatures. To unravel this, two small molecules 
hexaphenoxycyclotriphosphazene (ArO6PP) and triphenoxy 
trichlorocycoltriphosphazene (ArO3Cl3PP)) that are representative of the 
molecular structure of the CPPz have been characterized by FTIR and 31P 
Nuclear magnetic resonance (NMR), before and after heat treatment at 260 
˚C for 10 hr under N2. The FTIR spectra obtained before and after thermal 
treatment (Figure S4.4) are very similar, with peaks corresponding to P=N-P 
asymmetric (1100 cm−1 to 1200 cm−1) and symmetric stretching (875 cm−1), 
[29] and the P-O-Ph bond (950 cm−1).[43] For ArO3Cl3PP, the intensity of 
the P-O-Ph peak increases during temperature exposure due to the 
substitution of Cl by ArO residues that are present in the samples. The NMR 
spectra for ArO6PP (Figure S4.5) before and after heat treatment are 
interchangeable. For ArO3Cl3PP (Figure S4.6) the peaks at δ=0-5 disappear, 

https://www.tcichemicals.com/NL/nl/p/H1356
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and the peaks from δ =14.1-18.1 ppm shift to δ =18.1-20.5, indicating the 
substitution of Cl by ArO.[41,44] The results imply that phosphazene rings 
with ArO rather than Cl groups remain cyclic at 260 ˚C.  

In addition to high thermal stability, a molecular sieving ability of a polymer 
film at elevated temperatures requires that the macromolecular dynamics of 
the material under such conditions are moderated. For this, a sufficient 
degree of cross-linking is vital. X-ray fluorescence (XRF) spectroscopy was 
used to screen the extent of cross-linking from the relative presence of the 
elements P, Cl, S, and K (Table 4.1), combined with CN analysis for the 
elements C and N (Table 4.2). The XRF data reveal the presence of S and K 
that can be attributed to residual DMSO and KOH. The high ratios of P/Cl 
(2.4-23.3) indicate that almost all Cl has reacted with the biphenolates. This 
is confirmed by the ratio of C/N that varies between 2 and 3.5. By 
considering the number of C present in the biphenols this infers that highly 
crosslinked networks are formed with, for BPH, DHPE, BPS, and DHBP, on 
average, at least 5 connecting organic bridges between the phosphazene 
rings. For BPAF, the degree of cross-linking is slightly less, and a relatively 
high Cl concentration is observed. 

Table 4.2 CN elemental analysis (%) for poly(phenoxy)phosphazenes free-standing 
films. 

Element BPH- 
HCCP 

DHPE- 
HCCP 

DHBP- 
HCCP 

BPS- 
HCCP 

BPAF- 
HCCP 

C 40.1±0.5 51.6±0.5 53.7±0.3 47.4±0.3 36.3±0.3 
N 2.8±0 4.7±0.1 4.1±0 3.8±0 3.8±0 

C/N 14.3±0.2 11±0.3 13.1±0.1 12.5±0.1 9.6±0.1 
Organic bridges 

per HCCP 3.5±0.1 2.7±0.1 3±0 3±0.1 2±0 

The permeance of small gas molecules through the thin film membranes, 
reveals persisting molecular sieving ability; for all membranes, a decrease of 
permeance with increasing kinetic diameter of the molecule is observed at 
temperatures from 50 to 260 °C (Figure 4.5, Figure S4.7). This behavior is 
similar to that of glassy polymers, and originates from large differences in 
the diffusion rates for molecules of slightly different sizes and 
shapes.[45,46] In essence, for slightly larger molecules, the jump rate 
between bordering open spaces in a rigid glassy polymer decreases strongly. 
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For polyphosphazene polymers, it has been demonstrated that the Tg can be 
affected by introducing different substitution groups.[47–50] In our case, the 
high degree of cross-linking aids moderating the dynamics of the 
macromolecular network, enabling molecular sieving at high temperatures. 

The H2 permeances are in the range 2.3×10−8  to 3.2×10−7  mol m−2 s−1 Pa−1 

(69 to 943 GPU) at 260 °C. For all gasses, the permeance follows the order 
BPH-HCCP, DHPE-HCCP> DHBP-HCCP > BPS-HCCP > BAF-HCCP. 
Strikingly, the permselectivities are quite similar for all membranes. In 
Figure 4.5B, the permselectivity of H2/N2 is plotted versus temperature. The 
permselectivity of H2/CH4 is of a similar order as that of H2/N2 (Figure 
S4.8). The permselectivities decrease with temperature because the 
activation energies of the diffusion coefficients of larger molecules in rigid 
polymer matrices are generally larger. In the BPH, BHDP, and BPS-based 
membranes, the activation energies of the small H2 and He are in the range 
14.2-17.9 kJ/mol, while those of the bigger N2 and CH4  are in the range 
21.3-23.7 kJ/mol (Figure S4.9, Table S4.6). These values are comparable to 
those of polyimide and poly(p-phenylene benzobisimidazole) 
membranes.[17,51] For the BPAF-based membrane, the values are 
somewhat lower. It should be noted that even at 260 °C the H2/N2 and 
H2/CH4 permselectivities of all membranes still exceed the value of 10, 
which is remarkable for polymer-based membranes. The permselectivities of 
H2/CO2 are in the range 2-10, which is lower as compared to the other gas 
pairs, and do not show a decrease with temperature. For CO2 the energy of 
activation is relatively low because of the more pronounced dispersion 
interactions of this molecule with the polymer materials; the heat of sorption 
of the CO2 will be larger and the slope of Arrhenius type temperature 
dependence of sorption has the opposite sign as compared to diffusion.  
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Figure 4.5 (A) Gas permeance as a function of gas kinetic diameter derived from 
BPH-HCCP, DHPE-HCCP, DHBP-HCCP, BPS-HCCP, and BAF-HCCP. All the 
measurements were done at a transmembrane pressure of 2 bar and a temperature of 
260 °C. (B) The ideal H2/N2 permselectivity of the membranes as a function of 
temperature. 

The similar activation energies and permselectivities of the membranes 
imply that differences in their permeance values result from differences in 
the morphology and thicknesses of the membranes, affecting the distances 
that the molecules must travel, rather than from distinct molecular structures 
of the materials, affecting the diffusion rate. SEM images reveal no 
substantial differences in thicknesses of the films atop the porous support 
structure that can explain the permeance differences. Likely, polymerization 
also occurs inside the small pores of the support, strongly reducing the 
permeance values. In classical interfacial processes, polymerization is 
known to occur predominantly in the non-polar phase rather than in the 
aqueous phase. By using DMSO instead of water, the location of the 
polymerization reaction may shift to the polar phase, resulting in a more 
pronounced growth in the pores of the support. The extent of film growth is 
strongly affected by the conditions of the process, impacting the evolution of 
reaction kinetics and transport kinetics during film formation. By increasing 
the amount of KOH, such effects can become evident.[52] When the KOH 
concentration is increased around twofold, the permeances of the gases 
decrease several orders of magnitude (Table S4.5). Compared to the lower 
KOH concentration, FE-SEM does not show any variations in the thickness 
atop ceramic supports, and XRF and CN analysis reveal a similar extent of 
cross-linking for freestanding films (Table S4.6, Table S4.7). This agrees 
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with the possibility of more pronounced growth into the porous structure. It 
is also observed that by lowering the KOH concentration, higher permeances 
can be achieved, but obtaining a defect-free thin film for these lower 
concentrations is more challenging. 

The persisting permselectivities at 260 °C are exceptional. In Table 4.3, the 
performance of different membranes at elevated temperatures is 
summarized. As compared to the CPPz membranes, the very elegant 
Covalent Organic Nanosheet (CON)-based membranes[7] have higher 
permeance values up to 150 °C, but no data are available for their 
performance at higher temperatures. For temperatures exceeding 200 °C, the 
polyPOSSimide membranes [26,53] show comparable selectivity and lower 
permeances, while the polyPOSS-HCCP membranes[28] show similar 
permeance with about twofold higher permselectivity.  

In contrast to the POSS-based membranes, the CCPz membranes are 
prepared from more inexpensive and more readily available monomers in a 
single step reaction. Also, the membranes lack the C(sp3) bond of the POSS-
propyl group and have Ar-O-P rather than C-NH-P connections, providing 
inherently higher thermal stability. For the POSS-based membranes, the 
maximum application temperature is 300 °C.[28] Figure S4.10 and Figure 
S4.11 show that the permeance and permselectivity of the CCPz membranes 
is unaffected after the membranes have been exposed to 350 °C and 450 °C 
for 10 hours. 
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Table 4.3 Summary of the performance of different membranes 
Membrane 

material 
Thickness 

(nm) 
T(°C) Analysis H2 permeance 

(GPU) 
H2/CO2 H2/N2 Ref 

PBDI1 1300 100 pure 71.7 18.9 59.7 [17] 
PBI-Pd NPs 800 200 Mixture 1.25 40 - [54] 

TRP 30000-
40000 

210 Pure 0.03 6.2 - [18] 

CON 41 150 Pure 2566 26.2 40.5 [7] 
2D COF 2000 200 Mixture ~5500 16 - [9] 

MOFs (ZIF-8) 20000 150 Pure 648 10.3 17.6 [13] 
PolyPOSS-

imide 
100 250 Pure 600 5 10 [26] 

PolyPOSS-
imide 

100 200 Pure 180 10 100 [53] 

Cross-linked 
PI 

15000 150 Pure ~7 10 - [55] 

PI 30000-
50000 

100 Pure 1.8×10−10 ~5.2 80 [56] 

POSS-HCCP 78 250 Pure 1000 7.1 40 [28] 
BPH-HCCP 20-30 260 Pure 950 4 20 This 

work 
BPS-HCCP 20-30 260 Pure 300 8 30 This 

work 
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4.4 Conclusion 

In conclusion, we have developed ultrathin (~20-30 nm) cyclomatrix 
poly(phenoxy)phosphazene membranes for the first time via interfacial 
polymerization using several biphenols including 4,4′-Dihydroxybiphenyl 
(BPH), 4,4′-dihydroxydiphenyl ether (DHPE), 4,4′-dihydroxybenzophenone 
(DHBP, Sigma-Aldrich), 4,4′-sulfonyldiphenol (BPS), 4,4′-
(Hexafluoroisopropylidene)diphenol (BPAF), and 
hexachlorocyclotriphosphazene. The membranes are highly crosslinked, and 
thermally stable up to 450 ˚C. They show persisting molecular sieving 
behaviour up to 260 ˚C, which is the temperature limit of our sealings, with 
permselectivities of H2 over N2 and CH4. The performance of the membranes 
remains unchanged after exposing them to 350 °C and 450 °C for 10 hours.   
There are currently very limited alternative polymer-based membranes that 
have comparable performance at this high temperature, and these require 
more complex and expensive fabrication. Our facile fabrication process 
allows for using monomers that cannot be used in conventional interfacial 
polymerizations, granting access to a broader assortment of membrane 
materials with the potential for industrial separations under harsh conditions. 
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4.7 Supporting information 

In Figure S4.1, the interfacial polymerization reaction is visualized. An 
aromatic diphenol is dissolved in DMSO/KOH solution to convert biphenol 
into potassium phenoxide. Subsequently, it reacts with the HCCP solution in 
cyclohexane. The layer forms at the interphase of the two solvents. 
 

 

Figure S4.1 Free-standing film of poly(phenoxy) phosphazenes (A) DHPE-HCCP, 
(B) DHBP-HCCP, (C) BPS-HCCP, and (D) BPAF-HCCP. 
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Figure S4.2 shows the topographical AFM characterization of (A) Alumina 
support, (B) BPH-HCCP, (C) DHPE-HCCP, (D) DHBP-HCCP, (E) BPS-
HCCP, and (F) BPAF-HCCP. 
 

 

Figure S4.2 Topographical AFM images probed for (A) alumina support, (B) BPH-
HCCP, (C) DHPE-HCCP, (D) DHBP-HCCP, (E) BPS-HCCP, and (F) BPAF-
HCCP. 

 

 
 
 
In Table S4.1, roughness of all samples calculated from AFM analysis is 
shown. Despite the type of used diphenols, all samples appear to have 
similar roughness compared to untreated alumina support. 
 
Table S4.1 The surface roughness of  (A) alumina support, (B) BPH-HCCP, (C) 
DHPE-HCCP, (D) DHBP-HCCP, (E) BPS-HCCP, and (F) BPAF-HCCP 

Sample Alumina 
support 

BPH-
HCCP 

DHPE-
HCCP 

DHBP-
HCCP 

BPS-
HCCP 

BPAF-
HCCP 

Ra(nm) 4.16±0.1 2.5±0 4.8±0.7 4±0.6 3.5±0.1 3.8±1 

. 200 nm
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Figure S4.3 Selected MS data for synthesized networks (A)BPH-HCCP, (B) DHPE-
HCCP, (C) DHBP-HCCP, (D) BPS-HCCP, and (E) BPAF-HCCP. 
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Table S4.2 EDX elemental analysis (%) of free-standing films before TGA analysis. 
Element BPH-

HCCP 
DHPE-
HCCP 

DHBP-
HCCP 

BPAF-
HCCP 

C 74.6±1.2 71.5±0.6 72.3±3.2 62.2±1.7 
P 5±0.4 5.4±0.2 6.1±1 8.1±2.8 
N 3.1±0.4 4.1±0.4 4±0.3 4.3±0 
S 1.1±0.1 0.9±0.1 0.8±0.2 2.1±0.9 
F 0 0 0 14.7±0 
Cl 0.8±0.1 1±0.1 0.5±0.1 1±0.5 

C/P 14.9±1.2 13.2±0.5 11.9±2 7.7±2.7 
 

 

Table S4.3 EDX elemental analysis (%) of free-standing films after TGA analysis 
up to 800 °C. 

Element BPH-
HCCP 

DHPE-
HCCP 

DHBP-
HCCP 

BPAF-
HCCP 

C 81.9±0.3 78.2±1.7 79.6±1.4 89.2±1.7 
P 7.4±0.4 11.4±3 6.5±1.5 1.1±0 
N 0 0 0 0 
S 0.4±0.1 0 0 2.3±0.1 
F 0 0 0 0 
Cl 0 0 0 0 

C/P 11.1±0.6 6.8±1.8 12.2±2.6 81.1±1.5 
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Figure S4.4 FTIR spectra of the reactants (HCCP and phenol), and model materials, 
hexaphenoxycyclotriphosphazene (ArO6PP) and triphenoxy 
trichlorocycoltriphosphazene (ArO3Cl3PP)), before and after heat treatment at 260 
˚C for 10 hr under N2. 
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Figure S4.5 31P liquid NMR spectrum (162 MHz) of ArO6PP in Chloroform-d. (A) 
before heat treatment (B) after heat treatment at 260 °C under N2 for 10 h. Both 
spectra show δ 8.82 – 8.63 (m). 
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Figure S4.6 31P liquid NMR spectrum (162 MHz) of ArO3Cl3PP in Chloroform-d, 
(A) before heat treatment. δ 16.13, 15.76 (d, J = 14.8 Hz), 15.57 – 15.31 (m), 15.15, 
3.82, 3.53 (d, J = 14.3 Hz), 3.28, 2.65, 2.40 – 1.95 (m), 1.90, 1.64 (d, J = 18.5 Hz), 
1.27, 1.18 – 0.07 (m), and (B) after heat treatment at 260 °C under N2 for 10 h. δ 
20.14 (d, J = 80.6 Hz), 19.01 – 17.25 (m). 

A)

B)
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Figure S4.7 Single gas permeance at several temperatures as a function of gas 
kinetic diameter derived from BPH-HCCP, DHPE-HCCP, DHBP-HCCP, BPS-
HCCP, and BPAF-HCCP with molar ratio of biphenol : KOH of 0.75. All the 
measurements were done at a transmembrane pressure of 2 bar. (A) 200 °C (B) 100 
°C (C) 50 °C.  
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Figure S4.8 Permselectivity as a function of temperature for BPH-HCCP, DHPE-
HCCP, DHBP-HCCP, BPS-HCCP, and BAF-HCCP. All the measurements were 
done at transmembrane pressure of 2 bar,  (A) H2/CH4 (B) H2/CO2. 
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Figure S4.9  Arrhenius plot for (A) BPH-HCCP, (B) DHPE-HCCP, (C) BPS-HCCP, 
(D), DHBP-HCCP and E) BPAF-HCCP. The detection limit of the set-up is 1×10−10 
mol m−2 s−1 Pa−1. The activation energies are shown in kJ mol−1. 
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Table S4.4 Calculated Arrhenius activation energies (kJ mol−1) for synthesized 
membranes in the temperature range of 50-260 °C. 

Gas BPH-
HCCP 

DHPE-
HCCP 

DHBP-
HCCP 

BPS-
HCCP 

BPAF-
HCCP 

He 12.2±2.8 12.9 16.6 15±2.1 11.8 
H2 14.6±3.7 15.9 17.7 16±1.5 10.3 

CO2 10.9±3 11.9 14.4 15.6±3.3 6.2 
N2 23±1.3 22.1 20.6 19.5+2.2 16.8 

CH4 25.1±1.9 26.7 22.6 25.6±4.3 45 
 

 
  

 

Table S4.5 The single gas permeances and corresponding permselectivity of 
membranes with with molar ratio of biphenol : KOH of 0.5. 
Membra

ne 
PH2 

(GPU) 
PCO2 

(GPU) 
PN2 

(GPU) 
PCH4 

(GPU) 

H
2 /C

O
2  

H
2 /N

2  

H
2 /C

H
4  

BPH-
HCCP 

35.4 0.7 1.19 1.12 49.5 29.7 31.7 

DHPE-
HCCP 

5.8 0* 0.2* 0.1*    

BPAF-
HCCP 

32.5 0* 1* 0.2*    

* Permeances are lower than the detection limit of the set-up. 
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Table S4.6 Elemental concentration (%) for poly(phenoxy)phosphazenes  free-
standing films with molar ratio of biphenol : KOH of 0.5. 

Element BPH-
HCCP 

DHPE-
HCCP 

DHBP-
HCCP 

BPS-
HCCP 

BPAF-
HCCP 

P 56.7±1 56.9±0.9 62.9±0.8 27.8±0.9 39.6±1.1 
Cl 4.9±1.3 7.5±3.1 9.1±3.1 2.4±5.5 16.5±2.2 
S 0.5±0 15±1.7 5.4±3.1 56.6±0.6 12.4±1.4 
K 35.8±1.3 19.7±1.6 21.8±1.6 12.8±1.7 21.4±1.7 

P/Cl 11.6±0.1 7.5±3.1 6.9±2.4 11.6±26 2.4±1.3 
Number 

of Cl 
per 

HCCP 

 
0.3 
 

 
0.4 
 

 
0.4 
 

 
 0.3 

 
1.3 

 

 
 
 
 

Table S4.7 CN elemental analysis(%) for poly(phenoxy)phosphazenes  free-standing 
films with  with molar ratio of biphenol : KOH of 0.5. 

Element BPH-
HCCP 

DHPE-
HCCP 

DHBP-
HCCP 

BPS-
HCCP 

BPAF-
HCCP 

C 40.8±0.6 44.7±1.3 54.7±0 46±0.1 39.6±1.6 
N 2.9±0 3.7±0 4±0 3.5±0 2.9±0.2 

C/N 14.1±0.2 12.1±0.4 14.4±0 13.1±0 13.7±1.1 
Reacted 
Cl per 
HCCP 

 
3.5±0.1 

 
3±0.1 

 
3.2 

 
3.3 

 
2.7±0.2 
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Figure S4.10 Gas permeance (y-axis) vs. kinetic diameter (x-axis)  for BPH-HCCP 
membranes at (A) 250 °C, (B) 200 °C, and (C) 100 °C before and after exposure to 
350 °C and 450 °C. Only the data at 250, 200 and 100 °C is given.  
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Figure S4.11 Ideal selectivity (y-axis) vs. Temperature (x-axis)  for BPH-HCCP 
membranes before and after exposure to 350 °C and 450 °C. Only the data at 250, 
200 and 100 °C is given.  

50 100 150 200 250 300

10

100

1000

50 100 150 200 250 300
1

10

100

50 100 150 200 250 300
1

10

Se
le

ct
iv

ity
 o

f H
2/C

H
4

Temperature (°C)

BPH-HCCP
BPH-HCCP-350 

BPH-HCCP-450 Se
le

ct
iv

ity
 o

f H
2/N

2

Temperature (°C)

BPH-HCCP
BPH-HCCP-350 

BPH-HCCP-450

Se
le

ct
iv

ity
 o

f H
2/C

O
2

Temperature (°C)

BPH-HCCP
BPH-HCCP-350 

BPH-HCCP-450

A) B)

C)



142 
 



   

143 
 

 

Chapter 5 

Non-aqueous interfacial 
polymerization derived 
polyphosphazene films for sieving or 
blocking hydrogen gas  
 
 
 

 
 
This chapter is adapted from: 

Farzaneh Radmanesh, Ernst J.R. Sudhölter, Alberto Tena, Mark A.  
Hempenius, Nieck E. Benes, Non-aqueous interfacial polymerization derived 
polyphosphazene films for sieving or blocking hydrogen gas.  
Submitted for publication.  

https://www.sciencedirect.com/science/article/pii/S0376738821004713#!
https://www.sciencedirect.com/science/article/pii/S0376738821004713#!
https://www.sciencedirect.com/science/article/pii/S0376738821004713#!
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Abstract 
A series of cyclomatrix polyphosphazene films have been prepared by non-
aqueous interfacial polymerization of small aromatic hydroxyl compounds in 
a potassium hydroxide dimethylsulfoxide solution and 
hexachlorocyclotriphosphazene in cyclohexane, on top of ceramic supports. 
Via the amount of dissolved potassium hydroxide, the extent of 
deprotonation of the aromatic hydroxyl compounds can be changed, in turn 
affecting the molecular structure and permselective properties of the thin 
polymer networks ranging from hydrogen/oxygen barriers to membranes 
with persisting hydrogen permselectivities at high temperatures. Barrier 
films are obtained with high potassium hydroxide concentration, revealing 
permeabilities as low as 9.4×10–17 cm3 cm cm–2 s–1 Pa–1 for hydrogen and 
1.1×10–16 cm3 cm cm–2 s–1 Pa–1 for oxygen. For films obtained with a lower 
concentration of potassium hydroxide single gas permeation experiments 
reveal a molecular sieving behavior, with a hydrogen permeance around 10–8 
mol m–2 s–1 Pa–1 and permselectivities of H2/N2 (52.8), H2/CH4 (100), and 
H2/CO2 (10.1), at 200 °C.  
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5.1 Introduction 

Interfacial polymerization (IP) is a versatile and robust technique for 
synthesizing functional polymers in diverse forms, including nanofibers, 
capsules, and ultra-thin polymer films.[1,2] In conventional IP, a 
polycondensation reaction takes place at the interface between two 
immiscible solvents. Because both of the solvents contain only one of the 
two highly reactive monomers for the reaction, the reaction is localized to 
the vicinity of the interface.[3] The film formation is affected by an intricate 
interplay of reaction and diffusion of the monomers. A variety of options 
exist to tune the morphologies and chemistries of the films that are formed, 
for instance, via the choice and concentrations of the monomers, the 
temperature, the duration of contact between the solutions, etc.  

One of the key factors affecting the IP process is the selection of the 
solvents.[4–8] For thin film synthesis, and in particular for thin film 
composite membranes, generally water and an organic solvent are used. By 
varying the organic solvent and adding co-solvents to the aqueous phase, 
nanofilms with the desired properties can be obtained.[4–8] The number of 
studies in which water is substituted by an organic solvent is limited.[9–12] 
Wamser et al. showed the formation of various polyamide porphyrin films at 
the interface of dimethylsulfoxide (DMSO)/ chloroform and 
dimethylsulfoxide (DMSO)/ ethyl acetate.[9] Ogata et al. reported IP in non-
aqueous systems to be useful for synthesizing aromatic polyesters and 
copolyesters.[10] Hessbrugge and Vaidya demonstrated the formation of 
highly solvent-resistant polyamide coatings at the interface of salt crystals at 
7 °C.[11] Liu et al. presented IP at an alkane/ionic liquid interface to 
synthesize selective polyamide nanofilm membranes.[12] These studies 
concentrate on polyamides and polyesters; to our knowledge, no attempts 
have been made to expand non-aqueous IP to other chemistries, except for 
our recent works on POSS and poly(phenoxy) cyclomatrix 
phosphazenes.[13,14]  

These hybrid materials comprise unsaturated rings of alternating phosphor 
and nitrogen atoms that are covalently connected via diphenyl oxide bridges. 
The organic phase monomer used in the IP process is 

https://www.sciencedirect.com/topics/chemistry/ion-exchange-membrane
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hexachlorocyclotriphosphazene (HCCP), a versatile building block for 
making polyphosphazene-based materials via reactions with a broad range of 
nucleophiles.[15,16] The cyclic phosphazene group offers extraordinary 
intrinsic properties, such as natural flame retardancy and thermal 
stability.[17] Most of the preparation methods involving HCCP are based on 
solution polymerization, and only a few studies have been dedicated to 
synthesizing polyphosphazene films with IP.[13–16,18] Maaskant et al. 
reported that the interfacial polycondensation of HCCP with diphenols in 
conventional IP is too slow to allow for ultrathin (~108 m) film formation. In 
our previous work, we replaced the water phase with a solution of KOH in 
dimethylsulfoxide (DMSO).[14] DMSO is a polar aprotic solvent that is 
immiscible with organic solvents such as cyclohexane and, in addition, 
facilitates nucleophilic reactions between monomers. In the solution of KOH 
in DMSO, the diphenols are (partly) deprotonated and become very soluble 
and reactive nucleophilic aryloxide anions, enabling the formation of 
ultrathin polymer films that have molecular sieving ability at very high 
temperatures. 

Here, we further explore the potential of non-aqueous IP for tailoring 
polyphosphazene films by exchanging the diphenols for the smaller aromatic 
hydroxy compounds (AHCs) p-dihydroxybenzene (PDHB) and m-
dihydroxybenzene (MDHB), and 1,3,5-trihydroxybenzene (THB), see Table 
5.1. These AHCs are planar molecules with the OH protons slightly out of 
the plane of the phenyl ring.[19] AHCs are affordable and easily accessible, 
but they show low solubility in water. Similar to diphenols, AHCs are highly 
soluble in DMSO, and their hydroxyl groups can be converted into anions by 
adding a strong base such as KOH. The structures of AHCs allow us to 
synthesize a tightly packed polyphosphazene network, and the adjustable 
parameters of IP, such as the molar ratio of hydroxyl groups of monomer to 
the base, provide opportunities to tune the film morphology and cover the 
range of applications.  

Several studies have shown the potential of THB and PDHB to react with 
HCCP in a single solvent and form microspheres and microtubes.[20–22] To 
the best of our knowledge, our work is the first in which AHCs and HCCP 
are combined to form thin film polyphosphazene networks with properties 
that can be tailored from highly hydrogen selective membranes to very tight 
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OH

OH

gas barriers. The results can aid the further development of ultrathin 
membranes/barriers via non-aqueous interfacial polymerization with 
inexpensive monomers. 

5.2 Experimental 

Table 5.1 The chemical structure of the hydroxyl-containing monomers (AHCs) 
used in this study. 

Hydroxyl containing 
monomers 

Structure 

 
 

PDHB 

 
 
 

MDHB 

 
 
 

THB 

 
 

5.2.1. Materials 

Hexachlorocyclotriphosphazene (HCCP, 99%), 1,3,5-trihydroxybenzene 
(THB or phloroglucinol, ≥99%), m-dihydroxybenzene (MDHB, ≥99.9%), p-
dihydroxybenzene (PDHB, ≥99.9%) and dimethyl sulfoxide (DMSO, 
anhydrous, ≥99.9%) were obtained from Sigma-Aldrich. Cyclohexane 
(EMSURE for analysis), and potassium hydroxide (KOH, pellets extra pure) 
were supplied from Merck. All chemicals and solvents were used as 
received. Macroporous α-alumina discs with a diameter of 39 mm, a 

OH

OH

HO

OH

OH
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thickness of 2 mm, and a pore size of 80 nm were obtained from Pervatech 
B.V. and used as support. 

5.2.2. Material fabrication 

Free-standing polymeric layers and thin-film composite membranes were 
formed by interfacial polymerization of a 10 w/v% solution of the AHCs in 
the super base[23] DMSO and KOH, with a 3.5 w/v% HCCP solution in 
cyclohexane. The molar ratio of monomer hydroxyl groups to KOH is 
indicated by x and was kept at 4:1, 3.5:1, and 2.2:1 in DMSO, unless 
mentioned otherwise. A higher concentration of KOH led to the formation of 
salt and subsequently solid particles in AHCs/DMSO solution, and with a 
lower concentration of KOH (x=6), no layer was formed at the interface of 
the two immiscible phases. 

Synthesis free-standing films  

Free-standing films were prepared by heating the AHC solutions at 80 °C for 
2.5 h, and subsequently, HCCP solution in cyclohexane was poured on top 
of it. The reaction at the interface of the two solutions was confirmed by 
visual observation of the formation of the thin film. After 15 minutes, the 
film was collected, filtered, and washed with acetone, ethanol, and water, 
and dried in the vacuum oven at 50 °C overnight. 

Preparation of thin film composites 

A mesoporous γ-Al2O3 intermediate layer with a pore size of 5 nm and a 
thickness of 4-5 μm was prepared on the α-Al2O3 discs based on a previously 
reported procedure.[24] The IP films were prepared on top of ceramic 
supports, using a set-up described elsewhere.[13] First, the AHC solution 
and support were heated separately to 80 °C for 2.5 h and 30 min, 
respectively. After this, 5 ml of AHC solution was poured on top of the 
support and placed in a closed box in the oven at 80 °C. After 10 min, it was 
taken out, and its surface was dried by applying a rubber roller and N2 gun. 
Then, 5 ml of HCCP solution was poured atop the support at ambient 
temperature. After the reaction for 10 min, the solution was discarded, and 
the resulting thin film composite (TFC) was rinsed with ethanol. The TFC 
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was kept in a fume hood overnight and then dried in a vacuum oven at 50 °C 
for a minimum of 24 h. 

5.2.3. Material characterization 

A field emission scanning electron microscope (FE-SEM, JSM-7610F) was 
used to visualize the thickness and morphology of the obtained TFCs. Both 
surface and cross-section images were acquired. Samples were prepared by 
immersing in liquid nitrogen for 5 min and carefully fractured to reveal the 
complete cross-section. Subsequently, all samples were mounted on an FE-
SEM holder using double-sided carbon tape. Fourier transform infrared 
spectroscopy in attenuated total reflectance mode (FTIR-ATR, PerkinElmer 
Spectrum Two, USA) was used to characterize the free-standing film 
product. Spectra were averaged over 16 scans with a resolution of 4 cm−1 
over a wavenumber range of 400-4000 cm−1. The elemental composition of 
synthesized free-standing films was measured with X-Ray Fluorescence 
(XRF) (S8 Tiger, Bruker) and CN elemental analysis (FLASH 2000 series 
analyzer). The thermal stability of the materials was measured by heating a 
fixed amount of sample (10 mg) on a heating stage under an inert nitrogen 
atmosphere at a heating rate of 10 ºC min−1 using Thermo Gravimetric 
Analysis (TGA, STA 449 F3 Jupiler®, Netzsch) in combination with mass 
spectrometry (MS, QMS 403 D Aeolos MS, Netzsch). UV-vis spectra of 
THB and MDHB solutions with different concentrations of KOH were 
recorded on a Perkin-Elmer λ12 UV−vis spectrophotometer. 

5.2.4. Membrane performance 

Single gas permeance measurements were performed in dead-end mode 
using a commercially available Convergence Inspector Poseidon gas 
permeation set-up. The single gas permeance of He (0.255 nm diameter), H2 
(0.289 nm diameter), CO2 (0.330 nm diameter), N2 (0.364 nm diameter), and 
CH4 (0.389 nm diameter) and was measured at a transmembrane pressure of 
2 bar within the temperature ranges from 50 to 250 ºC. The detection limit of 
the Convergence set-up was limited to 10−10 mol m−2 s−1 Pa−1. For this reason, 
TFC samples with low permeance were measured with a different set-
up[25], at ambient temperature and a higher transmembrane pressure of 3 
bars. In this set-up, the permeate side of known volume V [m3], was placed 
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under vacuum (pstart), and the gas was collected until an end pressure (pend) 
was achieved. The amount of collected gas n was calculated based on the 
ideal gas law: n=(pend-pstart)V/(RT), where R is the ideal gas constant [J mol 
K−1], and T is the temperature [K]. The permeance is calculated from 
n/(A·t·Δp) [mol m−2 s−1 Pa−1], where A is the surface area [m2], t is the time 
[s] and Δp is the transmembrane pressure difference [Pa]. The permeance 
can also be converted to permeability [cmSTP

3 cm cm−2 s−1 Pa−1 ] by 
multiplying it with the thickness of the IP film (neglecting the resistance to 
transport of the support). The permselectivity for a given gas pair was 
calculated from the ratio of their pure gas permeance values. Experiments 
were performed at least twice, and the reported results are the average of the 
obtained values. 

5.3 Results & Discussion 

Figure 5.1A and Figure S5.1 are representatives of the visual observation of 
the localized formation of free-standing films from a reaction of THB, 
PDHB, or MDHB dissolved in DMSO/KOH, with HCCP dissolved in 
cyclohexane. In all studied cases, a stable and sharp interface forms between 
the two solutions. As an example, Figure 5.1B schematically depicts the 
formation of THB-HCCP film. Here, the hydroxyl groups of THB are 
partially deprotonated by KOH at 80 °C to form the reactive phenolate 
anions in DMSO, causing a change in the color of the solution from light 
yellow to dark brown (Figure S5.2). During IP, phenolate anions attack the 
phosphor atoms of the HCCP rings, displacing the chlorine atoms in a 
nucleophilic aromatic substitution process. The formation and properties of 
the network depend strongly on the extent of conversion of the hydroxyl 
groups into phenolate anions that can be controlled by adjusting the molar 
ratio of hydroxyl groups of monomers and KOH. 
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Figure 5.1 (A)Photograph of a free-standing THB-HCCP film formed at the DMSO-
cyclohexane interface. (B) Illustration of the THB-HCCP network formation by the 
reaction of THB and HCCP. 

Sufficient conversion of AHCs into nucleophile phenolate anions is 
necessary for successful network formation. UV-vis spectroscopic 
measurements reveal that the extent of phenolate formation and the type of 
phenolate species obtained (mono, di, or trianions) depend strongly on the 
concentration of KOH and the structure of the employed phenols (Figure 
5.2). In the absence of KOH (x=0), the AHCs are protonated, and in the UV-
vis absorption spectrum, they exhibit a characteristic sharp band below 300 
nm representing an aromatic ring, which agrees with data from the 
literature.[26–29] With the addition of KOH to a PDHB solution (Figure 
5.2A), new absorptions at longer wavelengths appear (325, 400, 425, and 
455 nm), which are attributed to aromatic monoanions.[30–32] Absorptions 
of dianion species should appear at a wavelength of around 370 nm. This 
peak is not visible in the spectra due to the overlapping absorption bands that 
clutter the overall spectrum.26 Adding KOH to the MDHB solution leads to 
higher and broader adsorption peaks between 260 nm to 350 nm that are 
ascribed to the formation of monoanion and dianion species (Figure 
5.2B).[28] In addition, a new band appears at  400–600 nm. For THB 
(Figure 5.2C) addition of KOH gives rise to new peaks around  275, 335 and 
367 nm. These peaks can be attributed to the deprotonation of the hydroxyl 
group and the presence of dianions and trianions.[33] For all compounds 
increasing the KOH concentration (from x=3.5 to x=2.2) causes a substantial 
increase in the intensity of peaks, implying a higher concentration of 
phenolate species in the solution. It is noteworthy to mention that even at the 
highest concentration of KOH (x=2.2) only a maximum 45-50% of all the 
hydroxyl groups are converted. 
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Figure 5.2 UV-vis absorption spectra of (A) 726 μM PDHB, (B) 1500 μM MDHB, 
and (C) 1300 μM THB in DMSO with different concentrations of KOH. 

Figure 5.3 and Figure S5.3 show FE-SEM images of the cross-section and 
surface of TFC samples, for the three different AHCs. The images reveal 
relatively corrugated defect-free films atop of the ceramic supports, with 
thicknesses in the range 20-30 nm. These thicknesses are not substantially 
affected by the amount of KOH in the DMSO solution, and are comparable 
with those of IP-derived polyester nanofilms (20 nm) atop anodized alumina 
supports.[34]  
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Figure 5.3 Cross-sectional FE-SEM pictures of polyphosphazene membranes. 
Membranes were prepared by IP of THB or MDHB in DMSO/KOH with HCCP in 
cyclohexane (A) THB-HCCP, x=2.2. (B) THB-HCCP, x=3.5. (C) MDHB-HCCP, 
x=2.2. (D) MDHB-HCCP, x=3.5. 

 

Figure 5.4 (A) FTIR spectra of free-standing polymer films formed by the IP 
process, collected at the interface of two solvents.(B) Mass loss up to 800 °C as a 
function of temperature for the polyphosphazene free-standing films prepared using 
different hydroxyl-containing monomers. 
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Figure 5.4A depicts FTIR spectra of the monomers and IP-derived free-
standing films (x=2.2). Compared to the AHC monomers, in the films, the 
presence of the HCCP is confirmed by the additional absorption peak in the 
range 1100 to 1250 cm−1 due to the asymmetric P=N stretching vibration of 
HCCP,[20] and the peaks around 870 cm–1 due to the symmetric P=N 
stretching vibration. The phenyl ring is apparent by the two intense peaks 
about 1480 and 1600 cm−1 .[35] Covalent connection of the AHCs and HCCP 
is evidenced by peaks due to the stretching vibration of Ar-O-P, at 950 cm−1 
for PDHB-HCCP, and 950 and 1003 cm−1 MDHB-HCCP and THB-
HCCP.[36]  

Figure 5.4B shows the mass loss of the polyphosphazene networks upon 
heating under N2. All three materials show a monotonous decrease in weight, 
with an onset temperature of around 200 °C. The first part of this decrease, 
up to ~300 °C, is attributed to mainly the removal of adsorbed water and 
residual solvent (DMSO) and some further cross-linking reactions between 
unreacted Cl and OH groups. This is evidenced by the release of H2O, CH3S, 
and Cl (Figure S5.4). The decrease in weight at temperatures exceeding 300 
°C is distinct from the behavior of the diphenol-based materials of our 
previous study.[14] For those materials, it was shown that the almost 
complete substitution of the Cl groups on the HCCP by Ar-O groups 
prevents the HCCP ring from opening at elevated temperatures, and no 
appreciable weight loss of these materials is observed for temperatures 
below 400 °C. Because the extent of substitution of Cl groups for the AHC-
HCCP materials is much lower, the thermally induced opening of HCCP 
rings is more probable, causing the distinct thermal evolution of the mass. 
Hence, as a consequence of the lower degree of cross-linking and less 
substitution of Cl, the thermal stability of the AHC-HCCP materials is lower 
as compared to the diphenol-based material. By increasing the KOH 
concentration from x=3.5 to 2.2, the extent of deprotonation of  AHCs is 
increased, in turn affecting the polycondensation reaction kinetics. For THB-
HCCP, this results in a substantially lower loss in mass with temperature 
(Figure S5.5).  
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Table 5.2 XRF data for the polyphosphazene free-standing films. 
 

Sample 
Elemental composition 

(%)a 
Number of 
reacted Clb 

P Cl K S  
PDHB-
HCCP 

x=2.2 32.5 48 14.5 4.6 1-2 
x=3.5 34.9 53.1 9.34 2.7 1-2 

MDHB-
HCCP 

x=2.2 37.1 47.9 11.1 2.9 2 
x=3.5 36.4 49.4 12 2.17 2 

THB-
HCCP 

x=2.2 36.8 48.9 8.8 4.7 2 
x=3.5 37.1 41.5 13.7 7.7 2-3 

a The statistical error for the data is found to be between 0.7% to 4%. 
b The number of reacted Cl per HCCP is equal to the number of reacted hydroxyl 
containing monomers per HCCP. This number is calculated based on the ratio of 
P/Cl, tacitly neglecting the presence of Cl in the form of KCl. 

XRF data (Table 5.2) for free-standing AHC-HCCP films confirms the 
presence of the atoms of the AHCs and HCCP, as well as some traces of K 
and S. The potassium can be present as counterions of aryloxides, and/or in 
the form of KCl. The traces of sulfur are probably due to the incomplete 
removal of DMSO. The number of reacted chlorine groups, based on the 
ratio of Cl/P, is 1-3 out of the total of 6 Cl groups per HCCP molecule. This 
indicates that the AHC-HCCP networks have a low degree of cross-linking 
compared to our previous study.[13,14] The fact that the materials do not 
readily dissolve in a variety of solvents is evidence of some degree of cross-
linking. The crosslink density of the networks will be affected by the extent 
of deprotonation of the aryl alcohols.[18] In our previous study, the 
biphenols possess well-separated OH groups that, compared to the AHCs, 
display lower pKa values for the first and second deprotonation steps. This is 
especially the case when the bisphenols contain electron-withdrawing 
moieties. The more pronounced deprotonation, resulting from the lower pKa 
values, results in a larger number of organic bridges in the network. In fact, 
for the biphenol-based materials, almost all Cl groups on the HCCP are 
substituted by an aryloxide group. For the AHC-HCCP materials, the 
number of organic bridges is much lower and follows the order PDHB-
HCCP < MDHB-HCCP≃THB-HCCP. This may be explained by the higher 
pKa values of PDHB (pK1 = 9.9, pK2 = 11.6) compared to MDHB (pK1 = 
9.2, pK2 = 10.9) and THB (pK1 = 8.0, pK2 = 9.2, pK3 = 14).[33,37] 
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Since the atomic percentages of O and Cl can be influenced by the presence 
of KCl and the hydrolysis of P−Cl to P−OH in the presence of H2O, C,N 
elemental analysis was used to confirm the extent of cross-linking (Table 
S5.1). The number of reacted Cl per HCCP, calculated based on the ratio of 
C/N, is higher as compared to the XRF data, but also confirms incomplete 
conversion of the HCCP-Cl groups. 

  
Figure 5.5 Distribution of ratios of elements over the membrane’s cross-section for 
THB-HCCP x=2.2 and x=3.5.(A) P/Al, (B) C/Al, and (C) P/C. 

Because of the intricate interplay of reaction and diffusion kinetics, in IP-
prepared thin film composites, the polymer density and the degree of cross-
linking can vary with location. The EDX data in Figure 5.5 reveal the impact 
of the KOH concentration on the distribution of different elements over the 
cross-section of a THB-HCCP thin film composite. The ratios P/Cl and N/C 
are representative of the degree of cross-linking; both these ratios are highest 
at the outer interface of the sample, accordant with the existence of a thin 
crosslinked film at this interface. The extent of cross-linking within the rest 
of the γ-alumina layer is similar for both KOH concentrations. The amount 
of polymer in the γ -alumina layer is more significant for the lowest KOH 
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concentration. This can be rationalized by the faster reaction kinetics and 
hence faster film formation at high KOH concentration, sooner resulting in 
impeded transport of the monomers to the reaction zone.    

 
Figure 5.6 Gas permeance results of MDHB-HCCP and THB-HCCP with x=2.2 at a 
temperature of 30 °C and transmembrane pressure of 3 bar. To aid comparison with 
open literature, the data are converted into cm3 cm cm−2 s−1 Pa−1 and shown on the 
right axis. 

The EDX data does not provide conclusive information on the effect of 
KOH on permselectivity or barrier properties of the thin film at the interface 
of the TFC. This is more evident from the gas permeance of He, H2, N2, 
CO2, and CH4  in the temperature range 30-200 °C, for TFCs with x=2.2, 3.5, 
and 4.  For all KOH concentrations, the PDHB-HCCP films show gas 
permeances that are comparable to those of the bare supports (Table S5.2). 
This is attributed to a too low degree of substitution of Cl by Ar-O (Table 
5.2), resulting in a weakly connected non-selective network. For the other 
two networks, the gas permeance is strongly affected by the value of x. For 
high KOH concentration, x=2.2, the THB-HCCP and MDHB-HCCP films 
exhibit gas barrier properties that may offer the potential for, e.g., confining 
the highly diffusive hydrogen gas in case of transportation and storage.[38–
40] Figure 5.6 shows the H2 and O2 permeance of the two materials at 30 °C. 
The MDHB-HCCP films exhibit lower permeance as compared to THB-
HCCP films. This is due to the higher molar concentration of MDHB during 
IP, increasing the thickness of the layer and hence the barrier properties.[41] 
To aid comparison with open literature, the data are converted into cm3 cm 
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cm−2 s−1 Pa−1 and listed in Table 5.3. Both for H2 and O2, the very thin TFCs 
have comparable performance to existing barrier coatings or even surpass 
their performances.[38,42–44]  Moreover, the barrier properties of our thin 
film persist at elevated temperatures, as even at 200 °C, the H2 permeance 
through THB-HCCP films is 10−9 mol m−2s−1Pa−1 (Figure S5.6). For ambient 
temperatures, Su et al.[43] and Tzeng et al.[42] reports lower hydrogen 
permeabilities of 6.9×10−19 cm3 cm cm−2 s−1 Pa−1 and 3×10−19 cm3 cm cm−2 
s−1 Pa−1. These authors use completely different measurement methods and 
low transmembrane pressure. More importantly, they use more complex 
fabrication techniques involving graphene oxide and nanoclay nanosheets 
with high aspect ratios; the scalability of these materials is unknown. The 
facile IP technique used in our study is compatible with the existing large-
scale industrial fabrication of reverse osmosis membranes.[45] 



 

Table 5.3 Comparison of different published barriers with respect to their oxygen and hydrogen permeabilities. 
Film matrix Gas Permeability Thickness Ref. 

poly(lactic acid)/graphene O2 1.1×10−14 cm3 cm cm−2 s−1 Pa−1 210 μm [46] 

Cellulose/Graphen O2 0.8×10−14 cm3 cm cm−2 s−1 Pa−1 35 μm [47] 

HDPE/GO O2 1.75×10−14 cm3 cm cm−2 s−1 Pa−11 - [48] 

Cellulose nanocrystal O2 1.75×10−11 cm3 cm cm−2 s−1 Pa−1 <15μm1 [49] 

polyelectrolyte complex O2 0.013 cm3 m−2  day−1 1.9 μm [50] 

Polyimide (FAPPI) O2 0.43 cm3 m−2 day−1 - [51] 

PMDA-FDA polyimide O2 1.01 cm3 m−2 day−1 75 μm [52] 

PMDA-AAPPI polyimide O2 1.7 cm3 m−2  day−1 - [53] 

THB-HCCP-2.2 O2 3.8×10−16 cm3 cm cm−2 s−1 Pa−1 30 nm This work 

MDHB-HCCP-2.2 O2 1.1×10−16 cm3 cm cm−2 s−1 Pa−1 30 nm This work 

MXene-GO/poly (ethylene-co-acrylic 
acid) 

H2 3.5×10−12 cm3 cm cm−2 s−1 Pa−1 ~10 μm [39] 

PEI/Graphene oxide H2 1.8×10−16 cm3 cm cm−2 s−1 Pa−1 91 nm [54] 

PDDA/Graphene oxide H2 3.6×10−15 cm3 cm cm−2 s−1 Pa−1 120 μm [55] 

PEN/Graphite H2 2.3×10−14 cm3 cm cm−2 s−1 Pa−1 70 μm [40] 

Chitin H2 1.3×10−8 cm3 cm cm−2 s−1 Pa−1 50 μm [44] 

PVA/silicate nanosheets H2 6.9×10−19 cm3 cm cm−2 s−1 Pa−1 1.5 μm [38] 

Reduced Graphene oxide H2 3×10−19 cm3 cm cm−2 s−1 Pa−1 30 nm [43] 

polyelectrolyte complex/clay H2 4×10−15 cm3 cm cm−2 s−1 Pa−1 122 nm [42] 

THB-HCCP-2.2 H2 2.4×10−15 cm3 cm cm−2 s−1 Pa−1 30 nm This work 

MDHB-HCCP-2.2 H2 9.4×10−17 cm3 cm cm−2 s−1 Pa−1 30 nm This work 

1 Because it is an anisotropic film with a flexible thickness
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A lower concentration of KOH directly affects the kinetics of the 
polycondensation reaction and hence affects the permselective properties of 
the films. In Figure 5.7A, single gas permeance data of THB-HCCP films, 
with x=4, are presented as a function of gas kinetic diameter in the 
temperature range 50-200 °C. The increased value of x reduces the H2 barrier 
properties of the films. The permeance of the small gases decreases with 
increasing gas kinetic diameter. This gas sieving behavior is also observed 
for glassy polymers such as aromatic polyimides.[56,57] For all gases, the 
permeance increases with increasing temperature, confirming that 
permselectivity arises from diffusion. For THB-HCCP the activation 
energies, obtained from the Arrhenius plots in Figure 5.7B, follow the order 
N2 > He ,H2 > CO2. This complies with the order of the kinetic diameters of 
the gas molecules, except for CO2. The distinct behavior of CO2 is due to its 
quadrupole moment and the resulting affinity for polar groups such as 
amines and hydroxyl groups.[58] Increasing temperature lowers the 
interactions between CO2 and the material. The trade-off between the 
temperature effect on the solution and diffusion is manifested by the lower 
“apparent” activation energy for CO2.[59] This is in line with observations 
for other membranes, such as thermally stable polyimide and 
polybenzimidazole membranes.[60–62] The permeance of CH4 is below the 
detection limit of the set-up and the activation energy of CH4 could not be 
calculated. 
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Figure 5.7 (A) Gas permeance of THB-HCCP with x=4 as a function of gas kinetic 
diameter for three different temperatures. (B) Arrhenius plot of pure gas 
permeances; the unit of activation energies in kJ mol−1. (C) Ideal selectivities of the 
membranes as a function of temperature.  

The membranes show high permselectivities, even at 200 °C: 10.1, 52.8, and 
100 for H2/CO2, H2/N2, and H2/CH4. The H2/N2 selectivity increases with 
temperature, and the H2/CO2 selectivities are around 10 over the complete 
temperature range of 50-200 °C. Relatively few polymeric membranes have 
been characterized by permeation at high temperatures, due to often limited 
membrane stability. The observed performance of THB-HCCP membranes 
is comparable with the performance of the poly(PMDA-POSS imide) 
membranes and polybenzimidazole.[62–65] In addition, these new 
membranes have the following advantages: (1) They are made by interfacial 
polymerization, a simple and convenient technique that readily allows 
upscaling.[66] (2) The THB-HCCP membranes are formed in one step; 
where no additional thermal treatment is needed, as is the case for 
polyimides.[56] (3) Very cheap and readily accessible monomers are used 
for the preparation of the membranes. 
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5.4 Conclusion 

Thin film cyclomatrix polyphosphazene networks are prepared by non-
conventional interfacial polymerization of hexachlorocyclotriphosphazene 
with small aromatic hydroxy compounds. As polar phase, DMSO is used 
instead of water. By varying the amount of KOH in the DMSO the extent of 
deprotonation of the hydroxy compounds can be changed, allowing for the 
tailoring of the permselective properties of the thin film composites, all the 
way from hydrogen/oxygen barriers to membranes with persisting hydrogen 
permselectivities at high temperatures. The barrier properties are obtained 
with high KOH concentration, allowing for more pronounced deprotonation 
of the hydroxy compounds. A lower concentration of KOH results in 
materials with a larger free volume and faster transport of the small 
hydrogen molecules. These tunable materials show excellent potential for 
use in a broad landscape of applications, ranging from barriers for hydrogens 
storage and transport to high-temperature gas separation processes.  
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5.7 Supporting information 

 

 
Figure S5.1 Photograph of free-standing (A) MDHB-HCCP and (B) PDHB-HCCP 
films formed at the DMSO-cyclohexane interface. 
 

 

 

 

Figure S5.2 Solution of THB in DMSO (A) before addition of KOH and (B) after 
addition of KOH and solution at 80°C for 2.5 hr. 
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Figure S5.3 Cross-section scanning electron micrograph of the support used in this 
study. It shows the 3 .5 µm γ-Alumina layer and the 2 mm microporous α-Alumina. 
 

 

Table S5.1 C,N elemental analysis(%) for polyphosphazene powders. 
 

Sample 
Elemental concentration 

(%) 
Number of 
reacted Cla 

C N 
PDHB-
HCCP 

x=2.2 30.9±0.8 8.9±0.2 3-4 

x=3.6 30.1±0.9 8.7±0.2 3-4 
MDHB-
HCCP 

x=2.2 32.7±0.2 8.2±0.3 4 
x=3.6 32.5±0.2 8.1±0.3 4 

THB-
HCCP 

x=2.2 19.9±0.5 8.8±0.2 2-3 (2.3±0.1) 
x=3.6 22±0.4 8.4±0.1 2-3(2.6±0.1) 

aThe number of reacted Cl groups is equal to the number of reacted 
hydroxyl contained monomers per HCCP. This number is calculated based 
on the ratio of C/N. 
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Figure S5.4 The mass loss (top panels) and the evolved gases (bottom panels) as a 
function of temperature for the polyphosphazene free-standing films prepared using 
different hydroxyl-containing monomers, obtained with a heating rate of 10 °C 
min−1. (A) PDHB-HCCP, (B) MDHB -HCCP, and (C) THB-HCCP. 
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Figure S5.5 Comparison of the changes in sample mass of prepared free-standing 
films as a function of the temperature for the different KOH concentrations, x, A) 
PDHB-HCCP, (B) MDHB -HCCP, and (C) THB-HCCP. All samples were heated 
under N2 at 10 °C min−1.  
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Table S5.2 Comparing the single gas separation properties of the supports and 
PDHB-HCCP membrane at 2 bar and 30 °C. 

Gases Gas permeance (mol m−2 s−1 Pa−1) 
Support PDHB-HCCP 

He 1.1×10−6 1.1×10−6±4.2×10−9 
H2 2×10−6 2×10−6±1.3×10−8 

CO2 6.1×10−7 6.2×10−7±1.9×10−8 
N2 5.7×10−7 5.8×10−7±5×10−9 

CH4 9.7×10−7 9.8×10−7±1.5×10−9 
 
 
 

 

Figure S5.6  Gas permeance of THB-HCCP as a function of gas kinetic diameter at 
200 ˚C for three different x. 
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Chapter 6 

Low temperature pyrolysis of thin 
film composite polyphosphazene 
membranes for hot gas separation 
 
 
 
 
 
 
 

 
 
 
 
This chapter is adapted from: 

Farzaneh Radmanesh, Alberto Tena, Ernst J.R. Sudhölter, Nieck E. Benes, Low temperature 
pyrolysis of thin film composite polyphosphazene membranes for hot gas separation. 
Submitted for publication.  

https://www.sciencedirect.com/science/article/pii/S0376738821004713#!
https://www.sciencedirect.com/science/article/pii/S0376738821004713#!
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Abstract 

Highly selective thin-film composite membranes for hot hydrogen sieving 
are prepared via the pyrolysis of thin cyclomatric polyphenoxy phosphazene 
films that are prepared via non-conventional interfacial polymerization of 
hexachlorocyclotriphosphazene with 1,3,5-trihydroxybenzene or m-
dihydroxybenzene. The presence of the cyclic phosphazene ring within the 
weakly branched polymer films gives rise to a distinct thermal degradation 
evolution, with an onset temperature around 200 °C. For the 
trihydroxybenzene derived material the hydrogen permselectivity of the 
films shows a maximum around a pyrolysis temperature of 450 °C. At this 
temperature, a compact atomic structure is obtained that comprises mostly 
disordered carbon and accommodates P-O-C and P-O-P bonds. These films 
reveal molecular sieving with permselectivities exceeding 100 for H2/N2, 
H2/CH4, and H2/CO2, and a hydrogen permeance of 2 ×10–10 mol m–2s–1Pa–1, 
at 200 °C. In particular, the H2/CO2 permselectivity at elevated temperatures 
is superior to that of other CMS membranes that have been presented in the 
literature. At ambient temperatures, the thin films are very effective barriers 
for small gas molecules. Because of the inexpensive facile synthesis and low 
temperature pyrolysis, the polyphosphazene films have potential for use in 
high-temperature industrial gas separations, as well as for use as barriers 
such as liners in high pressure hydrogen storage vessels at ambient 
temperature.
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6.1 Introduction 

Establishing a hydrogen-based economy has widespread momentum in many 
climate strategies.[1–3]  This will require, amongst others, industrial-scale 
technology for molecular separation of hydrogen from other gases, such as 
CO, CO2, and CH4.[3–5] Membrane-based separation technology can 
contribute to this.[5–7] Carbon molecular sieve (CMS) membranes have 
been reported to exhibit good performance in selective H2 separation 
processes.[5–7] CMS materials are fabricated via pyrolysis, under an inert 
atmosphere, of polymer networks comprising condensed hexagonal rings 
without a three-dimensional crystalline order.[8] The resulting materials 
have sub-nanometer pores with sizes and shapes that depend strongly on the 
type of polymer precursors and the applied thermal treatment conditions. 
Polymers including polybenzimidzole (PBI), Matrimid®, cellulose, 
polypyrrole, and polyimide with intrinsic microporosity have been pyrolyzed 
to develop membranes containing the elements C, N, and F.[5,8–11] For 
example, Matrimid® pyrolyzed at 675 °C has a H2/CO2 permselectivity of 1.3 
at room temperature,[11] and polybenzimidzole (PBI) pyrolyzed at 900 °C 
has a H2/CO2 permselectivity of 80 at 150 °C.[8] Cellulose-based hollow 
fiber membranes pyrolyzed at 850 °C have H2/CO2 permselectivity of 83.9, 
H2/N2 permselectivity >800, and H2/CH4 selectivity >5700, at 130 °C.[5]  
CMS membranes can have a self-supporting asymmetric structure or can 
consist of a thin layer atop a porous ceramic or steel support. For the latter 
so-called thin film composite (TFC) membranes, preserving a continuous 
defect-free permselective thin film during pyrolysis is a challenge.[12–15] 
Richter et al. report a 125 nm thick carbon layer inside an asymmetric 
alumina tube through pyrolysis of a cross-linked unsaturated polyester, with 
H2/CO2 permselectivity of ~3 at 25 °C.[12] Another study reports alumina-
supported CMS membranes via pyrolysis of phenol-formaldehyde resins at 
500 °C, with permselectivities for H2/CO2 (~3), H2/N2 (~17), and H2/CH4 
(~36.6), at 80 °C.  

Recently, our group pioneered with a non-conventional interfacial 
polymerization (IP) technique for the fabrication of ultrathin cyclomatrix 
polyphosphazene films.[16] Central in this method is the replacement of the 
aqueous phase with a DMSO/KOH solution. In this superbase, the aromatic 
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hydroxy compounds can be partly converted to highly soluble and 
nucleophilic aryloxide anions. This allows for the fast nucleophilic 
substitution of the Cl groups in the hexachlorocyclotriphosphazene (HCCP) 
that is dissolved in the non-polar cyclohexane phase. The obtained thin film 
polyphosphazene networks have tuneable gas permeance, ranging from gas-
tight barriers to molecular sieves for hydrogen at temperatures well above 
200 °C.[16] The thermal stability of the films is exceptional. In part, this is 
due to the strong Ar-O bonds between the organic bridges and the HCCP 
molecules; these bonds are stronger than the amide or ester bonds that are 
prevalent for IP-derived materials. In addition, the cyclic HCCP has inherent 
high thermal stability and heat resistance due to the symmetrically 
distributed P atoms and the unvarying N-P bond length resulting from the 
dπ-pπ hybrid orbital overlap.[17] The thermal decomposition of the HCCP 
ring is an endothermic process. In addition, HCCP has a high limiting 
oxygen index (minimum percentage of oxygen in a mixture of oxygen and 
nitrogen needed for flaming combustion) and, when added as an additive to 
polymers, gives rise to cross-linked phosphorus oxynitride and carbonized 
aromatic networks in the solid phase.[18–20] The various phosphates formed 
in the combustion form non-volatile protective obstructions that impede the 
transport of oxygen and non-flammable combustion products, as well as the 
transport of heat. These properties make cyclomatrix polyphosphazene a 
popular non-halogenated additive for enhanced flame retardancy.[19]  

In our previous studies, we have demonstrated that the almost complete 
substitution of the Cl groups by diphenol bridges results in an abrupt thermal 
degradation behavior, with a high onset temperature of ~400 °C.[16] In 
contrast, materials in which a limited number of the Cl groups are substituted 
by small aromatic hydroxyls exhibit a gradual thermal degradation, with an 
onset temperature around ~250 °C.[21] This gradual degradation facilitates 
controlled pyrolysis at relatively mild conditions, resulting in thin films with 
final atomic compositions (many heteroatoms) and structures that are distinct 
from other CMS materials. Here, we explore the pyrolysis of moderately 
cross-linked cyclomatrix polyphosphazene membranes with various 
temperature trajectories under N2 atmosphere.   
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6.2 Experimental 

6.2.1. Materials 

Phosphonitrilic chloride trimer (HCCP, 99%), 1,3,5-trihydroxybenzene 
(THB, ≥99%), m-dihydroxybenzene (MDHB, ≥99.9%), and dimethyl 
sulfoxide (DMSO, anhydrous, ≥99.9%) were supplied from Sigma-Aldrich. 
Cyclohexane (EMSURE for analysis), and potassium hydroxide (KOH, 
pellets extra pure) were obtained from Merk. Macroporous α-alumina discs 
with a diameter of 39 mm, a thickness of 2 mm, and a pore size of 80 nm 
were purchased from Pervatech B.V. and used as support. 

6.2.2. Material fabrication 

Free-standing polymer membrane layers and thin-film composite polymeric 
membranes were formed by interfacial polymerization of a 10 w/v% solution 
of the THB or MDHB, aromatic hydroxy compounds (AHC), in DMSO and 
KOH, super base[22], and a 3.5 w/v% HCCP solution in cyclohexane. The 
mol ratio of hydroxyl groups (monomers: KOH) is denoted x and was kept at 
3.5:1. This hydroxyl ratio was chosen based on the earlier experiments and it 
is close to minimum amount of KOH for making a free-standing layer. THB 
or MDHB is partly deprotonated by using KOH. Nucleophilic substitution 
takes place by the attack of the phenolate anions on the phosphor atoms of 
the HCCP rings, displacing the chlorine atoms. The formed networks are 
denoted THB-HCCP and MDHB-HCCP. 

The TPE-HCCP free-standing layer was prepared in the following way. A 
3.5 wt.% HCCP solution in cyclohexane was gently poured atop the TPE 
solution to minimize disturbances of the top layer of the TPE solution. A 
thin layer formed at the interface of the two phases as the two solutions 
contacted. After 30 min, the films were collected, filtered, and washed 3 
times with ethanol, acetone, and water. Then, the solid films were dried in a 
vacuum oven at 50°C.  
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Synthesis of free-standing films  

Free-standing films were prepared as follows. First, the AHC solutions were 
heated at 80°C for 2.5 hr. Next, the HCCP solution in cyclohexane was 
poured atop the AHC solution while still hot. The reaction happened as soon 
as the two solutions were brought into contact, and it was confirmed by 
visual observation of the formation of a thin layer. After 10 min, the formed 
thin film at the interface was collected, filtered, and washed with acetone, 
ethanol, and water and dried in a vacuum oven at 50 °C. 

Preparation of thin-film composite membranes  

The α-alumina discs were coated with a 3 μm thick γ-alumina (porosity of 
~40 % and pore size of 2-3 nm) based on the reported procedure.[23] The 
ceramic supports were heated to 80 °C for 2.5 h. After this, the support was 
impregnated with 5 ml of AHC solution in the oven at 80 °C for 10 min. 
Next, it was taken out, and its surface was dried by applying a rubber roller 
and N2 gun. Then, the support was submerged into 5 ml of HCCP solution at 
ambient temperature. After 10 min reaction time, the solution was discarded 
from the surface, and the membranes were rinsed with ethanol to remove any 
residual reactant. The membrane was kept under a fume hood overnight and 
then dried in a vacuum oven at 50 ºC for a minimum of 24 h.  

Thermal treatment 

Table 6.1 Overview of the used protocols and their label for thermal treatment of the 
membranes. 

Name Treatment 
Network-200 10 h at 200 ˚C 
Network -250 Network-200 + 10 h at 260 ˚C 
Network-300 Network -250 + 10 h at 300 ˚C 
Network-350 Network-300 + 10 h at 350 ˚C 
Network-450 Network-350 + 10 h at 450 ˚C 
Network-550 Network-450 + 10 h at 550 ˚C 
Network-650 Network-550 + 10 h at 650 ˚C 

Thermal treatment was done in an STF (single zone furnace) 16/610 tubular 
furnace (Carbolite) equipped with an alumina working tube under N2 
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atmosphere. The membrane was thermally treated according to the protocols 
given in Table 6.1. The final temperature was reached at a ramp rate of 2 ˚C 
min–1. The furnace was evacuated and refilled with N2 two times before 
treatment, followed by thermal treatment under a N2 flow of 200 mL min–1. 
The thermally treated samples are labeled as network's name-xxx, where xxx 
represents the final temperature (°C) used in the thermal treatment process. 

6.2.3. Material characterization 

A field emission scanning electron microscope (FE-SEM, Zeiss MERLIN) 
was used to envision the thickness and morphology of the membranes. To 
obtain a clean fracture, samples were prepared by immersion into liquid 
nitrogen for 5 min before breaking them. For EDX analysis, all samples 
were dried and coated with a 5 nm Pt/Pd conductive layer using a sputter 
coater Quorum Q150T ES (Quorum Technologies, Ltd., UK) and was done 
at 10 kV with >1000 counts/s. Fourier transform infrared spectroscopy in 
attenuated total reflectance mode (FTIR-ATR, PerkinElmer Spectrum Two, 
USA) was used to characterize the powder product formed over 16 scans 
with a resolution of 4 cm–1 over a wavelength range of 400-4000 cm–1. The 
elemental composition of synthesized powders was measured with X-Ray 
Fluorescence (XRF) (S8 Tiger, Bruker) and C,N elemental analysis (FLASH 
2000 series analyzer). X-ray photoelectron spectroscopy (XPS) 
measurements were performed on PHI Quantes scanning XPS/HAXPES 
microprobe using a monochromatic Al Kα source (1486.6 eV). The binding 
energies of the benzene ring (from the aromatic hydroxy compounds) were 
fixed in the carbon elemental fit of the prepared powders. Thermo 
Gravimetric Analysis (TGA, STA 449 F3 Jupiler®, Netzsch) in combination 
with mass spectrometry (MS, QMS 403 D Aeolos MS, Netzsch) was used to 
evaluate the thermal stability of the membranes. A fixed amount of sample 
(10 mg) was heated on a heating stage under an inert nitrogen atmosphere at 
a heating rate of 10 ºC min–1.  

6.2.4. Membrane performance 

Single gas permeance measurements were carried out using a dead-end 
mode set-up (Inspector Poseidon, Convergence). The single gas permeance 
of He, N2, CH4, H2, and CO2 was measured at a transmembrane pressure of 2 
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bar within the temperature ranges from 50 to 250 ºC. The lower detection 
limit of the set-up was 10–10 mol m–2 s–1 Pa–1. Permselectivity was calculated 
as the ratio of the respective permeances. The experiments were performed 
at least twice, and the reported results are the average of the obtained values.  

6.3 Results & Discussion 

 

Figure 6.1 (A) Schematic representation of MDHB-HCCP and THB-HCCP 
membrane preparation. (B) Effect of thermal treatment on the appearance of THB-
HCCP membranes. (C) Effect of thermal treatment on the appearance of MDHB-
HCCP membranes. (D) FE-SEM picture of MDHB-HCCP-450 membrane. (E) FE-
SEM picture of THB-HCCP-450 membrane. The dark rings in the centers of the 



   

185 
 

samples are a consequence of the sealing rings that were used in permeation 
experiments. 

Figure 6.1A gives a schematic representation of the preparation of 
polyphosphazene networks on top of ceramic supports, using the approach 
reported in the earlier report.[21] Figure 6.1B and Figure 6.1C show top 
views of the thin film composites obtained after pyrolysis at various 
temperatures under an inert atmosphere. The color of samples changes with 
temperature. Both the MDHB and THB-derived samples have an orange 
color after treatment at 200 °C, and change to black after treatment at 450 
°C. After treatment at 550 °C, the color of the MDHB-HCCP sample 
becomes white, indicating that the layer is gone. For THB-HCCP, the dark 
color after 550 °C is evidence that a layer is still present; after 650 °C, this 
layer is also gone. The SEM micrographs in Figure 6.1D and Figure 6.1E 
show the cross-sections of the samples treated at 450  °C and reveal the 
presence of thin layers, even after exposure to these high temperatures. The 
thicknesses of the layers, ~30 nm, are comparable to those of the untreated 
samples.[21] This is distinct from other CMS membranes that generally 
reveal substantial changes in dimensions and mass.[5,8] 

 
Table 6.2 EDX data, elemental concentrations for pyrolyzed THB-HCCP powders 

 Elemental concentration(%) 
THB-
HCCP 

THB-
HCCP-200 

THB-
HCCP-350 

THB-
HCCP-450 

C 41.5±2.8 39.5±1.1 54.8±1.8 51.1±0.6 
N 14.2±0.5 13.0±2.3 3.0±0.1 2.3±0.3 
O 27.9±2.9 23.8±2 31.8±1.5 33.0±1.1 
P 9.2±1.1 18.4±3.8 9.3±0.3 12.0±1.1 
S 0.8±0.1 1.3±0.3 0.6±0.1 0.7±0.1 
Cl 3.8±1.5 3.1±1.3 0.1±0 0.2±0 
K 2.6±1.0 1.1±0.3 0.4±0.2 0.6±0.1 

C/N 2.9±0.2 3±0.5 18±0.8 22±2.7 
P/N 0.6±0.1 1.4±0.4 3.1±0.2 5.2±0.8 
P/C 0.1±0 0.5±0.1 0.2±0 0.2±0 
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Figure 6.2A and Figure 6.2B depict FTIR spectra of the monomers and the 
free-standing layers before and after pyrolysis. The spectra for the untreated 
free-standing films confirm network formation during the IP process. The 
broad peak in the range of 1100 to 1250 cm−1 belongs to the asymmetric 
P=N stretching vibration of HCCP[24], and the peak around 873 cm−1 is 
ascribed to the symmetric P=N stretching vibration.[24] Covalent connection 
is confirmed by the peaks at 950 cm−1 and 1003 cm−1 that are assigned to the 
stretching vibration of Ar-O-P.[25] After treating the samples at 200 °C, 
their spectra become less discrete. The Ar-O-P peaks intensify for both 
networks, implying further cross-linking of the networks. There is an overall 
increase in the intensity of adsorption in the range 1079 cm−1 that can be 
attributed to the formation of P-O bonds, such as P–O–P  and other 
phosphates.[26–28] This becomes progressively more pronounced after 
treatment at higher temperatures. After treatment at 350 °C, peaks at 1400 
and 1600 cm−1, corresponding to the C=C bond becomes broadening. This 
suggests that at these temperatures, both materials consist of phosphorus-rich 
carbonaceous structures.[28] 

EDX data in Table 6.2 and Table S6.1 confirm that, after treatment at  350 
°C and 450 °C, the elemental composition of the materials comprises mainly 
carbon, oxygen, and phosphor. At these temperatures, most nitrogen is 
removed from the material. This is consistent with the decline in N/C ratio 
with temperature in Figure 6.2C and Table S6.2, as determined from C,N 
elemental analysis. For both samples, the N/C ratio decreases slightly upon 
treatment at 200 °C, which is attributed to an increase in the extent of cross-
linking at this temperature. This is shown by an increase in the P/Cl ratio 
observed by XRF (Table S6.3) upon treatment at 200 °C, indicating that the 
thermal treatment increases the connection from an average of 2 to an 
average of 4-5 organic bridges per HCCP core. Further cross-linking can 
originate from reactions between unreacted phenolates and P-Cl moieties 
and reactions between P-Cl and P-OH groups of hydrolyzed HCCP.[29] A 
further increase in the pyrolysis temperature from 200-250 °C causes a 
strong further decline in the N/C ratio due to the loss of N from the 
collapsing HCCP core.[24,30] This removal of nitrogen progresses further to 
350 °C and 450°C.  
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Figure 6.2 FTIR spectra of monomers and formed networks before and after heat 
treatment (A) MDHB-HCCP, (B) THB-HCCP, (C) effect of thermal treatment 
temperature on the N/C ratio in the synthesized powders see also Table S6.1, and 
(D) Raman spectra of THB-HCCP, THB-HCCP-350, and THB-HCCP-450 with D 
and G bands representing disordered carbon and highly oriented graphitic carbon, 
respectively. 

The Raman spectra in Figure 6.2D give an indication of changes in the 
atomic order/disorder in THB-HCCP, before and after pyrolysis at 
temperatures of 350 °C and 450 °C.[31] The two broad peaks that appear at 
∼1310 and ∼1580 cm−1 correspond to the D and G bands, respectively.[18] 
The D band is assigned to the A1g in-plain vibration mode of disordered 
carbon.[5] The G band is associated with the E2g in-plain vibration mode of 
ordered carbon with an sp2 electronic configuration and associates with the 
degree of graphitization.[32] The ratio of the two types of carbon  (ID/IG, 
Figure S6.1) is calculated from the deconvoluted peak area. It is 3.6 for TPE-
HCCP-350 and 2.7 for TPE-HCCP-450. The decrease indicates more 
ordering of carbon at higher temperatures.[33] The graphitic crystallite size, 
estimated from the Tuinstra−Koenig equation  La = 4.4 IG/ID, [34] is 1.13 nm 
for THB-HCCP-350 and 1.19 nm for THB-HCCP-450, confirming a slightly 
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more defective graphitic carbon in TPE-HCCP-350.[8] These observations 
are in line with the decomposition of the P-N rings at 350 °C and 450 °C 
derived from EDX and C,N elemental analysis. This explains why pyrolysis 
in our materials already occurs at lower temperatures than for other 
polymers.38 The relatively low pyrolysis temperatures result in ID/IG values 
exceeding 1, indicative of relatively disordered carbon.[35] This is in 
contrast to polyphosphazene carbonized at a high temperature of 950 
°C.[36,37]  

The thermally induced collapse of the HCCP ring is also evident from XPS 
data. In figure S6.2, the N1s spectrum of THB-HCCP reveals two peaks 
corresponding to nitrogen in the HCCP ring. For THB-HCCP-200, the 
position and surface area under these peaks is changed, which we attribute to 
an increased extent of cross-linking. A further increase of the temperature to 
250 °C and higher results in a completely different spectrum, implying that 
the ring opening of HCCP takes place and nitrogen is no longer 
accommodated in the ring structure of HCCP. The P2p spectrum exhibited 
nearly identical curves at different processing steps of samples, Figure S6.3. 
In Figure S6.4, the 1s spectrum of THB-HCCP-350 shows two pronounced 
peaks located around 284.7 eV and 286.3 eV, corresponding to C=C/C-C and 
C-O/C-N, respectively. The percentage of functional groups can be 
calculated based on the area under each fitted peak. With increasing the 
pyrolysis temperature to 450 °C, the ratio of deconvoluted peak area of (C-
O/C-N) to (C=C/C-C) decreases, indicating the conversion of C-O/C-N to 
more C=C/C-C groups, graphite-like carbon.[35,38] We can conclude an 
increase in the degree of graphitization which is in line with Raman 
spectroscopy. Also, it confirmed the results of the high-resolution N1s XPS 
spectrum. 
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Figure 6.3 SEM images of prepared powders. (A) THB-HCCP, (B) THB-HCCP-
200, (C) THB-HCCP-350, and (D) THB-HCCP-450. 

The thermal stability of prepared polyphosphazene networks was evaluated 
by TGA-MS under N2 and the detailed data are shown in Figure S6.5. The 
untreated networks exhibit a three-step weight loss between 50-600 °C.[21] 
The removal of the trapped solvents and enhancing the extent of cross-
linking happens from room temperature to ~250°C. The second stage, 
between 250 °C to 400 °C, is attributed to the collapsing of the HCCP ring 
and partially carbonization of the network. Above 400 °C, further 
decomposition of aromatic rings and carbonization occurs.[24] In addition, 
Figure S6.5 shows that increasing the pyrolysis temperature decreases the 
mass of remaining char at 600 °C and enhances the onset of degradation due 
to removing the unstable bonds.  

Figure 6.3 reveals the changes in the microstructure of THB-HCCP free-
standing films upon pyrolysis. Prior to pyrolysis, a regular continuous film 
covers the ceramic support. This morphology is reported in only a few other 
studies, all of which are based on a single-solvent polymerization 
technique.[24,39,40] Heating the sample to 200 °C does not substantially 
change this morphology. Exposure to 350 °C results in a completely distinct 
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structure. This is partly caused by graphitization, but it is also due to the soft 
intumescent characteristics of the polyphosphazene in which materials swell 
when exposed to fire or heat to form a porous foamed mass. Pyrolysis leads 
to the formation of POx and phosphoric acid derivatives. These derivatives 
can react further to form P-O-C and P-O-P complexes.[18] Another study 
considers the formation of cross-linked phosphorus oxynitride and 
carbonized aromatic networks during combustion.[19,20] Increasing the 
temperature to 450 °C further affects the structure of the layer. The thermal 
degradation of the material creates a layer that can inhibit the transport of 
gaseous products, and shields part of the material from heat and air.[18,19] 
Figure S6.6 shows the digital photos of the THB-HCCP-200 and THB-
HCCP-450 powders from top and side views. The structure of THB-HCCP 
changes from flakes to porous structures after raising the treatment 
temperature from 200 °C to 450 °C. It confirms that at 450 °C the materials 
are indeed soft intumescent and the size of the powder increases during 
thermal treatment.  
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Figure 6.4 Effect of pyrolysis temperature on the performance of MDHB-HCCP at 
200 ˚C (A) H2 permeance, (B) H2/N2 and H2/CH4 permselectivity. Effect of the 
pyrolysis temperature on the performance of THB-HCCP at 200 ˚C, (C) H2 
permeance and (D) H2/N2 and H2/CH4 permselectivity. The gray circles show 
permselectivity data calculated based on the gas permeance obtained by the setup; 
however, N2 and CH4 permeances were below the detection limit of the setup. 

The changes in the structure and morphology of the thin film composites 
affect their permselective properties. The gas separation performances of the 
prepared membranes were tested with pure He, H2, CO2, N2, and CH4 at a 
temperature between 50 to 200 °C and at a transmembrane pressure of 2 bar. 
Figure 6.4A and Figure 6.4B present the effects of pyrolysis temperature on 
the performance of MDHB-HCCP at 200 °C. For the MDHB-HCCP films, 
the exposure to higher temperatures results in a monotonous increase in the 
permeance of hydrogen at 200 °C, combined with an almost complete loss in 
permselectivity of hydrogen over nitrogen of methane. This observed trade-
off suggests that pyrolysis leads to defects in the thin film. At a pyrolysis 
temperature of 450 °C, the surface colour of the sample is still black, as can 
be seen in Figure 6.1, but the permeances are comparable to those of the 
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ceramic supports. It is good to mention that the calculated permselectivity 
shown in the gray circle is based on the gas permeance of N2 and CH4 
obtained by the set-up; however, those permeances are under the setup's 
detection limit, which is 1×10–10 mol m–2 s–1 Pa–1. 

For THB-HCCP membranes, another behaviour is observed, Figure 6.4C 
and Figure 6.4D. The permeance of hydrogen at 200 °C shows a substantial 
increase when the sample is thermally treated at 250 °C instead of 200 °C. 
This increase in permeance is accompanied by an increase in permselectivity 
of hydrogen over nitrogen or methane. The treatment at 250 °C causes 
enhanced cross-linking within the polymer network, enhancing its rigidity 
and changing the size and the shape of the free volume elements that it 
contains.[41] As a result, the diffusion mobility of hydrogen in the network 
becomes more significant. This is substantiated by the lower activation 
energy of the hydrogen permeance (Figure S6.7), indicating the reduction in 
energy barriers for the diffusion of hydrogen molecules. For the larger 
molecules, nitrogen and methane, this effect is less and an enhancement in 
permeance is less pronounced.[41] The hydrogen permeance and its 
activation energy are comparable to those of very tight polybenzimidazole 
membranes at 39 bar 200 °C.[42] An increase in pyrolysis temperature to 
300 °C does not significantly affect the permeance of hydrogen, while the 
activation energy reduces further. This can be explained by a lower amount 
of slightly larger free-volume elements. When the pyrolysis is performed at 
350 °C, the activation energy is further reduced, but the permeance of 200 
°C hot hydrogen does not significantly increase. This is attributed to the 
graphitization of part of the material, reducing the number of pathways that 
are available for diffusive transport. This is even more pronounced for a 
pyrolysis temperature of 450 °C, where the lowest H2 permeance is 
observed, consistent with large extent of graphitization observed with 
Raman for this temperature. For this film, the highest permselectivity is 
observed, where the permeances of nitrogen and methane are below the 
detection limit of the set-up. Pyrolysis at temperatures of 550 °C and higher 
results in a strong decrease in permselectivities, due to the formation of 
defects.   

Because of the positive values of the activation energy for transport, the 
permeances of the gases reduce when their temperatures are lower. The 
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result is that, at ambient temperature, the thin THB-HCCP-450 films are 
very good barriers for small gases, including hydrogen.  

 

Figure 6.5 Comparison of the H2/CO2 gas performance of the prepared membranes 
with state-of-the-art H2/CO2 carbonized and inorganic membrane materials tested in 
the temperature range of 130-200 °C. The performance of THB-HCCP-450 is 
predicted at 200 °C. The H2/CO2 line is drawn based on the 2008 Robeson upper 
bond. 

The H2/CO2 permselectivity of THB-HCCP is compared with that of other 
carbonized membranes, including carbon hollow fiber (CHFM) [5], 
carbonized polyimide [43], carbonized polyester [12], carbonized 
polybezimidazole [8] at temperatures above 130 °C in a Robeson plot 
(Figure 6.5). For THB-HCCP-250 and THB-HCCP-350, the CO2 permeance 
is below the detection limit and the calculation is based on a CO2 permeance 
of 1×10–10 mol m–2 s–1 Pa–1. The THB-HCCP-250 and THB-HCCP-350 show 
similar H2/CO2 permselectivity compared to the other studies. The predicted 
H2/CO2 permselectivity of THB-HCCP-450, at 200 °C, surpasses that of the 
carbonized membranes. In addition, the low permeability is compensated by 
the low thickness that can be achieved by the IP technique. Considering the 
separation performance for H2/CO2, H2/CH4 and H2/N2, the thermally treated 
TPE-HCCP-350 and TPE-HCCP-450 can be suitable for H2 purification on 
industrial scales.  
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6.4 Conclusion 

Pyrolysis of ultra-thin (~30 nm) cyclomatrix polyphosphazene membranes is 
used to tailor their gas separation performance. The thin film composites are  
prepared by interfacial polymerisation between a small aromatic 
hydrocarbon (in dimethyl sulfoxide with potassium hydroxide) and 
hexachlorocyclotriphosphazene in cyclohexane, followed by pyrolysis at 
temperatures between 200 to 650 °C. A combination of characterization 
techniques reveals that the onset of carbonization is as low as ~350 °C. The 
low pyrolysis temperatures, as compared to those employed in other 
membrane carbonization studies, result from the distinct thermal degradation 
of the phosphazene ring. For 1,3,5-trihydroxybenzene based 
polyphosphazene, pyrolysis at 450 °C gives the lowest observed hydrogen 
permeance of 200 °C, combined with the highest observed permselectivity of 
hydrogen over nitrogen or methane. This is due to the unique hybrid material 
that is formed during pyrolysis,  combining ordered and disordered 
graphitized structures and accommodating P-O-P and P-O-C bonds. 
Hydrogen permeance at 200 °C is of the order of 2 ×10–10 mol m–2 s–1 Pa–1, 
and at least 100 higher as compared to permeance of nitrogen, methane, and 
carbon monoxide. The higher permselectivity for hydrogen over other gases, 
as compared to other CMS membranes, makes the pyrolyzed 
polyphosphazene membranes promising for use in high-temperature 
applications. At ambient temperatures, the thin film composites have very 
low gas permeance, making them potential barriers for small gas molecules, 
including hydrogen.   
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6.7 Supporting information 

Table S6.1 EDX data for the untreated and treated MDHB-HCCP powders 
Element Elemental concentration(%) 

MDHB-
HCCP 

MDHB-
HCCP-200 

MDHB-
HCCP-350 

MDHB-
HCCP-450 

C 60.8±1.7 58.3±0.4 49.2±0.3 62.9±0.3 
N 13.9±1.1 7.8±1 3.4±0.3 4.4±0.5 
O 14.4±1 19.5±1.4 31.9±0.6 22.7±0.8 
P 7.3±0.6 11.5±1.9 9.9±0.3 9.2±0.6 
S 0.4±0.1 0.4±0 3.5±0.3 0.3±0.1 
Cl 3±0.4 1.7±0.3 0.1±0 0.1±0 
K 0.3±0.1 0.7±0.2 1.9±0.1 0.3±0.1 

C/N 4.4±0.4 7.4±1.0 14.3±1.2 14.4±1.6 
P/N 0.5±0.1 2.5±0.4 2.9±0.3 2.1±0.3 

 
 

Table S6.2 CN elemental analysis for the polyphosphazene powders before and after 
pyrolysis. 

 
Sample 

Elemental concentration (%) 
N C 

MDHB-HCCP 8.2±0.4 32.7±0.2 
MDHB-HCCP-200 6.4±0.3 30.8±0.3 
MDHB-HCCP-250 1.3±0.1 31.1±0.7 
MDHB-HCCP-350 0.6±0.1 36.1±2.2 
MDHB-HCCP-450 0.8±0.3 28.8±0.2 

THB-HCCP 8.7±0.1 19.9±0.14 
THB-HCCP-200 7.6±0.4 21.6±0.1 
THB-HCCP-250 2±0.4 18.7±1 
THB-HCCP-350 1.8±0.3 18.5±2.2 
THB-HCCP-450 0.4±0.1 28.7±0.6 
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Table S6.3 XRF data for the polyphosphazene powders before and after heating to 
200 ˚C 

 
Sample 

Elemental concentration 
(%)a 

Number of 
reacted Clb 

P Cl K S 
MDHB-HCCP 37.1 47.9 11.1 2.9 ~2 

MDHB-HCCP-200 58.1 24.9 15.5 0 4-5 
THB-HCCP 36.8 48.9 8.8 4.7 ~2 

THB-HCCP-200 55.8 25.8 15.4 3.1 4-5 
a The statistical error for the data is measured between 0.7% to 4%  
b The number of reacted Cl groups is equal to the number of reacted hydroxyl 
contained monomers per HCCP. This number is calculated based on the ratio of 
P/Cl. 
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Figure S6.1 Raman spectra of thermal treated THB-HCCP powders. (A) THB-
HCCP-350. (B) THB-HCCP-450. The prominent peaks of D and G peaks around 
1315 cm−1 and 1580 cm−1  correspond to the formation of disordered carbon and 
highly oriented graphitic carbon with a sp2 electronic configuration, respectively. 
The ratio of ID/IG are calculated from the corresponding deconvoluted Raman peak 
areas.  
 

 

 
 
 

 

Sample ID IG ID/IG 

THB-HCCP-350 36.22 14.2 2.6 

THB-HCCP-450 96.85 26.1 3.7 
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Figure S6.2 High-resolution N1s XPS spectra of HCCP, THB-HCCP-200, THB-
HCCP-250, THB-HCCP-350, and THB-HCCP-450. 
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Figure S6.3 High-resolution P2p XPS spectra of HCCP, THB-HCCP-200, THB-
HCCP-250, THB-HCCP-350, and THB-HCCP-450. 
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Figure  S6.4 High-resolution C1s  XPS spectra of HCCP, THB-HCCP-200, THB-
HCCP-250, THB-HCCP-350, and THB-HCCP-450.  The ratio of deconvoluted XPS 
peak area of peaks at 286.7 eV (C-O/C-N) to 284.7 eV (C=C/C-C) is 0.73, 0.34, 
0.24, and 0.2 for THB-HCCP-200, THB-HCCP-250, THB-HCCP-350, and THB-
HCCP-450, respectively. 
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Figures S6.5 TGA data from the polyphosphazene powders before and after thermal 
treatments, (A) MDHB-HCCP, (B) THB-HCCP. (C) Temperature ramping and mass 
loss of prepared free-standing layers of MDHB-HCCP and THB-HCCP monitored 
by TGA. 
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Figure 6.6 Digital photos of the prepared powders from the top and side views for 
(A)THB-HCCP-200, (B) THB-HCCP-450. 
 

 

Figure S6.7 Hydrogen activation energy as a function of heat treatment temperature. 
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Chapter 7 

Cyclomatrix polyphosphazene 
organic solvent nanofiltration 
membranes 
 
 
 
 

 
 
 
 
 
This chapter is adapted from: 

Farzaneh Radmanesh, Gerald Bargeman, Nieck E. Benes, Cyclomatrix 
polyphosphazene organic solvent nanofiltration membranes. 
Journal of Membrane Science, Accepted for publication .

https://www.sciencedirect.com/science/article/pii/S0376738821004713#!
https://www.sciencedirect.com/science/article/pii/S0376738821004713#!
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Abstract 

In this work, we report the synthesis and characteristics of cyclomatrix 
polyphosphazene membranes based on interfacial polymerization between 
1,1-tris(4-hydroxyphenyl)ethane and hexachlorocyclotriphosphazene on top 
of alumina or polyacrylonitrile supports. The potential of alumina-supported 
thin film composite membranes as organic solvent nanofiltration membranes 
has been confirmed with a polystyrene-based molecular weight cutoff of 
347±120 Da and 503±220 Da in acetone and toluene, respectively. Also, the 
resulting alumina-supported TFC membrane showed a methylene blue 
rejection ( Mw= 319 g mol−1) of 98.2±2.3%, 92±1.7%, and 93±0.5% in 
water, ethanol, and acetone, respectively. Furthermore, a thin film composite 
membrane has been prepared with a polyacrylonitrile support via interfacial 
polymerization to validate the preparation technique for polymeric supports 
and facilitate industrial implementation. The resulting membrane showed 
higher permeance and lower rejection than the alumina-supported membrane 
due to the presence of pinholes in the  selective layer on top of the 
polyacrylonitrile supports. Our results clearly show the great potential of 
cyclomatrix polyphosphazene membranes as organic solvent nanofiltration 
membranes. However, for polyacrylonitrile-supported membranes, the 
preparation method needs further investigation.  
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7.1 Introduction 

Nanofiltration (NF) is a pressure-driven technology that plays an 
indispensable role in separation processes in the industry, including water 
softening, food processing, and purification of primary materials and 
solvents.[1–5] With pore diameters of 0.5-2 nm, NF membranes are suitable 
for removing small organic molecules such as micropollutants and 
multivalent ions from liquids or separating multivalent ions from 
monovalent ions, even at high concentrations.[6–8] A particular category of 
NF membranes that can resist and perform the separation in organic solvents 
is referred to as organic solvent nanofiltration (OSN). To allow for this type 
of separation, the membrane material must be stable in organic solvents to 
guarantee its persisting performance. In recent years, there has been 
considerable interest in developing thin film composite membranes (TFC) 
suitable for OSN via interfacial polymerization (IP). The focus of those 
studies is to augment the membrane permeability, selectivity, and solvent 
stability via structural and pore design.[9–18] Numerous methods have been 
deployed to this aim, such as altering monomers and supports and tuning the 
cross-linking degree.[9–115]  To date, conventional IP procedures for 
various types of polymers, such as polyamide, polyimide, polyester, covalent 
organic framework (COF), and covalent organic polymer (COP), have been 
explored.[13,19,20]  

Polyphosphazene (PPz) is a class of inorganic-organic hybrid polymers 
known for its robustness, flexibility in its structural design, and tunability of 
its properties.[21]  It comprises a backbone of alternating nitrogen and 
phosphorous atoms accompanied by two organic substituents linked to each 
phosphorous atom.[22] The two main monomers for preparing PPz are 
hexachlorocyclotriphosphazene (HCCP) and poly(dichlorophosphazene) 
(PDCP). The chlorine group present in these monomers can easily be 
substituted via nucleophilic attack by various monomers containing amino or 
hydroxyl groups.[23] Different PPz architectures have been synthesized, 
including linear, star-shaped, dendritic, cyclolinear, and cyclomatrix 
polyphosphazene (CPPz) structures.[24] Accordingly, different kinds of PPz 
with distinct properties have been designed on a molecular scale. Among 
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those architects, cyclomatrix polyphosphazene is known for its superior 
chemical stability and solvent resistance.[25]  

To the best of our knowledge, only a limited number of studies have 
investigated the use of polyphosphazene-based materials as nanofiltration 
membranes, and only for application in aqueous environments.[26,27] You 
et al.[26] prepared a positively charged polyamine-based CPPz NF 
membrane via IP of polyethyleneimine (PEI) and HCCP. They showed that 
their produced membrane has a water permeance of 3.7 L m−2 h−1 bar−1 and a 
rejection of up to 97% for MgCl2 and 82% for methylene blue (a chloride 
salt of a cationic dye with Mw=319.85 g mol−1). Allen et al.[27] focused on 
fabricating linear poly(bis(phenoxy)phosphazene) membranes on a porous 
support and studied the diffusion of Cr3+, Co2+, and Mn2+ through the 
membrane. Both studies indicated the technical feasibility of PPz based 
membranes as NF membranes for aqueous applications. Since these authors 
only reported the solute rejection in water, to date, there has not been a 
detailed investigation on the potential of CPPz membranes for OSN 
applications. 

Obtaining a good rejection for small molecules with a Mw < 400  g mol−1 in 
combination with acceptable permeance is always challenging for OSN 
membranes, when they are prepared with IP. To this aim, the membrane 
should have small and precise well-distributed pores, which often leads to a 
relatively low solvent flux as a consequence of the often encountered trade-
off between selectivity and permeance.[1] To the best of our knowledge, 
limited studies, such as [10,13,28–38], succeeded in developing membranes 
with a  rejection above 90% for dyes with Mw of 314 g mol−1 to 328 g mol−1 
and acceptable ethanol permeances of more than 1 L m−2 h−1  bar−1. 

The goal of this work is to prepare CPPz OSN membranes via IP, with 
properties that make them suitable for rejecting small solutes with a Mw<500  
g mol−1 in various solvents. To achieve this goal, we consider a recently 
developed one-step IP method, suitable for preparing ultrathin cyclomatrix 
poly(phenoxy)phosphazene hybrid membranes for gas separation [39], to be 
a promising preparation method for OSN membranes as well. In this method, 
a thin film poly(phenoxy)phosphazene network is formed via a 
polycondensation reaction on top of the ceramic support. For gas separation 
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membranes, first, a biphenol  or a tri/dihydroxybenzene  is dissolved in a 
DMSO/KOH solution to convert the hydroxyl groups to anions that are 
crucial for the reaction to proceed.[39,40] In the second step, the formed 
phenolates react with HCCP in cyclohexane during a nucleophilic 
substitution reaction in which HCl is eliminated, and a highly cross-linked 
structure of CPPz is formed. The goal of the current contribution is to 
demonstrate that selecting larger organic bridges and reducing the extent of 
cross-linking results in CPPz membranes with NF properties suitable for 
OSN applications. We hypothesize that the length, flexibility, and reactivity 
of the phenolates directly affect the chain’s mobility, pore size, and 
distribution. Provided that our hypothesis holds, which we intend to show in 
this manuscript, the facile nature of the technique used for membrane 
synthesis allows for tuning the properties of the membrane and changing its 
applicability from gas separation to nanofiltration. 

Furthermore, to the best of our knowledge, it is the first time that it has been 
tried to prepare CPPz membranes by combining HCCP and 1,1-Tris(4 
hydroxyphenyl)ethane (TPE) and use these membranes for OSN application. 
The membranes have been prepared through IP between TPE and HCCP, 
creating a thin film composite layer on an alumina or a PAN support. The 
CPPz TPE-HCCP network has been characterized, and the performance of 
the prepared membrane has been evaluated in detail with different solvents, 
including toluene, ethanol, and acetone. The experimental work presented 
here provides one of the first investigations into the feasibility of 
implementing CPPz-based nanofiltration membranes in OSN applications. 

7.2 Experimental 

7.2.1. Materials 
1,1-Tris(4 hydroxyphenyl)ethane (TPE, >98.0%) was purchased from TCI 
(Belgium). Phosphonitrilic chloride trimer (HCCP, 99%), dimethyl sulfoxide 
(DMSO, anhydrous, ≥99.9%), Methylene Blue (MB, 97%), sodium chloride 
(NaCl,≥99%), and poly(ethylene glycol) (PEG) with molecular weights of 
400, 600, and 1500 g mol−1 were obtained  from Sigma-Aldrich (The 
Netherlands). Brilliant Yellow (BY, 70%) was purchased from Aldrich. 
Cyclohexane (EMSURE for analysis), sodium sulfate (Na2SO4, anhydrous, 
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for analysis EMSURE ACS), magnesium sulfate heptahydrate (MgSO4, for 
analysis EMSURE ACS), PEG 1000 (EMPROVE ESSENTIAL), 
Rhodamine B (RB) and potassium hydroxide (KOH, pellets extra pure) were 
acquired from Merck kGaA. Ethanol (EtOH, technical grade) was purchased 
from Boom. Magnesium chloride hexahydrate (MgCl2.6H2O, 99.0−100.0%, 
AnalaR NORMAPUR ACS Reag.) was obtained from VWR chemicals 
(Netherlands). PEG 200 was obtained from Fluka (Germany). All chemicals 
were used as received.   

α-alumina discs (39 mm of diameter, 2 mm of thickness, and pore size of 80 
nm) with one polished side were obtained from Pervatech B.V, the 
Netherlands, and used as supports. A 3μm γ-alumina layer with a typical 
pore diameter  between 3 to 8 nm was fabricated on the polished surface of 
the α-alumina, serving as an intermediate layer for preparing the selective 
polymeric layer, according to the earlier reports (Figure S7.1).[41] Porous 
polyacrylonitrile (PAN) ultrafiltration supports, UF010104, with a molecular 
weight cutoff of 10 kDa, were obtained from Solsep, the Netherlands.[42,43] 

7.2.2. Material fabrication 

Both TPE-HCCP free-standing films and membranes on inorganic or 
polymeric supports were prepared by conducting interfacial polymerization 
(IP) between 10 w/v% TPE in DMSO (hydroxyl molar ratio of TPE:KOH of 
0.85) and 3.5 wt.% HCCP in cyclohexane. First, KOH with the mentioned 
hydroxyl molar ratio of TPE to KOH was added to a 10 wt.% TPE solution 
in DMSO and heated for 2.5 h at 80 °C. Subsequently, it was brought into 
contact with the HCCP solution according to the procedures described 
below. 

Synthesis of TPE-HCCP free-standing films 

The TPE-HCCP free-standing layer was prepared in the following way. A 
3.5 wt.% HCCP solution in cyclohexane was gently poured atop the TPE 
solution to minimize disturbances of the top layer of the TPE solution. A 
thin layer formed at the interface of the two phases as the two solutions 
contacted. After 30 min, the films were collected, filtered, and washed 3 

https://www.sciencedirect.com/topics/chemical-engineering/ultrafiltration
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times with ethanol, acetone, and water. Then, the solid films were dried in a 
vacuum oven at 50°C.  

Preparation of alumina-supported TPE-HCCP TFC 
membranes 

TFC membranes were prepared by IP atop the ceramic support using an IP 
cell reported earlier.[44] The support and IP set-up were warmed up in a 
closed box located in an oven at 80 °C for 30 min. After this, 5 mL of TPE 
solution was poured on top of the support, and it was placed in the oven at 
80 °C for 15 min. Subsequently, the cell was taken from the oven, and the 
remaining TPE solution on top of the support was discarded. After that, the 
surface of the support was dried from the remaining TPE solution droplets 
using a rubber roller and N2 gun. Then the HCCP solution was poured on top 
of the support slowly. After 15 min of reaction at room temperature, the 
HCCP solution was discarded, and the membrane surface was rinsed three 
times with ethanol. It was dried overnight in a fume hood and then kept in 
the vacuum oven at 50 °C before further analysis.  

Preparation of PAN-supported TPE-HCCP thin-film 
composite membranes 

PAN-supported TPE-HCCP thin-film composite membranes were fabricated 
as follows. A 7 cm × 10.5 cm piece of the PAN support was soaked in water 
overnight to wet the pores and remove any residuals. Subsequently, the 
water droplets on the support’s surface were dried, and the support was 
placed in an IP cell reported earlier.[45] Then, 25 mL of the TPE solution 
was poured on top of the support membrane and left to soak for 10 min at 
room temperature. Subsequently, the remaining TPE solution was discarded, 
and the surface of the support was dried with an N2 gun and paper tissue to 
obtain a dry surface. Next, 25 mL HCCP solution was poured on top of the 
support, and it was left to react for 10 min at room temperature. The 
remaining solution was removed, and the membranes were rinsed with 
ethanol. The membrane’s surface was dried in a fume hood for 5 min, 
followed by thermal treatment of the membrane at 65 °C for 5 min.  After 
this temperature treatment it was stored in Milli-Q water before 
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characterization. It is worth mentioning that the thermal treatment was added 
to improve membrane rejection.  

7.2.3. Physical and chemical characterization 

The membrane characterization was done according to the procedure 
previously reported.[46] Field-emission scanning electron microscopy (FE-
SEM) images were obtained with Zeiss MERLIN high-resolution scanning 
electron microscope using an accelerating voltage of 1.4 kV to visualize the 
thickness and morphology of the membranes. For the sample preparation, 
membranes were dried overnight in a vacuum oven at 50 ºC and fractured in 
liquid nitrogen. EDX analysis was performed at 10 kV with >1000 counts/s 
on the spouter-coated 5 nm Pt/Pd samples. Fourier transform infrared 
spectroscopy (FTIR) measurement was done on the free-standing film using 
a PerkinElmer UATR Spectrum Two to examine the chemistry of the free-
standing film. The dried free-standing film was scanned between the wave 
numbers of 4000 to 550 cm−1 in reflectance mode at a resolution of 4 cm−1 
for a minimum of 32 scans. X-Ray Fluorescence (XRF) measurements (S8 
Tiger, Bruker) were performed on the free-standing films. Cyclohexane 
permporometry was used to determine the pore diameter of the support and 
the prepared membrane using the procedure reported earlier.[47] The zeta 
potential measurements were performed as reported earlier, [48], with an 
electrokinetic analyzer SurPASS system (Anton Paar, Graz Austria) and a 
0.005 M KCl solution.  

7.2.4. Membrane performance 

Permeance and dye rejection data were collected using Sterlitech stainless 
steel cells (model HP4750) with a pressure of 5-21 bars. Pure solvent 
permeance data were determined by weighing the permeate sampled, m (g), 
during timed intervals using four applied transmembrane pressures between 
8 and 21 bar and taking the slope of a linear fit of the collected pressure – 
flux data forced through the origin. The solvent permeance was calculated 
using Equation 7.1:  
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P=
m

ρ×A×t×Δp 
(7.1) 

where 𝜌𝜌 (g L−1) is the density of the pure solvent obtained from the 
manufacturer, 𝐴𝐴 (m2) is the effective membrane filtration area, 𝑡𝑡 (h) is the 
liquid sampling time, and 𝛥𝛥𝛥𝛥 (bar) is the applied trans-membrane pressure. 

Dyes rejection measurements were conducted using single dye solutions of 
BY (a divalent anionic sodium salt with Mw = 624.55 g mol−1, 50 ppm), RB 
(a monovalent cation chloride salt Mw = 479.02 g mol−1, 50 ppm), and 
Methylene Blue (MB, a monovalent cation chloride salt with Mw = 319.85 g 
mol−1, 50 ppm) in either water, ethanol or acetone. The rejection was 
calculated using Equation 7.2: 

R=1-
Cp

(CR+CF)
2

 
(7.2) 

where 𝑅𝑅, 𝐶𝐶𝑝𝑝, 𝐶𝐶𝐹𝐹 and 𝐶𝐶𝑅𝑅  are the rejection, permeate concentration, feed 
concentration and retentate concentration. The retentate and permeate 
samples were obtained at a recovery between 45% to 70%. Between each 
measurement, the membranes were washed in acetone and ethanol several 
times, at least for 24 h. Solute concentrations of BY, RB, and MB were 
calculated from PerkinElmer λ12 UV−Vis spectrophotometer results at the 
characteristic wavelengths of 401.3 nm (BY/water), 554.4 nm (RB/water), 
664.8 nm (MB/water), 655 nm (MB/ethanol), 552.9 nm (RB/ethanol), 657 
nm (MB/acetone), and 556.2 nm (RB/acetone). The dye adsorption during 
the rejection measurement was calculated as follows: 

Mads=Mf-MR-Mp (7.3) 

where 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎, 𝑀𝑀𝑓𝑓, 𝑀𝑀𝑅𝑅 and 𝑀𝑀𝑝𝑝 are the mass of dyes adsorbed on the 
membrane and in the feed, retentate, and total permeate, respectively. The 
adsorbed dye percentages were calculated to be between 0.2% to 4%. Also, 
to eliminate the dye adsorption on the ceramic support during rejection 
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measurements, for some measurements, the set-up was filled one more time 
after reaching the mentioned recoveries for the first run, and the test was 
repeated.  

Salt rejection measurements for both types of membranes were performed in 
batch mode in a custom-built set-up with an effective membrane area of 7.55 
cm2, as reported earlier.[45] The membrane was placed at the bottom of a 
stainless steel vessel. The vessel was filled with 1 L of salt solution and 
pressurized to 10 bar with nitrogen gas. During the measurement, the 
solution was stirred with an overhead stirrer at 500 rpm to minimize 
concentration polarization. The salt rejection was assessed with 2 g L−1 

aqueous single salt solutions of MgSO4, MgCl2, Na2SO4, or NaCl. After 
collecting 10 mL of permeate, the samples were collected from permeate and 
retentate directly from the cell. The salt rejection was calculated using 
Equation (7.2). The salt concentration was derived using a 3310 conductivity 
meter (WTW, Germany).  

PEG molecular weight cutoff (MWCO) for both types of membranes was 
measured using an aqueous solution of PEGs mixtures and the same set-up 
used for salt rejection. For this purpose, PEGs with mean molecular weights 
of 200, 400, 600, 1000, and 1500 g mol−1 were used, each at a concentration 
of 1 g L−1. After collecting 10 mL of permeate, the samples were collected 
from permeate and retentate directly from the cell. The PEG concentrations 
in the feed, the permeate, and the retentate were assessed using gel 
permeation chromatography (GPC, Agilent Technologies 1200/1260 Infinity 
GPC/SEC series) according to a previously described protocol.[49] The PEG 
rejection was then calculated using Equation (7.2)  and the MWCO was 
determined as the molar mass that is retained for 90%. The polystyrene-
based MWCO was determined with 0.5 g L−1 and 1 g L−1 synthesized 
polystyrene of broad molecular weight between 200-1500 g mol−1 in acetone 
and toluene, respectively and the earlier described procedure was followed to 
calculate the polystyrene-based MWCO. 

In addition, the PEG-based MWCO data can be used to determine the pore 
diameter of the selective layer.[50,51] PEG molecules can form spheres of a 
certain radius in the solution, and their molecular weight, Mw (g mol−1), can 
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be related to the PEG radius and diameter, r (Å) and 𝑑𝑑 (Å), via the Stokes-
Einstein equation [52]: 

r=0.1673 𝑀𝑀𝑊𝑊
0.557 (7.4) 

 

with 𝑑𝑑 = 2r 

 

(7.5) 

Equations (7.4) and (7.5) can be used to determine  𝜇𝜇𝑝𝑝 and σp, the mean 
effective pore diameter based on the solute radius obtained for a rejection of 
R=50% and the geometric standard deviation, defined as the ratio between 
the values of the pore diameter at R = 84.13% and R = 50%, respectively.  

Two models have been proposed in literature to calculate the pore size 
distribution. In the first model, the influence of hydrodynamic and steric 
interactions between solutes and pore sizes on solute rejection is neglected 
and the pore diameter is assumed to be equal to the solute diameter (dp = 𝑑𝑑). 
The mean pore diameter 𝜇𝜇𝑝𝑝 in this case can be determined directly from 
equations (7.4) and (7.5) by substituting the PEG molecular weight for 
which a rejection of R=50% is obtained in equation (7.4). 

In the second model, the steric and hydrodynamic hindrances between 
solutes and pore sizes on solute rejection are taken into consideration and the 
relation between the pore diameter and the PEG solute diameter for which 
R=50% is obtained can be expressed as [53]: 

𝜇𝜇𝑝𝑝 =
𝑑𝑑𝑅𝑅=50%
0.416

 
(7.6) 

where the PEG diameter at R=50%, 𝑑𝑑𝑅𝑅=50%, is obtained from the PEG 
molecular weight for which a rejection of R=50% is obtained and equations 
(7.4) and (7.5). 

After substituting 𝜇𝜇𝑝𝑝 and σp in Equation (7.7) and solving this equation, the 
probability density function and the pore size distribution of the membrane 
are obtained [54]. 
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dR(dp)
ddp

=
1

dpln σp√2π
exp �-

( ln dp - ln μp)2

2(ln σp)2 � 
(7.7) 

where dp is the pore diameter.  

It should be noted that this pore size distribution function has originally been 
determined for ultrafiltration membranes, but it has been applied for NF 
membranes regularly as well and its applicability has recently been re-
evaluated [53]. 

7.3 Results & Discussion 

The results and discussion section is split up into three parts. In the first part, 
we will discuss the formation and characterization of the TPE-HCCP free-
standing films. The second part will focus on the characterization and 
performance of the alumina-based membrane featuring the solvent 
permeances and the solute rejections. Finally, in the third part, we will 
evaluate the formation and performance of PAN-based TPE-HCCP 
membranes. 

7.3.1. Formation and characterization of the 
polyphosphazene free-standing film 

Interfacial polymerization between TPE in DMSO and HCCP in 
cyclohexane results in the formation of a cyclomatrix polyphosphazene TPE-
HCCP layer at the interface of the two solutions, as shown in Figure 7.1A. 
Before the reaction, TPE is deprotonated by KOH, forming readily reactive 
anions which participate in the nucleophilic substitution of chlorine attached 
to the triazatriphosphorine ring.[39] One should note that the use of DMSO 
as solvent is necessary to enhance the nucleophilicity of TPE and, 
subsequently, to establish the network. At the DMSO-cyclohexane interface, 
the phenolates react with HCCP to form the cyclomatrix polyphosphazene 
network, as shown in Figure 7.1B. 
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Figure 7.1 (A) Schematic representation of TPE-HCCP free-standing layer’s 
formation. (B) Photograph of glass vial confirming the TPE-HCCP free-standing 
layer’s formation after 10 min.  
FTIR is used to evaluate the chemistry of the formed networks. Figure 7.2 
shows the FTIR spectrum of the used monomers and prepared networks. The 
TPE-HCCP network demonstrates the characteristic peaks of both 
monomers, TPE and HCCP, as well as the new peaks of the formed bonds 
during the IP reaction. The network reveals two peaks around 1499 cm−1 and 
1599 cm−1 belonging to the C C stretching vibrations of the aromatic ring of 
the TPE monomers. Also, the weak band at 2970 cm−1 originates from the 
asymmetric stretching mode of the sp3 C-H bond in the CH3 group.[55,56] 
The HCCP is apparent from the broad peak at 1100-1200 cm−1, ascribed to 
the asymmetric P=N-P stretching, and a peak at 875 cm−1 related to the 
symmetric P=N-P stretching.[57,58] In addition, the P-Cl bond with the 
peaks at 595 cm−1 and 511 cm−1 is to some extent disappeared.[59] Finally, a 
new peak appearing at 940 cm−1 can be assigned to the formation of P-O-Ar 
bonds.[60] In summary, we can confirm the formation of the TPE-HCCP 
network with FTIR. 

TPE/DMSO 

HCCP/cyclohexane 

B) A) 

TPE-HCCP 
TPE 
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Figure 7.2 FTIR spectra of monomers TPE and HCCP and the formed 
polyphosphazene network. 

Table 7.1 summarizes the result of all the methods used for elemental 
analysis of the TPE-HCCP free-standing layer. The results from all the 
methods are in good agreement and show that the number of reacted Cl is 
between 2-3 per HCCP. The number of reacted Cl was calculated based on 
the ratio of C/N, P/C, and P/Cl. Though the possibility of Cl hydrolysis in 
the presence of water and formation of KCl as by-product is high, the 
calculated reacted Cl based on the ratio of P/Cl, still matches well with other 
methods calculated based on C/N and P/C ratios. We conclude that the 
hydrolysis of Cl during preparation is negligible.  

Table 7.1 An overview of the outcomes of several methods used for characterization 
of TPE-HCCP free-standing layer 

Technique Atomic composition (%) Number of reacted 
Cl 

C N O P S Cl K C/N P/Cl P/C 
XRF 

 
- - - 34.6 5.14 39.9 20.3 - 2-3 - 

C,N 
 

44.3 
±0.2 

5.6 
±0.1 

-     2-3 - - 

EDX 63.6±
2.2 

10.2
±0.6 

10.1
±0.5 

7.3 
±0.6 

1 
±0.1 

5.6 
±1.4 

2.4 
±2.1 

2 3 2-3 
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7.3.2. Formation, characterization and NF performance 
of alumina-supported polyphosphazene membrane 

 
Figure 7.3 (A) FE-SEM picture of the TPE-HCCP membrane surface and (B) Cross-
section FE-SEM image. 

Figure 7.3A and Figure 7.3B show the surface and cross-sectional FE-SEM 
pictures of the TPE-HCCP alumina-supported membrane, respectively. 
Figure 7.3A reveals that the surface morphology of the membrane is 
relatively rough and homogeneous. The cross-sectional image, Figure 7.3B, 
shows that the thickness of the TPE-HCCP layer on top of the alumina 
support is between 30-50 nm. In contrast, cyclomatrix polyphosphazene 
membranes containing polyhedral oligomeric silsesquioxane (POSS-HCCP) 
on top of the ceramic support showed a smooth surface and a thickness of 
about 80 nm.[44] This difference in surface morphology between these 
membranes could be due to the relatively thin TPE-HCCP layer, reflecting 
the roughness of γ-alumina morphology rather than that of the TPE-HCCP 
layer itself.[44] In addition, POSS-HCCP membranes were fabricated by IP 
between POSS in DMSO/water and HCCP in cyclohexane, whereas TPE-
HCCP networks were prepared via IP in DMSO and cyclohexane. 
Incorporation of water in the fabrication of the POSS-HCCP layer results in 
growing the layer mostly on top of the ceramic support.[61] For TPE-HCCP, 
the layer probably behaves differently, and the layer grows inside the pores 
due to the high solubility of HCCP in DMSO, explaining the differences in 
thickness. 

Figure 7.4A and Figure S7.2 show the MWCO of the prepared alumina-
supported TPE-HCCP membranes in different solvents. The polystyrene-
based MWCO in toluene and acetone is 503±215 Da and 347±120 Da, 
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respectively. Also, the PEG-based MWCO of the TPE-HCCP membrane in 
water was found to be 467±137 Da, fitting well within the typical range of 
NF membranes.[62] The obtained MWCO is in the range of earlier reported 
IP TPE-based poly(aryl cyanurate) NF membranes (TPE-cyanuric chloride) 
which showed a MWCO of 400±83 Da [45]. However, those TPE-cyanuric 
chloride based NF membranes were not developed for OSN, but for dealing 
with aqueous solutions at extreme pH conditions instead. Finally, the 
MWCO in different solvents is comparable (within the accuracy range 
obtained) and therefore seems to be independent of the type of solvent. It 
suggests that the alumina-supported TPE-HCCP membranes are suitable for 
solute separation in solvents, provided that the membrane shows sufficient 
chemical stability for the applied solvent. Furthermore, the obtained MWCO 
is smaller than most pharmaceutical and catalyst sizes and comparable to 
low MWCO OSN membranes.[33,63,64] 

The pore diameter of the membrane directly affects the performance of NF 
membranes. Cyclohexane permporometry is a technique to characterize the 
active pores of a membrane responsible for the actual membrane 
performance.[47] Figure S7.3 compares the oxygen permeance of the 
support and TPE-HCCP membrane as a function of the relative cyclohexane 
pressure during the desorption step of the permporometry analysis. The data 
suggest a pore diameter of ~5.9 nm for the support. The pore size of the 
alumina-supported TPE-HCCP membranes can not be revealed by this 
method since the detection limit of the set-up is 2 nm.[65] Figure 7.4B 
shows an estimation for the pore size distribution of the alumina-supported 
TPE-HCCP membrane based on the two different models, the first obtained 
based on equations (7.4) and (7.5), giving μp = 0.5 nm and σp = 1.8, and the 
second after correcting this mean pore diameter value for steric hindrance 
effects as described by equation (7.6), leading to μp = 1.12 nm. Both models 
illustrate that pores smaller than 1 nm own the highest probability density 
function. As expected, the pore diameter distribution based on model 2, 
ranging from 0 to 5 nm, is wider than that obtained from model 1 (0 – 2 nm). 
In addition, the obtained pore size distribution based on model 1 is in line 
with the reported value for the other types of NF/OSN membranes, where 
model 1 was used to calculate pore size distribution as well.[50,66]   
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Figure 7.4 (A) MWCO of alumina-supported TPE-HCCP membranes in different 
solvents. (B) Pore size distribution of the alumina-supported TPE-HCCP membranes 
calculated based on the PEG rejection in water. 

The organic solvent nanofiltration performance of the alumina-supported 
TPE-HCCP membranes was evaluated by measuring the permeance of 
different solvents, ethanol, toluene, water, and acetone (see Figure S7.4), 
followed by determining the rejection of salts and various dyes with different 
molecular weights in an aqueous solution. Figure 7.5A shows the pure 
solvent permeance as a function of the solvent’s physiochemical properties 
(𝛿𝛿𝑝𝑝𝜂𝜂−1𝑉𝑉−1), where 𝛿𝛿𝑝𝑝 represents the Hansen solubility parameter for 
polarity, 𝑉𝑉 is the molar volume, and 𝜂𝜂 is the dynamic viscosity. A good 
correlation between the solvent’s properties and their permeance can be 
observed, in line with reported results for other nanofiltration 
membranes.[20]  As a general trend, a decrease in 𝛿𝛿𝑝𝑝𝜂𝜂−1𝑉𝑉−1 (toluene < 
ethanol < water < acetone) results in an increase in permeance (ethanol < 
toluene < acetone < water).  

The average pure water permeance is 1 L m−2 h−1 bar−1 with a 95% CI 
(confidence interval) of ±0.1 L m−2 h−1 bar−1

,
 whereas, for the support, this is 

7.1 L m−2 h−1 bar−1 with a 95% CI of ±1.6 L m−2 h−1 bar−1. The strong 
reduction in the water permeance of the membrane compared to that of the 
support confirms the formation of a dense polymeric network. The obtained 
water permeance is comparable to other γ–alumina-supported TFC 
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membranes such as polyimide (~1.7 L m−2 h−1 bar−1) [65], and thioether-
based membranes (~0.6 L m−2 h−1 bar−1) [52], as well as PAN-supported 
membranes such as TPE-cyanuric chloride (1.77 L m−2 h−1 bar−1). [45] 
Additionally, the membrane has an acetone permeance of  0.7 L m−2 h−1 bar−1 

and an ethanol permeance of 0.4 L m−2 h−1 bar−1. The achieved ethanol and 
acetone permeance are moderately comparable to other IP NF 
membranes.[65–72] The toluene permeance is 0.55 L m−2 h−1 bar−1 and lower 
compared to the permeance of IP-prepared polymeric-supported (polyester 
on top of polyethylene terephthalate) membranes and similar to the 
permeance of other γ-alumina-supported TFC membranes prepared with 
grafting.[33,72]  

Prior to the dye rejection test, salt rejection measurements were performed 
for three salts to give an insight into the performance of membranes. The 
rejection decreases in the order Na2SO4 (48.6±2.1%) ~ MgCl2 (46.1%) >  
MgSO4 (43.7%±5%) > NaCl (7.9±10%), suggesting that the rejection is 
mainly based on the dielectric exclusion since divalent ions are retained 
more than monovalent ions independent of their charge.[73,74] Size 
exclusion may play a role as well since Na+ has a significantly smaller size 
than the other ions and Cl- is significantly smaller than Mg2+,[8,75], which 
can further explain the relatively high NaCl transport (low NaCl rejection) 
through the membrane.  It is encouraging to compare our results with those 
found by You et al. [26], the only other HCCP-based IP NF membranes from 
polyethyleneimine and HCCP. They prepared a positively charged 
membrane, due to the presence of remaining nitrogen groups originating 
from the polyethyleneimine as also found for polyethylenemine - cyanuric 
chloride based NF membranes [76], with salt rejections for MgCl2 
(97%) > MgSO4 (88%) > NaCl (87%) > Na2SO4 (58%) and a permeance of 
3.7 L m−2 h−1 bar−1 when tested with a 1 g L−1 aqueous salt solution.[26] 
Although You et al. [26] did not evaluate the molecular weight cutoff or 
mean pore radius for their membrane, a comparison of the salt rejection 
measurements suggests that our selective layer on top of the alumina support 
is more neutral than the positively charged membrane prepared by them, as 
expected based on the monomers used This lower surface charge could 
explain the lower salt rejections for our alumina-supported 
membranes.[8,45] Furthermore, our use of a solution with a higher salt 
concentration than You et al. [26] probably also reduced the rejection for 

https://www.sciencedirect.com/topics/materials-science/polyethyleneimine
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some of the salts. Unfortunately, the surface charge for our alumina-
supported TPE-HCCP membrane could not be confirmed via zeta potential 
measurements due to the thickness of the membrane support and equipment 
limitations of our zeta potential measurement equipment regarding the 
allowed thickness of the sample.   

The performance of the alumina-supported TPE-HCCP membrane is 
assessed with the dyes (MB, RB, and BY) rejection in water, and the result is 
shown in Figure 7.5B. The prepared membrane has an excellent dye 
rejection with 98.2±2.3% for MB, 98.6±1.1% for RB, and 94±9.2% for BY. 
As expected, the dye rejections of the alumina-supported TPE-HCCP 
membrane are enhanced substantially compared to the support with an RB 
rejection of 14% and BY rejection of 76% in water. It again confirms that a 
tight TPE-HCCP layer formed.[65] Since the difference between the MB, 
RB, and BY rejection is insignificant, we refrain from interpreting the 
rejection data in more detail. The membrane performance for RB and MB 
rejection in ethanol (EtOH) and acetone (Ace) is shown in Figure 7.5B on 
the right side. The membrane has a high level of rejection for RB in ethanol 
and acetone, 99.7±0.3%  and 99.7±0.0%, respectively. It is similar to the 
obtained RB rejection in water. However, for MB, the rejection is reduced to 
92±1.7% and 93±0.5% in ethanol and acetone, respectively, which can be 
rationalized by the nature and solubility of MB in different solvents. For 
example, MB molecules tend to aggregate in an aqueous solution, explaining 
its high rejection in water compared to other solvents.[77] 

In summary, the rejection results show that the alumina-supported TPE-
HCCP membranes can reject MB with a molecular weight of 319.8 g mol−1 
and the smallest and longest molecular dimensions of 1.4 nm and 0.59 nm, 
respectively, as well as RB with a molecular weight of 479 g mol−1 and the 
smallest and longest molecular dimensions of 0.43 nm and 1.7 nm. 
Therefore, the swelling of the TPE-HCCP selective layer on top of alumina 
supports in solvents such as ethanol and acetone is restricted by the extent of 
cross-linking and the attachment of the layer to the support.[78,79]  
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Figure 7.5 (A) Pure solvent permeance as a function of their solvent properties in 
terms of 𝛿𝛿𝑝𝑝𝜂𝜂−1𝑉𝑉−1 for alumina-supported TPE-HCCP membranes. The gray dashed 
line shows the hypothetical linear relationships. (B) On the left side, the black 
frame: the rejection of Methylene Blue (MB), Brilliant Yellow (BY), and 
Rhodamine B in water for TPE-HCCP membranes. On the right side, gray frame: 
RB and MB rejection in different solvents, ethanol(EtOH) and acetone(Ace). 

In Figure 7.6, the performance of the alumina-supported TPE-HCCP 
membrane is shown in relation to the performance of other IP-based NF 
membranes for treating solutions containing small solutes (314 Da< Mw 
<327 Da). Compared to these other IP NF membranes, alumina-supported 
TPE-HCCP membranes reveal acceptable permeance with good rejection 
(above 92%) for a small dye such as MB (with a molecular weight of 319.9 
Da) in acetone and ethanol. Notably, the prepared membrane has comparable 
performance as a polyester (4) and a polyamide (5) TFC membrane.[13,31]  

In summary, the new alumina-supported TPE-HCCP membranes seem to be 
stable in solvents such as toluene, acetone, ethanol, and water with 
acceptable solvent permeances and good rejection for small dyes such as 
MB.  
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Figure 7.6 Comparison of the prepared alumina-supported TPE-HCCP membrane 
performance for small solutes (319.9 Da < Mw < 400 Da)  from this work with other 
IP NF membranes reported in the open literature.[10,13,31,32,34-36,38] The legend 
of each membrane shows polymer type/support type (Solvent for permeance 
measurement, Mw of solute-solvent used to measure the rejection of solute). 
 

7.3.3. PAN-supported polyphosphazene  

 

Figure 7.7 FE-SEM pictures of the PAN-based TPE-HCCP membrane (A) surface 
and B) Cross-section. The white squares show the pinholes on the surface of PAN-
supported membranes. 

We have shown the successful formation of alumina-supported TPE-HCCP 
polyphosphazene membranes and their potential and performance as organic 
solvent nanofiltration membranes. To go one step further towards 
economically scaling up the membrane, we prepared TPE-HCCP membranes 
on a PAN support. Undoubtedly, the physical-chemical properties and 
structure of the support membranes significantly impact the formation and 
performance of composite membranes.[80] For this reason, the  preparation 
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procedure has been adapted. To evaluate the morphology, integrity, and 
thickness of the selective layer, FE-SEM was performed, and the results 
thereof are shown in Figure 7. The FE-SEM picture confirms the formation 
of a layer with a few visible pinholes on top of the support, Figure 7A. It 
indicates that the IP method is not sufficiently optimized, and still, some 
modification is needed. The PAN supports were soaked in water overnight 
while the ceramic supports were kept dry before IP. The observed defects 
could be due to the presence of trapped water in the pores of PAN support 
during IP, which hinders the formation of the CPPz layer on top of the 
support. Another reason could be the limited resistance of the PAN support 
to the DMSO solution, which could have resulted in the formation of defects 
upon its exposure to the phenolate/DMSO solution. Efforts to prepare PAN-
supported membranes based on the procedure used for alumina-supported 
membranes failed (the top layer was removed) due to the low thermal 
resistance of the PAN support, making it impossible to pour the phenolate 
solution on top of the support at 80°C. Figure 7B shows the cross-sectional 
image of the TFCs membranes. The formed layer on top of the PAN support 
is in a range of 80 – 100 nm (see Figure 7B), and, therefore, thicker than the 
obtained TPE-HCCP layer on the alumina support (see Figure 3) 

 

Figure 7.8 (A) Pure solvent permeance as a function of their solvent properties in 
terms of 𝛿𝛿𝑝𝑝𝜂𝜂−1𝑉𝑉−1 for PAN-supported TPE-HCCP membranes. The gray dashed 
line shows the hypothetical linear relationships (B) Salt rejection for three different 
salts. 

The NF performance of the PAN-supported TPE-HCCP membrane, assessed 
by measuring the permeance of water, acetone, and ethanol, as well as the 
rejection of different salts, is shown in Figure 7.8. For the PAN-supported 
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TPE-HCCP membrane, the solvent permeance as a function of its 
physiochemical properties (𝛿𝛿𝑝𝑝𝜂𝜂−1𝑉𝑉−1) follows the same order as that for the 
alumina-supported membranes; the permeance enhances as 𝛿𝛿𝑝𝑝𝜂𝜂−1𝑉𝑉−1 
increases (Figure 7.8A). This indicates comparable interaction between the 
polymeric network and the solvents for both membranes. Although the TPE-
HCCP layer of the prepared PAN-supported membranes is thicker, these 
membranes show considerably higher water and acetone permeances 
(around 1.2 and 2.6 L m−2 h−1 bar−1, respectively) than the alumina-supported 
TPE-HCCP membranes. However, the ethanol permeance for the PAN-
supported TPE-HCCP membrane is lower, with ethanol permeance of 
around 0.2 L m−2 h−1 bar−1.  

The results of the salt rejection measurements for three different salts in 
single salt aqueous solution experiments are shown in Figure 8B. The salt 
rejection follows the order of Na2SO4 (71.1%) > MgSO4 (46.2%) ~ NaCl 
(46%). Before heat treatment, PAN-supported membranes show Na2SO4 
rejection of 43%, indicating the effectiveness of heat treatment in the 
preparation of these membranes. The lower rejection of MgSO4 compared to 
Na2SO4 indicates that the separation is based on a negative charge repulsion 
(Donnan-exclusion). Zeta potential results confirm the formation of a 
negative charge layer on top of the PAN support (Figure S7.5). Also, it 
illustrates that over the pH range from 3.9 to 9, the zeta potential of the layer 
remains negative, indicating that the isoelectric point (IEP) of the membrane 
surface is below 3.9, and the value depends on the solution pH as normally 
found. It should be noted that both the absolute zeta potential value as well 
as the slope of the zeta potential with pH are lower than found for typical 
commercial polyamide membranes such as NF-270.[81] It is good to 
mention that a negative charge of the membrane might be due to the 
presence of unreacted phenolate of TPE in the network. Although the PAN-
based membrane shows a higher salt rejection than the alumina-based 
membranes, the rejection is lower than reported for other TFC 
membranes.[45] If Donnan-exclusion based on the negatively charged 
membrane surface would be the major contributor to the separation 
mechanism, it would be expected that MgSO4 would have been rejected to a 
larger extent than NaCl, due to the stronger repulsion of SO4

2- compared to 
Cl- by the negatively charged surface of the membrane.[75] Furthermore, 
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results from MWCO experiments show that the rejection does not reach 
100% for all tested 3 membrane samples (Figure S7.6), confirming the 
presence of the pinholes. This relatively high MWCO for the PAN supported 
membranes compared to the low MWCO of the alumina supported 
membranes may have (negatively) affected the Mg2+ rejection to a larger 
extent than the rejection of the smaller Na+. The higher Na2SO4 and NaCl 
rejections for the more open and negatively charged PAN-supported TPE-
HCCP membrane compared to the alumina-supported TPE-HCCP 
membrane and the similar MgSO4 rejections for the PAN-supported and 
alumina-supported membranes supports our impression that the alumina-
supported membrane has a more neutral surface than the negatively charged 
PAN-supported TPE-HCCP membrane. Also, the RB rejection in water for 
the PAN-supported TPE-HCCP membranes is only about 50%. Although the 
lower rejection compared to the alumina-supported TPE-HCCP membrane 
could partly be caused by the negative charge of the PAN-supported TPE-
HCCP membrane, it is more likely that the presence of pinholes for this 
latter membrane negatively affected the rejection for this cation as well. 
These rejections can probably be improved by modifying the IP method to 
form an integrated defect-free selective layer.  

These obtained results suggest that the properties of the formed layer depend 
strongly on the properties of the support. The obtained differences in layer 
formation and characteristics can be due to the lower hydrophilicity of the 
PAN support or, more importantly, the significant difference in the pore size 
of the supports. The ceramic support has a γ-alumina layer with a pore 
diameter of 5.9 nm on top, while the mean pore size of the PAN support is 
54.3 nm.[42] The small pores of supports favor forming a high cross-linking 
degree. When the support is soaked in the first IP monomer solution, a 
substantial amount of monomers is trapped in the bigger pores of supports. 
After exposing the surface to the second solution, the polymer grows in the 
inner pores more, which hinders the diffusion of monomers to the reaction 
zone and makes a defective low cross-linked layer.[80] This result is in line 
with the finding of Sharabati et al.[82] They found that increasing the pore 
size of the support decreases salt rejection, reduces cross-linking extent, and 
increases water permeation. Finally, each support provides a different 
interface for IP that influences the attachment of the IP-formed selective 
layer to them and dictates the performance and stability of the membrane in 
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each solvent. Our future research will focus on adapting techniques for 
preparing TPE-HCCP networks on polymeric supports to enhance 
membrane integration and rejection. 

In summary, although the new TPE-HCCP polyphosphazene membrane is 
successfully formed on top of alumina supports, for PAN-supported TFC 
membranes the IP method and/or the chemical stability of the PAN support 
needs to be updated and improved to prepare a better performing membrane, 
and additional efforts are required to develop a proper CPPz layer on top of 
polymeric supports. A solution for potential  insufficient chemical stability 
of the PAN support in DMSO has recently been proposed by Yushkin et al. 
[83], who showed that the use of infrared heating at 170°C strongly increases 
the stability of porous PAN in aprotic solvents such as DMSO. 

7.4 Conclusion 

In this work, we show for the first time the preparation of polyphosphazene 
TFC membranes via IP of TPE and HCCP on top of a ceramic support for 
OSN application. FE-SEM has confirmed the formation of a defect-free 
network atop the ceramic support with a film thickness of 30-50 nm. The 
resulting TPE-HCCP network is highly cross-linked and shows performance 
in the NF range, making the membrane suitable for OSN application. TPE-
HCCP membranes exhibit a high MB (Mw of 319.8 g mol−1) rejection of 
98.2±2.3% in water, 92±1.7% in in ethanol, and 93±0.5% in acetone while 
maintaining acceptable permeance. Also, the obtained PEG-based MWCO in 
water and polystyrene-based MWCO in acetone and toluene are comparable 
and between 300-500 Da. Furthermore, aiming for more cost-effective 
production of TPE-HCCP NF membranes, the TPE-HCCP layer was formed 
with IP on top of a PAN support. FE-SEM has revealed the formation of a 
80-100 nm layer with a few pinholes on top of the PAN support. The water 
and acetone permeance of TFC PAN-supported membranes is higher 
compared to alumina-supported membranes. However, these higher 
permeances can (partly) be due to the presence of the pinholes. The resulting 
TPE-HCCP PAN-supported membrane is negatively charged, resulting in a 
higher rejection of salts. However, a proper MWCO could not be 
determined, most likely due to the pinholes present in the TFC layer. Finally, 
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additional attempts are needed to prepare defect-free cyclomatrix 
polyphophazene TFCs on top of the PAN supports. One of the possibilities 
to improve these PAN-supported membranes is the use of recently reported 
infrared heat treated PAN supports with improved chemical stability for 
DMSO. Our work is among the first attempts to design and evaluate the 
potential of cyclomatric polyphosphazene networks as a membrane for OSN. 
It clearly shows that this network has the potential to be used as an 
alternative to conventional TFC OSN membranes. 
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7.7 Supporting information 

 

Figure S7.1 FE-SEM picture of a cross-section of the membrane, showing a γ-
alumina layer (Øpores = 5 nm, 2.9 μm in thickness) and a part of the α- alumina 
layer (Øpores = 80 nm, 2 mm in thickness. 
 

 

Figure S7.2 PEG rejection of TPE-HCCP membranes in water. The squares indicate 
the five different molecular weights PEG used for this retention test. The MWCO is 
a molar mass at which 90% of the PEG is retained. 
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Figure S7.3 Oxygen permeance as a function of the relative cyclohexane vapor 
pressure for the pristine support and TPE-HCCP membrane. The corresponding 
average Kelvin pore radius for support using the Kelvin equation is 2.9 nm. The blue 
dashed line shows the detection limit of the set-up, which is 1 ×10-8 mol m−2 s−1 
Pa−1. 
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Figure S7.4 Pure solvent flux of TPE-HCCP membranes as a function of pressure 
(A) water, B) ethanol (EtOH), and (B) acetone (Ac). 
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Figure S7.5 Zeta potential as a function of the pH for polymeric-supported TPE-
HCCP membrane 
 

 

 

Figure S7.6 PEG retention for PEGs with different molar mass for polymeric-
supported TFC membranes. 
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Chapter 8 

Conclusions, reflections and 
perspectives 
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Interfacial polymerization (IP)  allows the use of a wide variety of 
monomers to synthesize and design an indefinite amount of polymer 
networks. Various synthesizing parameters can affect the structure, 
performance, and scale-up potential of these networks. In Chapter 2, the 
effects of some of these parameters on the properties and the performance of 
IP-derived polyPOSS-imide thin film composite membranes for hot gas 
separation are explored, and the scale-up potential of these membranes is 
evaluated. In the second part of this thesis, a non-conventional IP platform is 
introduced that makes use of two immiscible organic solvents and provides 
opportunities for a broadened range of monomer combinations. Through 
chapters 3 to 7, IP methods are explored to prepare cyclomatrix 
polyphosphazene networks for a broad range of applications, from hot gas 
separation to hydrogen barriers and organic solvent nanofiltration. Similar to 
conventional (aqueous-organic) interfacial polymerization, the process can 
be easily tuned to obtain tailored molecular structures and film 
morphologies. 

This chapter first provides overall conclusions and concerns about the 
prepared networks and gives possible directions for further research. This is 
followed by a section that describes some potentially interesting monomer 
combinations for non-aqueous IP. Finally, general conclusions and remarks 
are given. 

8.1 On the chapter content 

This section is split into two distinct parts based on the chemistries of 
networks. The first part discusses polyPOSS-imide networks, and the second 
part considers cyclomatrix polyphosphazene (CPPz) networks. 

8.1.1. PolyPOSS-imide 

PolyPOSS-imide membranes are promising for separating H2 from larger 
molecules (CO2, N2, CH4) at temperatures up to 300 °C. Their fabrication 
involves two steps: interfacial polymerization of octa amino propyl 
polyoctahedral silsesquioxane (POSS) and 6FDA, followed by thermal 
imidization.[1] The unique properties of these networks have been studied in 
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detail in the previous reports by Raaijmakers et al. [1–4]. Chapter 2 aims to 
go one step further and scale up these potential networks for the separation 
of H2 at high temperatures in the industry. For this, two distinct POSS 
molecules were used: one functionalized with -NH3

+Cl− and one with, so far 
unexplored, -NH2. The ammonium groups are partially deprotonated by 
using three different bases, LiOH, NaOH, and KOH. The formation, 
imidization, and performance of polyPOSS-imide membranes atop lab-
scaled flat disc and single-channel tubular supports are systematically 
studied. For flat disc membranes, at 200 °C, the absence of cations results in 
comparable permeability combined with higher selectivity for H2/N2. This, 
and the possibility of discarding adding a base, motivated a scale-up study of 
the new POSS with -NH2 group. The data show that the new monomer 
allows more reproducible production of defect-free membranes and has a 
higher potential for larger-scale polyPOSS-imide fabrication. The result 
indicates that the production of by-products such as salts does not change the 
composition and performance of the networks; however, it might promote 
forming defects in larger scale membranes for which there is lower control 
over the process. 

Aside from the above efforts to industrialize the polyPOSS imide 
membranes, the following methods have been applied to optimize and 
enhance the properties, stability, and performance of these membranes. 

The effect of solvent 

Solvents selection is one of the important parameters affecting the 
morphology, cross-linking density, and performance of prepared networks 
by IP. Many research papers have used co-solvents, for instance, to disturb 
the liquid-liquid interfaces and enhance the permeability of the final 
membrane. In the synthesis of polyPOSS-imide membranes, DMSO can be 
used as a co-solvent for the aqueous phase to disturb the interface, but in 
addition to increase the reactivity of POSS. For this, we have prepared 
polyPOSS-imide membranes by the IP reaction of octa amino propyl POSS 
in DMSO and water (with volumetric ratio 2:3) with anhydride in toluene, 
followed by thermal imidization. The FE-SEM cross-sectional image of the 
new membrane shows that the thickness of the formed layer on top of the 
ceramic support is increased from 60-80 nm to 136 nm, Figure 8.1. 
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Figure 8.1 FE-SEM image of cross-section polyPOSS-imide membranes prepared 
with the IP reaction of octa amino propyl POSS in DMSO and water (with 
volumetric ratio 2:3) with anhydride in toluene, followed by thermal imidization 

Gas separation performance was measured at 200 °C and transmembrane 
pressure of 2 bar. Figure 8.2 compares the performance of water-based and 
water/DMSO-based membranes. It shows that using DMSO as a co-solvent 
leads to decreased permeances and enhanced permselectivity, indicating the 
selective layer has a higher cross-linking degree. The phenomena can be 
explained by: 

1- Increasing the reactivity of POSS,  
2- reducing the hydrolysis of the anhydride, and  
3- increasing the diffusion of anhydride to the interface due to the 

dipole-dipole interaction between DMSO and the anhydride group.  

Besides, during the imidization step at 300 °C, DMSO can be decomposed 
and form small sulfur species that might react with unreacted functional 
groups and participate in further cross-linking. Ultimately, this experiment 
emphasizes the importance of solvent-pair selections for IP on the 
performance of final membranes. 
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Figure 8.2 Comparing the gas performance of polyPOSS-imide membranes prepared 
with IP between POSS in water or water/DMSO and 4,4′-
(Hexafluoroisopropylidene)diphthalic anhydride (6FDA) in toluene following by 
imidization. The gas performance is shown at 200 °C and transmembrane pressure 
of 2 bar. (A) permeance and (B) permselectivity of different gas pairs. 

In situ fabrication of palladium nanoparticles 

Palladium membranes are highly effective in separating H2 from CO2. They 
are exclusively selective toward H2; if they are made thin enough, they will 
show high hydrogen fluxes. However, they suffer from mechanical 
instability due to hydrogen embrittlement, their rigid inorganic nature, and 
the volume expansion that occurs during the transition from α–β phase. One 
strategy to solve the mentioned issue is embedding Pd nanoparticles (NPs) in 
a flexible polymeric matrix.[5]  

Here, we explore the in-situ formation of palladium NPs in polyPOSS-imide 
networks using four steps: 

1- Dissolving palladium nitrate, Pd(NO3)2, or palladium acetate, 
Pd(OAc)2, in the aqueous phase, 

2- formation of polyamic acid via IP reaction of POSS and 6FDA; 
palladium ions interact with the carboxylate group of polyamic 
acids during this process, 

3- reduction of palladium ions to palladium nanoparticles by sodium 
borohydride (NaBH4), and 

4- conversion of polyamic acid to polyimide by thermal imidization.  
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Figure 8.3 FE-SEM images of palladium NPs embedded in polyPOSS 
imide matrix. The concentration of Pd(NO3)2 salts in the aqueous phase 
was increased from left to right side. 

FE-SEM images (Figure 8.3) of free-standing layers show the successful 
formation of palladium nanoparticles in the polyPOSS-imide matrix on top 
of the ceramic supports. It is observed that a low concentration of palladium 
salts results in lower permeances and higher permselectivities, while a high 
concentration of palladium salts leads to the formation of a defective layer. 
Yet, the formation of embedded palladium nanoparticles was successful and 
might be interesting for other applications.  

Increasing the thermal stability 

 

Figure 8.4 TGA scan of the polyPOSS-imide free-standing layer with OAPS as the 
main building block. 
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The thermal stability of the polyPOSS-imide membranes is constrained by 
the propyl chains connected to the POSS cages. One solution to enhance 
thermal stability is to replace the aminopropyl chains with a more thermally 
stable group, such as aminophenyl. To this aim, octa amino phenyl POSS 
(OAPS) could be a good option to form polyPOSS-imide membranes. 
However, OAPS has limited solubility and much less reactivity in water to 
form a network with the conventional IP method. We used a non-aqueous 
interfacial polymerization to react OAPS in DMSO/water and 6FDA and 
form polyamic acid. This was followed by thermal imidization. The 
thermogravimetric analysis (TGA) data of the obtained polyimide confirms 
that the thermal stability of the network is enhanced, and no weight loss is 
observed at temperatures up to 450 °C under N2 atmosphere, Figure 8.4.  

The single gas performance of polyPOSS-imide membranes with OAPS, 
polyOAPS-imide, as the main building block at 50, 100, and 200 °C  is 
shown in Figure 8.5. The permeability of the membrane decreases with the 
increasing size of the permeant, illustrating the molecular sieving behavior 
(Figure 8.5A). The gas permeation is thermally activated and the permeance 
increases with increasing temperature. The Arrhenius plots of the gas 
permeance (Figure 8.5B) exhibit constant activation energy over the 
complete temperature range from 50 to 200 °C. The activation energies 
follow the order CH4 > N2 > He >H2> CO2, corresponding to the variation in 
the kinetic diameter of the gas molecules. The exception is CO2 due to the 
affinity of this gas for the amine and CF3 groups. In Figure 8.5C, the 
permselectivities of H2/N2, H2/CH4, and H2/CO2 are presented as a function 
of temperature. Results show that H2/N2 and H2/CH4 permeselectivities vary 
between 20 to 10 at temperatures of 50 °C to 200 °C, respectively. The 
permselectivities of all the gas pairs decrease as a function of temperature 
except for H2/CO2, which increases from 2 to 3 at temperature ranges from 
50 to 200 °C. This is due to differences in the activation energies of H2 and 
CO2.  
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Figure  8.5 (A) Gas permeance as a function of gas kinetic diameter for three 
different temperatures. (B) Arrhenius plot of pure gas permeances. The unit of 
activation energies is kJ mol−1. (C) Ideal selectivities of the membranes as a function 
of temperature. 

Finally, polyOAPS-imide membranes exhibit lower permeances and 
permeabilities compared to polyimide membranes. The pathway of diffusion 
in polyPOSS-imide/polyOAPS-imide structures is via the organic bridges 
because the POSS cages are too small to allow the transportation of gases. 
Due to the low number of organic bridges (1 per OAPS cages) in poly 
OAPS-imide network compared to polyPOSS-imide, gases cannot diffuse 
freely in polyimide structure, which results in lower permeances.   

8.1.2. Cyclomatrix polyphosphazene networks 

Cyclomatrix polyphosphazene (CPPz) materials are broadly reported in the 
literature for their flame retardant properties and good thermal stability. 
However, the formation of films from this network in a single solvent is 
challenging and mainly results in microspheres. To overcome this issue, IP 
could offer a platform for in-situ synthesis and film formation in one single 
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step. However, the number of studies that succeeded in fabricating CPPz 
films via classical aqueous IP is limited [6,7] because the HCCP molecules 
are not reactive enough to form a network. In this thesis, we present for the 
first time the formation of a series of thin cyclomatrix polyphosphazene 
films with different linkers, via N or O atoms, using non-aqueous IP. The 
membranes have the potential for a broad range of applications, such as 
hydrogen separation at high temperatures, organic solvent nanofiltration, and 
gas barriers. Similar to conventional (aqueous) IP, the process can be tuned 
to control the properties of the CPPz membranes. 

In chapter 3, we present membranes that have been prepared via the 
interfacial polymerization of a POSS and hexachlorocyclotriphosphazene 
(HCCP) for gas separation at high temperatures. POSS cages offer additional 
thermal and mechanical stability to the network, which was shown before by 
polyPOSS-imide networks. The network is highly cross-linked and shows 
high thermal stability up to 340 °C under N2 atmosphere. At 250 °C, the 
POSS-HCCP membranes that we present have higher permselectivites 
compared to polyPOSS-imide membranes, while the hydrogen permeances 
are comparable.  

In chapters 4, 5, and 7 we introduce a series of poly(phenoxy) CPPz 
membranes. The structure-property relationships of ploy(phenoxy) CPPz are 
extensively studied. The length, flexibility, and cross-linking extent of the 
organic bridges between the HCCP core can be varied via the selection of 
different precursors. Accordingly, the application of those membranes could 
be changed from hot hydrogen gas selective membranes to (hydrogen) gas 
barriers and organic solvent nanofiltration. The general trend from the above 
chapters is clear: CPPz with short organic bridges and lower cross-linking 
degrees are suitable for gas barriers. The short-length bridges between the 
HCCP core hinder the diffusion of gas molecules. In addition, the linear-like 
structure of these materials leads to denser polymer chain packing and less 
free volume. 

The performance and application of the materials can be changed by 
changing the aryloxy groups between the HCCP rings. When the 
hydroxyphenyls are exchanged by biphenols, more permeable gas separation 
membranes are obtained that are suitable for hydrogen separation at high 
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temperatures. By further increasing the size and flexibility of the aromatic 
alcohols, networks can be made that can be used as organic solvent 
nanofiltration membranes.  

Besides changing the precursors, the potassium hydroxide (KOH) 
concentration is another parameter that can be used to change the network 
structure, and hence the permeability. The presence of KOH is necessary for 
the conversion of the aromatic alcohols into aryloxide anions. The IP 
reaction involves the attack of the aryloxide anions on the P atoms of HCCP, 
resulting in the formation of CPPz, and KCl as a by-product. With increasing 
the KOH concentration, the concentration of aryloxide anions increases. This 
enhances the reaction kinetics and alters polymer chain packing, free 
volume, and gas permeation. 

The importance of the cross-linking degree of CPPz structure in their 
thermal stability is further reflected in chapter 6. Unreacted hydroxyl and Cl 
groups connected to the HCCP core facilitate the collapse of the HCCP ring 
after exposure to a temperature above 250 °C. On the contrary, a fully cross-
linked network is more thermally resistant and can stand high temperatures 
up to 450 °C. 

Finally, non-aqueous interfacial polymerization provides a unique platform 
for synthesizing CPPz films on top of ceramic supports. CPPz networks have 
distinct and unique properties. The molecular flexibility of the network and 
pathways for molecular transportation can be adjusted by changing the 
organic bridges. The number of organic bridges has a critical and 
pronounced effect on the molecular fluxes.  

Long-term stability of CPPz gas separation membranes 

Long-term operational stability under dry and humid conditions is important 
for membrane application in, for instance, the water-gas shift process since 
water is then present in the H2/CO2 separation process. Accordingly, the 
long-term performance of the POSS-HCCP and BPH-HCCP membranes 
under dry and wet conditions with mixed gas at 200 °C was performed, 
Figure 8.6.  
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Figure 8.6A represents the long-term hydrothermal stability of the POSS-
HCCP membranes. The membrane shows stable performance over 100 hr at 
200 °C during dry measurement. After introducing the humidity, both H2 and 
CO2 permeance decreases, and the H2/CO2 selectivity enhances. Even though 
a minor drop in permeance is observed during the wet measurement, the 
selectivity is higher than the initial selectivity observed in the dry feed 
atmosphere. After removing the humidity at 200 h, the permeance is still 
lower, and the selectivity is higher than the original values in the dry 
measurement. These results suggest that, under the operating conditions of 
200 °C and transmembrane pressure of 10 bar, physical aging has a limited 
effect on the separation performance of the POSS-HCCP membranes. This is 
in line with the hydrothermal stability of polyPOSS-imide.[8] 

 

Figure 8.6 Long-term operational stability of membranes for H2/CO2 separation 
under dry (H2:CO2:CH4 = 40:30:30) or wet feed (applying 10 mol% humidity) at 
200 °C and transmembrane pressure of 10 bar. The blue area shows the effect of wet 
feed on the membrane performance. The experiments were conducted at Sintef Oslo 
by Dr. T.A. Peters. (A) POSS-HCCP and (B) BPH-HCCP membranes.  

The long-term hydrothermal stability of the BPH-HCCP membrane is shown 
in Figure 8.6B. The data illustrate that the H2 and CO2 permeance is stable 
under dry conditions over 100 h. However, after introducing humidity, the 
permeances increase, and H2/CO2 selectivity reduces. Even after removing 
the water, neither permeances nor selectivity could not return to their 
original values. This could be due to the following reasons: 

1- Decomposition of the network after exposure to humidity, 
2- delamination of the BPH-HCCP layer from the support, and/or  

0 50 100 150 200 250
0

200

400

600

0 50 100 150
0

1000

2000

Pe
rm

ea
nc

e 
(G

PU
)

A) B)

H2

CO2

H2 /CO2 H2 /CO2

CO2

H2

0

10

20

Selectivity

Time(h)

Pe
rm

ea
nc

e 
(G

PU
) 

Time(h)

0

5

10

Selectivity



260 
 

3- the decomposition of the γ-alumina layer after exposure to high 
temperature and humidity. 

To affirm the first assumption, we exposed the BPH-HCCP powder in an 
oven at 200 °C to the flow of N2 with 10 mol% humidity for 10 h. FTIR and 
N2 adsorption was measured before and after the heat treatment, and no 
changes could be detected before and after those treatments. Based on those 
experiments, we could not confirm the first reason and suggest doing an in 
situ hydrothermal stability test by thermal gravimetric analysis (TGA) 
instrument. 

To validate assumption number 2 and 3, FE-SEM was done on the surface of 
tested membranes for long-term hydrothermal stability, Figure 8.7. The 
image shows that after the test, a defect close to 250 nm is formed on the 
surface due to the delamination of the BPH-HCCP layer from the support 
and/or the decomposition of the γ-alumina layer. The loose connection of the 
layer to the support leads to the separation of the layer from the support. 
Also, the thickness of the BPH-HCCP layer on top of the γ-alumina support 
is around 30 nm which offers low protection to the γ-alumina from the 
steam. Hence, I suggest increasing the thickness of the BPH-HCCP layer and 
re-evaluating the stability performance. 

 
Figure 8.7 The FE-SEM image of the surface of the BPH-HCCP membrane after the 

hydrothermal performance test. The arrow shows the defect that forms on the 
surface after the test. 

500 nm
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Gas barriers 

In chapter 5 of this thesis, we focus on developing hydrogen barrier via IP of 
small aromatic hydroxyl compounds in a KOH/DMSO solution and HCCP 
in cyclohexane on top of ceramic supports. Via the amount of dissolved 
potassium hydroxide, the extent of deprotonation of the aromatic hydroxyl 
compounds can be changed to tune the molecular structure and 
permselective properties of the thin polymer networks from 
hydrogen/oxygen barriers to gas separation membranes. The formed network 
has a low degree of cross-linking, providing a lower number of free volumes 
for gas diffusion. The layer forms on top of the ceramic supports; however, 
studying the properties of the layer independent of supports might be 
interesting for barrier application. Hence, developing a single-solvent 
polymerization method for synthesizing these materials, independent of a 
porous support, would be of help.  

Pyrolysis of the CPPz network 

In chapter 6, we pyrolyzed CPPz networks that were obtained from the IP 
reaction between 1,3,5-trihydroxybenzene (THB) or m-dihydroxybenzene 
(MDHB) and HCCP. The structural and chemical evolution of  the CPPz 
networks during the heat treatment process is studied in detail. The data 
show that the unreacted Cl or OH groups connected to the HCCP core 
facilitate the collapse of the P3N3 ring at temperatures around 250 °C. To 
overcome this issue, it would be interesting to replace 2 or 3 of the Cl groups 
under a controlled condition with aminophenyl, aryloxy, or phenyl groups, 
before the IP process. In this case, after the reaction of the remaining Cl, the 
added groups can protect the ring from collapsing. 

Nanofiltration (NF) 

In chapter 7, we present organic solvent nanofiltration membranes that have 
been prepared via interfacial polymerization of 1,1-Tris(4 
hydroxyphenyl)ethane (TPE) and HCCP using non-aqueous IP on top of 
polymeric polyacrylonitrile (PAN) and ceramic alumina supports. What 
makes this chapter intriguing is the critical role of the support in dictating the 
formation and properties of the formed layer. Alumina supports allow us to 
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form a defect-free thin neutral film suitable for separating small dyes with a 
molecular weight of 320 Da. These supports are hydrophilic and have small 
pores with a diameter of 3-8 nm. On the other hand, PAN supports are 
hydrophobic and less resistant toward the super base solution (DMSO and 
KOH) at 80 °C. They have big pores, which could hold/pass more volume of 
the first solution during IP. Consequently, the membrane fabrication method 
was adjusted, and a thermal treatment step was included. The obtained film 
on top of the PAN support is negatively charged and does not cover the 
whole surface of the support. Also, the polymer-supported membrane is not 
as selective as the alumina-supported membranes because of defects. Hence, 
I strongly suggest optimizing the procedure for making the layer on top of 
the polymeric supports.  

More questions to answer 

Finally, various questions still remain regarding the non-aqueous IP and 
structure properties of CPPz. In aqueous IP, the interfacial polymerization 
reaction mainly takes place in the organic phase since the monomer in the 
aqueous phase has a higher solubility in the organic phase. For the non-
aqueous IP, one can expect that the reaction zone will shift, at least partly, 
towards the DMSO phase. A microfluidic device can simply visualize the 
formation of free-standing films and subsequently help us to understand the 
direction of film growth on the supports. Another important question is the 
sorption behavior of the CPPz membranes toward CO2 and CH4. The 
sorption of molecules by a polymer causes network dilation of the polymer 
material and plasticization of the polymer. So, it is one of the essential fields 
to investigate later. The final question is the effect of cyclic structure of 
HCCP on the performance of CPPz films. A simple way is to replace the 
HCCP monomer with poly(dichlorophosphazene) in the IP process to 
explore if the linear structure of this molecule provides opportunities for 
improved membrane/gas barrier properties. 

8.2 Possible monomer combinations for non-aqueous 
interfacial polymerization  

Non-aqueous IP provides a platform to expand the IP technique to 
monomers with low solubility and reactivity in water. We try to emphasize 
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the robustness and versatility of this technique by introducing other possible 
monomer combinations that can be reacted via non-aqueous IP. This section 
describes preliminary experiments with some of these combinations, and 
discusses some specific properties of the formed networks, such as their 
thermal and chemical stability. Abbreviations and molecular structures of the 
various monomers can be found in Table 8.2.  

8.2.1 Networks based on HCCP 
 

 

Figure 8.8 The formation of the PEN-HCCP structure. 

Non-aqueous IP provides a suitable platform to react pentaerythritol (PEN) 
in DMSO/ water/KOH with HCCP in cyclohexane, Figure 8.8. The obtained 
network was analyzed by energy dispersive X-ray spectroscopy (EDX) 
technique, Table 8.1. The result showed that between 1 to 2 PEN react per 
HCCP. Considering the low concentration of Cl in the structure, we can 
conclude a fully cross-linked network form.  

Table 8.1 EDX analysis of PEN-HCCP free-standing layers. 
Element Atomic composition (%) 

C 41.49±0.2 
N 12.9±1 
O 18.7±1 
P 21.5±0.9 
S 0.4±0.1 
Cl 2.2±0 
K 3.4±0.6 

 

+ 
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Figure 8.9 FTIR spectra of PEN-HCCP networks performed at specific times after 
exposure to 0.1 M NaOH solution. 

To study the potential of these networks in high pH conditions, we expose 
the free-standing powder to 0.1 M NaOH solution for 134 days. The FTIR 
spectra of this network at specific times after exposure to NaOH is shown in 
Figure 8.9. The results show that the network is stable, proving the potential 
of this network to be used at extremely high pH. However, further research 
is mandatory to fully investigate this technique considering the hydrolysis of 
P-Cl bonds.  

8.2.2 Networks based on tetrafluoroterephthalonitrile 
We go one step further to test the potential of our non-aqueous system in the 
formation of networks on chemistries in that HCCP molecules are not 
involved. For this, tetrafluoroterephthalonitrile (TFTPN) replaces HCCP and 
reacts with non-conventional IP monomers, listed in Table 8.2, in DMSO. 
The preliminary results showed that the layer was formed at the interface of 
two phases with the mentioned monomer combinations.  

The formed network in the last row of Table 8.2 might be interesting for the 
formation of polymers of intrinsic microporosity (PIM).[9] For this, some 
preliminary characterizations such as FTIR were performed to verify the 
formation of these networks, Figure 8.10. The result confirmed the presence 
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of all the characteristic peaks of TTSBI and TFTPN as well as the new bond, 
P-O-ph. However, further optimization and analysis are required to 
understand the properties and potential of the materials. For example, the 
networks might enhance the performance of membranes by providing an 
open structure. 

 

Figure 8.10 FTIR spectra of TTSBI-TFTPN. 
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Table 8.2 List of suggested monomer combinations and the expected structure after 
the IP 

Monomer 1 Monomer2 Suggested network 

 
TFTPN 

 

 
 

1,2,4,5-Benzenetetrol 
 

 
 
 

TFTPN 

 
 

2,3,6,7,10,11-
Hexahydroxytriphenylene 

 

 

 
TFTPN  

5,5',6,6'-tetrahydroxy-
3,3,3',3'-tetramethyl-1,1'-

spirobisindane 

 
 

 

8.3 General conclusions and remarks 

8.3.1 Interfacial polymerization 

A crucial parameter in IP is the selection of monomers. Monomers 
determine the flexibility and pore (free-volume) size of the network 
controlling the final performance of the formed layer. For example, 
increasing the size of organic bridges in hybrid materials enhances the pore 
(free-volume) size and shifts the molecular separation from gases to liquids. 
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The reactivity of monomers plays a vital role in the formation and properties 
of networks. Monomers with lower reactivity do not react or require more 
time to react, which influences the thickness and properties of the layer. In 
this thesis, we found that the solvents strongly influence the reactivity of the 
monomer and can enhance the kinetics of the reaction. For example, in this 
thesis DMSO replaces water in conventional IP to facilitate the nucleophile 
attack and help the formation of layers. 

Reaction parameters can influence the properties of the formed layer. For 

example, we find out that raising the concentration of reactant can intensify 

the polymer chain packing by increasing the kinetics of the reaction.  

8.3.2 Cyclomatrix polyphosphazene network 

CPPz network is known for its high thermal stability. However, the 
properties of this material as a potential membrane under harsh conditions 
have not been completely addressed. The proposed non-aqueous IP in this 
thesis allows for facile fabrication and detailed study of these materials as 
films. For example, we found out that by reducing the flexibility and number 
of organic bridges between the HCCP core, the network could be adjusted 
for barrier properties. They can be pyrolyzed at 450 °C to form a dense 
graphitize structure accompanied by P-O bonds. The unreacted free Cl group 
in CPPz material could facilitate the ring opening of the HCCP core. 

8.3.3 Industrial application 

We hope to go one step further and scale up CPPz materials for industrial 
applications. However, we need to address some issues before taking this 
step, including changing the ceramic support to polymeric support and the 
effect of steam on the long-term hydrothermal stability of those networks, 
producing self-stand barrier materials. 

8.3.4 The future potential of the new platform 

In this thesis, we have shown that non-aqueous interfacial polymerization 
provides an opportunity to use monomers with complicated topologies 
beyond the potential of classical aqueous interfacial polymerization. This 
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technique, like classical interfacial polymerization, allows control of the 
structure, properties, and performance of membranes/films based on the 
applications. It is notable that after successfully preparing films on top of the 
ceramic supports, we have taken non-aqueous interfacial polymerization a 
step closer to scaling up by preparing thin film composite membranes with 
polymeric supports. One could mention that our produced membranes still 
have some limitations, such as low permeation compared to commercial 
membranes. However, we should notice that this technique is still new and 
plenty of modifications can be performed to improve the performance of the 
final membranes. 
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