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ABSTRACT: Polyimide networks are key in the development of stable, resilient, and
efficient membranes for separation applications under demanding conditions. To this aim, the
controlled design of the network’s nanostructure and its properties are needed. Yet, such
control remains a challenge with the currently available synthesis methods. Herein, we
present a simple nanofabrication approach that allows the controlled nanoconfinement,
growth and covalent attachment of polyimide (PI) networks inside the mesopores of

v-alumina layers. The attachment of the PI network on the y-alumina layer was initiated via



different pre-functionalization steps who play a pivotal role in inducing the in-situ
polymerization reaction at the pore entrance and/or at the inner pore surface. The
nanoconfinement was found to be limited to maximal the 1.5 pm thick y-alumina supporting
layer and the resulting hybrid PI/ceramic membranes showed stable performance in a variety
of solvents. These Pl/ceramic membranes were found to be very efficient in the challenging
separation of small organic dye molecules such as Rhodamine B (479 g mol™") from toxic
solvents such as dimethylformamide or dioxane. Therefore, this technique opens up
possibilities for a multitude of separations. Moreover, the PI synthesis approach can be
applied to other applications that rely on porosity and stability control as well, such as for

advanced insulation and anticorrosion.

INTRODUCTION

Industry relies heavily on separation methods, from the purification of primary materials to
the isolation of polymers, pharmaceuticals, and many other products.! Conventional
separation methods, such as distillation, are principally thermally driven. As a result, they can
be costly, energy intensive and inefficient in separating thermally sensitive intermediates or
products.' As an alternative, nanofiltration membrane-based separation technologies are
increasingly implemented in industry in either combination with distillation or extraction as
hybrid processes or by totally replacing these conventional methods. The term
“nanofiltration” (NF) refers to a pressure-driven membrane-based separation process in which
particles and dissolved molecules smaller than 2 nm are rejected. By replacing the high
energy-demanding thermally-driven separation methods (e.g. distillation) with low energy-
demanding pressure-driven NF membranes, one can get more energy-efficient and
environmentally-friendly processes.! Nevertheless, current membrane materials, which are
often polymeric, are not always compatible with industrial streams, particularly mixtures of

water and organic solvents, causing membrane failure due to degradation or dissolution of the
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material itself. Therefore, when designing a membrane for complex applications, one should
consider not only the mixture of solutes but also the nature of the solvents involved.
Nowadays, membranes developed for such challenging applications are called solvent-

tolerant nanofiltration membranes (STNF).>*

The most common materials used to prepare STNF membranes are polymers, like
polyamide-imides,’ polydimethylsiloxanes,® etc. These polymeric membranes have generally
shown high permeability and stable rejection with polar organic solvents such as alcohols or
tetrahydrofuran. Yet, the performance of these membranes is unsatisfactory in presence of
apolar solvents, mainly due to the degradation of the supporting layer.* As a result, the
permeability often becomes lower and the rejection unpredictable. Hence, such behavior
hinders the implementation of this membrane technology in water/solvent streams. The
combination of a chemical-inert porous ceramic support, functionalized with polyimides (PI),
can overcome the instability issue of the support. PI are among the most resilient polymeric
membrane-based materials used nowadays. PI are polymers characterized by a stable imide
ring as a repetitive unit that exhibits good mechanical properties, chemical solvent resistance,

heat resistance, and electrical properties.’

Polyimides are prepared by the polycondensation reaction between (di)anhydrides and (di
or tri) amines at temperatures between 180 and 300 °C. Due to their high thermal (> 400 °C)
and chemical resistance, polyimides are extensively used as membrane materials for
applications in gas separation, solvent exchange, and many others.® Commercial PI
membranes such as Puramem® were found well adapted for specific STNF applications in
solvents such as toluene and heptane, but only in operating conditions up to 50°C.° To prevent
dissolution and to increase the hydrophilicity (imide group to amic acid) of the PI membrane
material in polar aprotic or chlorinated solvents, it has been reported that additional cross-

linking steps are often needed.® Even though, the amic acid is more hydrophilic than imides,



they nevertheless are less chemically stable.!? Therefore, in membrane technology it is crucial
to combine a high stable material, such as polyimides, which are also potentially processable
to membranes. Therefore different approaches were explored to overcome the problems
associated with material stability and processability.'! For example, Kuttiani Ali et al.'?
developed hydrophilic nanocomposite membranes for ultrafiltration by adding silica
nanoparticles, pre-functionalized with deep-eutectic solvents, into a polyimide solution prior
to casting. The membranes containing 2 wt.% of nanoparticles presented the best mechanical
and phenol retention under a wide pH range. Moreover, recently, Wei et al.!* prepared an
ultrathin polyimide/silica nanofiltration membrane by in-situ hydrolysis and condensation of
tetracthoxysilane. The resulting membrane presented improved hydrophilicity, mechanical
strength, and thermal stability compared to the pure PI-NF membrane. By using a similar
approach, Qiang et al.,'* formed a resistant STNF membrane. Despite the promising
performances, the potential leaching of nanoparticles is not negligible and can lead to
potential human and environmental exposure.'> Thus far, many researchers have focused on
introducing inorganic nanoparticles into the PI matrix. The opposite approach in which PI
networks are confined in an inorganic matrix could also be employed.

1.1%17 hanoconfined a PI network in a

Following this latter strategy, Isaacson et a
mesoporous tortuous organosilica matrix. The preparation procedure involved infiltrating
polyamic acid oligomers into the porous matrix and subsequent cross-linking of the polymer
units. As a result, the composite film/layer prepared showed enhanced resistance to fracture
compared to the pristine mesoporous support, due to a so-called confinement-induced
molecular bridging mechanism. Such confined polyimide systems could be used as a thermal
barrier coating for high-temperature operations (at least up to 350 °C) and superior

lightweight materials for aerospace applications. However, the possibility to use this confined

PI network as a separation layer is unknown.



Studies have shown that the nanoconfinement of a crystallized polymer within nanoporous
anodic aluminum oxide (AAQO) templates is a suitable approach to prepare innovative systems
for biosensing, optical and electrical-related applications.'® When a polymer is confined within
a micrometer thick rigid AAO template, comprising of vertically oriented large pores (10-100
nm) which are not tortuous, the crystallization behavior experiences dramatic changes as the
pore size is reduced. This approach allows to modulate the polymer nanostructures for specific
applications but is not suitable for practical separation applications in industry due to the limited
surface area of the AAO supports when dealing with cubic meter of water and their fragility
when exposed to harsh conditions.!” In contrast to previous studies done on AAO support or
mesoporous organosilica layer, we looked at defined and rigid mesoporous ceramic membranes
with relatively low tortuosity. Alumina (y, or a phase) membranes are commercially
predominant in the market and are available in the shape of discs and tubes.?*?! Compared to
AAO templates, mesoporous y-Al,O3 membranes are supported on millimeter thick a-alumina
supports, and commercialized in the form of modules, making them suitable for real separations
under demanding conditions (high pressure and temperature).?>?> However, due to their
relatively large pores (~5 nm), they are not selective in the nanofiltration range. Nevertheless,
the y-alumina surface is rich in free hydroxyl groups that can be used to modify the pore
entrance and inner pore surface by covalently attaching molecules, oligomers, and polymer
brushes to prepare hybrid membranes.*>+27

In fact, it has been shown that grafting-to and grafting-from reactions can be applied to
modify dense substrates®® but also the pore entrance and inner pore surface of y-alumina
mesoporous layers.*?*27 Sun et al.?® used the grafting-from method to grow polyglycidyl
methacrylate brushes from the surface (-induced) of silicon wafers. These brushes were
utilized as an adhesive interlayer for chemically attaching a polyimide film on silicon wafers.

As a result, improved friction and wear resistance was observed, compared to the polyimide



films on bare silicon wafers. However, the possibility of simultaneous pore confinement and
covalent attachment of a crosslinked PI network onto the ceramic support has not been
demonstrated yet. Furthermore, the growth of a crystalline polymer in one step from the
surface of a ceramic support as well as the applicability of such material under membrane
conditions is still not shown in literature.

In this work, we have initiated for the first time the in-situ polymerization reaction of a PI
network directly from an inorganic surface, and controlled the nanoconfinement inside rigid
and well-defined, tortuous y-alumina mesoporous y-alumina mesoporous layers as indicated in
Scheme 1. Our strategy is to use two different precursors that promote the confinement of the
PI network in the ceramic support. The first precursor, bearing an amino-functional group, is
located at the top surface and pore entrance, while the second one, consisting of an anhydride-
functional group, is present on both the surface and within the mesopores of the y-alumina layer.
Indeed, the above functional groups induce a surface polyimidization reaction that controls the
location of the network formation either at the pore entrance or inside the y-alumina layer.
Furthermore, we show that by increasing the reaction time from 1 to 5 days, the membrane
performance was significantly improved due to increase in concentration of the polyimide
network into/on the mesoporous layer. To demonstrate the successful growth and confinement
of the polymer inside the mesoporous layer, a combination of different surface and pore
characterization techniques were employed. In addition, the nanoconfined PI-based membranes
were tested in different model mixtures where its potential as solvent-resistant nanofiltration
(NF) membrane was demonstrated. The concept described in this work, illustrates how a cross-
linked polyimide can grow in a nanoconfined space, such as the tortuous but defined mesopores
of our alumina membranes. This can be achieved by simply controlling the grafting of the

initiator for the surface-induced in-situ polymerization from the surface of the alumina support.



This approach can be expanded in other fields where controlled nanoconfinement of a

crosslinked crystalline polymer is desired for different applications.
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Scheme 1. Schematic illustration of the two fabrication routes, A and B, used for the
controlled nanoconfinement of the PI network in a tortuous but defined, rigid mesoporous y-
alumina layer matrix. Both routes originate from pre-functionalized supports with APTES
molecules (#=) grafted at the top surface of the support. In route A, a direct growth of the PI
takes place, between PMDA (@), MA () and the superficial amino-functionality, leading
to the formation of the PI network at the top surface and pores entrance. In route B, an

additional pre-functionalization of the APTES-modified support (top and pore surface) is



conducted with dianhydride (PMDA, @) molecules. Via this route, the subsequent PI

network formation is also extended (favored) inside the y-alumina mesopores.

RESULT AND DISCUSSION

Synthesis and characterization of the pre-functionalized y-alumina layer and
polyimide membranes. Our strategy to pre-functionalize supports and subsequently form the
polyimide (PI)-based membranes is presented in Scheme 1. The PI nanoconfined membranes
were prepared by the pre-functionalization of the mesoporous y-alumina layer with 3-
aminopropyl trimethoxysilane (APTES). A reliable vapor phase grafting procedure has been
developed by our research group to covalently attach APTES molecules at the pore surface of
the y-alumina layer. Indeed, carefully selecting the grafting conditions and a suitable pore
filling agent can lead to a homogeneous monolayer of APTES molecules without the problem
of homocondensation reactions occurring between the alkoxysilane linking group.?* The
primary amine group of APTES can react via a condensation reaction with the dianhydride
precursor of the PI network during the subsequent polyimidization reaction between
pyromellitic dianhydride (PMDA) and melamine (MA). This reaction should lead to the
covalent attachment of the polyimide network exclusively on the top surface and pore
entrance of the mesopores y-alumina- layer (Scheme 1, route A). Here, we employed a pore
blocking agent allowing us to graft only the top surface and pore entrance of the y-alumina
layer. Hence, we assume that the rapid PI network formation from the functionalized pore
entrance will limit the diffusion of monomers as well as any PI oligomer units formed in the
bulk solution into the pristine pores. In this way, a PI concentration gradient is induced along
the mesoporous layer with the highest concentration close to the pore entrance. To allow for
the PI network formation to occur also inside the mesopores of the support, samples were
modified in solution with only PMDA before the in-situ polycondensation (Scheme 1, route

B). Here, PMDA can react not only with the amino group of the grafted APTES molecules



but also with free hydroxyl groups at the inner pore surface of y-alumina layer.?’ Thus, the PI
network formation takes place uniformly from the whole surface, including pore entrance and

pore surface, of the mesoporous y-alumina layer.

Fourier transform infrared (FTIR) analysis was employed to demonstrate the pre-
functionalization of the mesoporous y-alumina layer. The spectra of the pristine y-alumina
layer and the layers pre-functionalized respectively with APTES (sample A) and
APTES+PMDA (sample B) are shown in Figure 1a. The FTIR spectrum of the pristine
mesoporous layer shows a broad band centered at 3420 cm™ which can be attributed to the
stretching vibration of adsorbed water and surface hydroxyl groups.*®*! Functionalization of
the y-alumina layer with APTES results in the appearance of primarily a broad band between
1180 and 970 cm™" which is associated with the formation of the Al-O-Si bond and confirms
the grafting of the APTES at the top surface and pore entrance. This finding is further
confirmed by the presence of the asymmetric and symmetric stretching vibration bands at
2927 and 2886 cm™' which can be attributed to the alkyl groups (-CHa-) of the grafted APTES
molecules. In addition, the sharp vibration band at 2974 cm™! (Figure S4) attributed to the
linking function (CH3-CH>0OSi) is not present in the spectrum of sample A, suggesting
complete hydrolysis of the functional group during the grafting reaction and thus confirms the
formation of the desired Si-O-Al bond again.?* In comparison with sample A, the
interpretation of the FTIR spectrum of sample B is more difficult due to the number of
absorption bands detected. Instead of attributing each vibration band, only the most important
ones are discussed here. The formation of the imide functional group and attachment of
PMDA is confirmed first by the vibration bands at 1787 and 1727 cm™!, ascribed to the C=0O
bond, and the band at 1365 cm™!, related to C-N-C bond. In addition, the anhydride group is
also apparent at 1856 cm™! which suggests either the partial reaction of PMDA with the

amino-functionalized support (A) and/or the presence of unreacted and physically adsorbed



PMDA on the ceramic support. The band at 2460 cm™" attributed to the carboxylate groups
(COO")*?in the sample is due to the formation of amic acid group or due to PMDA grafting at

the pore surface.?*?

Cyclohexane permporometry was used to study the effect of pre-functionalization on the
pore size distribution of the support. This dynamic characterization technique allows
measuring the pore diameter of active pores present in the pre-functionalized y-alumina layer.
The stepwise analysis will enable one to follow the change in pore diameter starting from the
pristine y-alumina layer and moving towards the functionalized samples (A and B in Figure
1b). The pristine y-alumina layer exhibits a mean pore diameter of ~5.5 nm and the support
pre-functionalized with APTES (sample A) shows no pore size diminution. This last result
differs from published reports where a pore shrinkage of 0.5 nm was observed, where no
glycerol or other pore-blocking agents were used.** This means that glycerol, used as the pore
blocking agent, has allowed us to control the grafting reaction and to functionalize only the
top surface of the y-alumina layer. However, subsequent functionalization with PMDA
(sample B) resulted in a significant reduction of the pore diameter. Compared to pristine y-
alumina and sample A, the oxygen permeation curve of sample B presented in Figure 1b
suggests that the pore opening occurs at low cyclohexane relative pressures during the
desorption step (= 0.1 instead of 0.4 P/Po). Considering the data acquired via cyclohexane
permporometry, we cannot determine the exact pore diameter since the Kelvin equation is not
valid due to the very unclear transition point obtained for this sample. Nevertheless, knowing
the limit of the measurement, which corresponds to the molecular diameter of cyclohexane (~
0.5 nm), one can assume that the pore diameter of the sample B must be lower than 1 nm.
Overall, the cyclohexane permporometry results indicate the presence of PMDA in the pores
of the y-alumina layer, which can be physically or chemically adsorbed at the pore entrance

and inner pore surface.
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Figure 1: (a) FTIR spectra of the pre-functionalized samples (A (red) and B (orange)) and
comparison with the pristine y-alumina layer (y-Al>Os) in the interval between 1000 and 4000
cm’!. (b) Oxygen permeance as function of the relative cyclohexane vapor pressure for the
pristine y-alumina layer, sample A and B. The oxygen flux is measured only through active
pores in the range of 2 — 50 nm. Using the Kelvin equation, the pore diameter distribution can
be estimated for the pristine y-alumina layer and the sample A as shown in Figure S19.
However, the pore diameter of B is below the molecular size of cyclohexane (condensable

liquid). Thus, pore size distribution cannot be estimated in this way.

As explained before, the attachment, growth and molecular confinement of the PI network
in the y-alumina layer was performed via two different approaches; firstly, by the direct
formation of the PI network from the pre-functionalized surface of sample A, where the
functional groups were at the top surface and pore entrance of the y-alumina layer and
secondly, from sample B, where the functional groups were located at the top and pore
surface of the y-alumina layer. FTIR analysis was performed on the nanoconfined PI
membranes to assess the spectroscopic characteristics of the network formed after in-situ

polymerization. Figure 2a displays the spectra of the four PI nanoconfined membrane samples
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(A-1/5 and B-1/5). All samples exhibit similar spectroscopic characteristics with minor
differences in the intensity of certain bands for the two different reaction times (1 and 5 days)
and both reaction routes. The two bands at ~1780 and ~1720 cm™! are ascribed to the C=0
bond of the imide and are more intense with longer reaction times for both routes. The bands
at 1565 and 1453 cm! are attributed to the stretching vibration of the triazine ring and appear
in all membranes.*>* The band at 1660 cm™ could indicate the presence of amic acid on the -
alumina layer. However, no other absorption bands confirm the presence of amide. To get a
better insight into this observation, the powders (I-1 and I-5) collected from the reaction
mixture were used to indirectly gain information on the nature of the material, confined in the
mesopores (Figure S13 and S14). The FTIR spectra of the powders, formed in the bulk
solution during in-situ polymerization of membrane samples, clearly show the formation of an
amino-terminated imide network. Hence, in-situ polymerization seems to promote imide
formation for both 1- and 5-days reaction time, without any indications of amic acid presence.
Finally, the band between 1390 and 1360 cm™ is ascribed to the absorption of the C-N-C
group.®>*’ Thus, leading to the conclusion that the FTIR analysis strongly suggests the
presence of a polyimide network in the y-alumina layer.

The high crystallinity of aromatic polyimides has been demonstrated in the literature by
powder X-ray diffraction (XRD) analysis.” In our work, no diffraction peaks corresponding to
crystalline aromatic polyimides could be detected in the membrane samples (Figure S15). The
XRD pattern obtained revealed the presence of the highly intense diffraction peaks of the a-
alumina macroporous support which can be explained by X-rays’ penetration depth (being
more than 3 um in the XRD configuration used). The absence of diffraction peaks correlated
with the y-alumina phase where the polyimide network is confined can be explained by the
nanosized nature of this layer. Kim et al.*® described a decrease in the diffraction peaks of the

a-alumina phase when different polyimide/a-alumina film composites were prepared using an
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amorphous polymer. Interestingly, the diffraction peaks of the a-alumina phase were identical
with our pristine support, thus suggesting either small amounts or even absence of the PI
network in the a-alumina pores. To shed more light into the confined network’s nature, XRD
analysis was conducted on the powder extracted from the bulk solution at the end of the
synthesis of the membranes. The powder XRD patterns between 5 — 50° 20 are provided in
Figure S16 for the powder samples obtained after 1 or 5 days of reaction times (denoted as I-1
and I-5). The analysis revealed the formation of polycrystalline materials with an amorphous
background observed in small proportion. Comparison of the diffractograms between samples
I-1 and I-5 show a clear relationship between increasing reaction time and improved
crystallinity, evidenced by the narrowing of the diffraction peaks and a decrease in the
baseline broadening. These results are corroborated by the scanning electron microscopy
(SEM) analysis of the powders (Figure S20) which also show changes in morphology as a
function of reaction time. The sample I-1 appeared to consist of a mixture of platelet
crystallites of several micrometer wide, cauliflower-like aggregates and clustered (random)
spherical porous phases (ranging from nanometers to micrometers in diameter). Increasing
reaction time led to the growth of a fascinating morphology consisting of defined flower-
shaped crystallites, as observed with sample I-5, decorated with smaller crystallites. Similar

results were obtained by Baumgartner et al.”*

who observed an “amorphous” baseline while
analyzing the produced polyimide crystalline samples under hydrothermal conditions, using
p-phenylendiamine and PMDA as monomers. Comparison with published records of
polyimide powders prepared using the same precursors (PMDA and MA) but under different
experimental conditions (temperature and solvent) shows different crystal structures. Li et
al. described the preparation of a PI powder between PMDA and MA below 200 °C leading

to a relatively amorphous material (two broad peaks between 10 and 50°), whereas at 200 °C

or above*” a semi-crystalline structure was observed. Thus, the powder XRD results provided
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here confirm that the organization of the material depends both on the temperature of the
polycondensation reaction and the reaction times. However, when the PI powder was treated
at 300 °C for several hours, a new diffraction peak at 44° was observed, which is possibly
related to degradation by-products. Thermal treatment of the PI powders at 400 °C, resulted in
almost complete loss of crystallinity and increase in intensity of the diffraction peak at 44°
(Figure S17). The observed thermal degradation evidenced by powder XRD, is also
corroborated by the thermogravimetric analysis (TGA) provided in Figure S18. A small
weight loss for both I-1 and I-5, 2.2% and 1.4%, respectively, occurred upon heating from
room temperature to 300°C. However, above 300 °C a significant weight loss occurs,
particularly for sample I-1. Thus, we can assume that the PI network remains stable at

temperatures below 300 °C, which is ideal for membrane applications.

It must be noted that the confinement of a polyimide network in the y-alumina layer should
lead to an enhancement of the physicochemical stability of the polyimide network as shown

by Isaacson et al.!”

Based on the powders’ crystallinity and morphology, one can assume that
the PI membrane samples exhibit similar structural characteristics as the polyimide powders.
If our assumptions are confirmed, it would mean that by simply varying the reaction time, we
can engineer the membrane’s micropores and thus enhance the membrane separation

performance. Therefore, it is crucial to look closer at the PI network inside the support and

well describe the nanoconfinement effect.

PI network nanoconfinement characteristics. A series of analytical techniques were
employed to investigate the influence of the supports’ pre-functionalization on the extend of
the PI nanoconfinement. First, water contact angle analysis was done on the PI nanoconfined
samples and the pristine support to evaluate (indirectly) the polymerization effect on the
support surface properties. The results are given in Figure 2b. Compared to the pristine layer,

which presents a water contact angle of 14° (disappears in 6 — 7 seconds) characterizing
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porous hydrophilic surface, the PI nanoconfined samples show an increased water contact
angle (40 — 65°). This observation suggests that the membrane surface is still hydrophilic
(water contact angles < 90°) but certainly less than the pristine support. Interestingly, different
water contact angles were obtained for the samples prepared via route A and B, respectively
63° (= 16°) and 54° (+ 5°) for the same reaction time (1 day). Nevertheless, with the increase
of the reaction time, a rise of 11° was measured for the samples prepared via route B, while a
decrease of 19° was measured for the samples made via route A. As for porous hydrophilic
surfaces, accurate estimation of a descending water contact angle is challenging. Still, the

difference observed between the two routes can be inherent to the pre-functionalization step.

Further investigation and comparison of the PI-nanoconfined membrane surface
morphology with that of the y-alumina layer was conducted by atomic force microscopy
(AFM) analysis, and the results are shown in Figure 2¢. From the average roughness profiles,
it is apparent that the surface morphology of the PI nanoconfined membranes changes with
increasing reaction time. Compared with the pristine y-alumina layer, polymerization for 1-
day, for both routes, does not seem to affect the surface roughness (~3 nm). Samples reacted
for 5 days, show only slight increase in surface roughness (~4 nm) with the A-5 samples
exhibiting larger differences in height on the surface than for B-5 (~3 nm) as shown in Figure
2c. The empirical information gained from water contact angle and AFM analyses postulate a
fundamental difference between the two routes, which becomes more prevalent after longer
reaction times. The influence of reaction conditions on the pore diameter of the Pl
nanoconfined membranes was investigated by means of cyclohexane permporometry. The
results are provided in Figure 2d. During the analysis, no oxygen permeation was measured at
low cyclohexane partial pressures (< 0.55), which indicates the presence of micropores (pore

diameter < 1.5 nm) or even of a dense sample. This suggests a pore diameter shrinkage of
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more than 4 nm. Indeed, the permporometry analysis demonstrates that the presence of the Pl

network affects the pore size of the mesoporous y-alumina layer.

All the results described above showed that the polymer network changes the morphology
of the surface only in a subtle manner. However, the pore sizes are significantly affected,
indicating either an ultrathin top layer or a confined polymer in the mesoporous layer. To
better understand this finding and to observe the PI network on the y-alumina layer directly,

we proceeded with HR-SEM analyses of the studied membrane samples.
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Figure 2: (a) FTIR analysis of the PI nanoconfined samples. The complete spectra between
4000 and 400 cm™! are provided in SI. (b) The water contact angle of the PI nanoconfined

samples. (c) AFM micrographs of the top surface of the PI nanoconfined samples and the
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pristine y-alumina layer. The line represents the averaged roughness profile of each sample.
(d) Oxygen permeation as a function of cyclohexane partial pressure of PI nanoconfined

membranes.

The top surface and cross-section High-Resolution SEM pictures of the PI nanoconfined
membranes are given in Figure 3a, together with photographs of the membrane samples.
Compared to the pristine y-alumina layer, which is naturally white (Figure S21), the PI
nanoconfined membrane samples appear to be substantially covered by the polymeric network
as denoted by the brownish coloration, typical for a polyimide material. Comparison of the
top-surface micrographs of membrane samples prepared by the two fabrication routes (A and
B) does not show any significant differences at first glance. One day of reaction leads to the
formation of small particles with a sheet-like structure visible on both A-1 and B-1 samples.
Increasing the reaction time to 5 days leads to the disappearance of the sheet structure,
suggesting the formation of a thin homogeneous layer. From the SEM analysis of PI powders
(Figure S20) we observed that the 5-day long reaction yields a clear platelet-like structure,
whereas the 1-day reaction results in a mixture of aggregates and crystallites. From the HR-
SEM analysis of the top surface of both A-1 and B-1 samples, one can observe similar sheet-
like structures. This indicates that the PI networks that are growing on the surface of the y-
alumina layer and those growing in the bulk solution exhibit similar characteristics. Hence,
we expect that the PI network growth, induced from the ceramic surface, will have a similar
morphology with smaller particles, mainly when infiltrated in the pores. Finally, it is expected
that such platelet-like particles should ensure good coverage of the support surface, as seen on

the micrographs of both A-5 and B-5 samples.

In comparison, the HR-SEM cross-sectional analysis of the membranes show a clear
difference between the two synthesis routes after 1 day of reaction. For the A-1 sample, the PI

network seems to be located at the y-alumina layer top surface. In contrast, for the B-1
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sample, infiltration of the PI network in the y-alumina layer could be observed. The samples
after 5 days of reaction time, respectively A-5 and B-5, also present extended infiltration of
the PI network in the y-alumina layer. This finding thus strongly indicates that longer reaction
times of polymerization on pre-functionalized y-alumina layers promoted the
nanoconfinement of the PI network in the 5 nm pores of the y-alumina layer. Evidently, the
difference between the membranes A-1 and B-1 suggests that the choice of pre-

functionalization can affect the extent of the PI nanoconfinement in the y-alumina layer.

In complement, energy-dispersive X-ray spectroscopy (EDS) analysis can offer qualitative
elemental information over a membrane’s cross-section (Figure 3b). By measuring the ratio of
carbon over aluminum along the cross-section of the different membrane samples, one can
define the influence of the preparation route, and indirectly the pre-functionalization steps on
the nanoconfinement of the PI network. Overall, the EDS analysis reveals that organic
(polymeric) material resides in the y-alumina layer. In route A, the network accumulates near
the pore entrance, whereas in route B (samples B-1 and B-5), a spread distribution of the PI
network inside the y-alumina layer was observed. These results thus clearly indicate a link
between the pre-functionalization step and the nanoconfinement of PI network inside the y-
alumina layer. On the hand, the reaction time merely affects the concentration of the

polymeric network.
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Figure 3: (a) Images of the PI nanoconfined membranes (left) accompanied with HR-SEM
micrographs of top surfaces (middle) and the cross-sections (right). (b) Evolution of
carbon/aluminum ratio (wt.% by EDS) along the membrane cross-section. The broken white

line denotes the limit between the y-alumina layer (left) and the a-alumina support (right).

In conclusion, by combining the knowledge gained from HR-SEM and EDS, we can assure
that the functionalization of the support promotes the growth of the PI network during
polymerization. Based on these results, a membrane formation mechanism was drawn
(Scheme 1). The membranes prepared via route A, thanks to the presence of the amino group
(APTES) at the top surface of the support, exhibit a higher concentration of PI near the pore
entrance. Alternatively, with route B, a homogeneous polymer distribution is observed
throughout the y-alumina layer, which is attributed to the functionalization of the inner pore
surface with anhydride functional groups (PMDA). These differences in membrane

architecture can significantly affect their membrane performance due to an increase in the
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thickness of the separating layer, as schematically shown in Scheme 1. Additionally, longer
reaction times lead to higher concentrations of polymer inside the y-alumina layer, which
could potentially promote formation of smaller pore diameters, and thus better separation
performance. To confirm our interpretation from the HR-SEM and EDS analysis, a series of
membrane separation tests have been performed with model water solutions described

hereafter.

PI nanoconfined membranes performance. The PI nanoconfined membranes were tested
first in aqueous solutions of Brilliant Yellow (BY, 625 g mol™!) or Rhodamine B (RB,
479 g mol!) and compared with the pristine y-alumina layer. The retention and water
permeability results are summarized in Figure 4. All four PI nanoconfined membranes show
retentions above 90% of BY (627 g mol™!) in water, which is a significant increase compared
to the pristine y-alumina layer (76%). However, with Rhodamine B (RB, 479 g mol '), the
retentions for the A-1 and B-1 samples were between 70-80%. With increasing the
polyimidization reaction time, the membranes (A-5 and B-5) show RB retentions well over
90%. This can be attributed to increasing PI concentration in the pores of the y-alumina layer.
Compared with the pristine y-alumina layer (14% retention for RB), the separation
performance of the PI nanoconfined membranes thus displays a significant improvement.
These results also suggest that, despite this increase in concentration of the polymeric network
in the tortuous mesopores, there are still many open pores that are either smaller than the
Rhodamine B molecule (sieving effect) or are small and charged (Donnan effect) and thus

have a direct influence on the separation performance of the membranes.
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Figure 4: (a) Water permeability of the PI nanoconfined membranes and the pristine layer (y-
Al>0O3). (b) Retention of Brilliant Yellow (BY) and Rhodamine B in water for PI
nanoconfined membranes and the pristine layer (y-Al2Os3). Each test was repeated 3 times (the
presented permeation and retention is an average and the errors refer to the standard deviation
from the average value of 3 samples). (c) Performance of A-5 and B-5 samples in different

solvents. (d) RB retention in different solvents for A-5 and B-5 samples.

The water permeability results, on the other hand, suggest a clear difference between route

A and B, particularly for samples treated for 5 days. It is evidenced from the increase in RB
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retention for sample A-5, compared to A-1 that for route A the polymer amount in y-alumina
pores is increasing and hence the pore is shrunk significantly. However, since the water
permeability for A-5 remains comparable to that of A-1, this can be regarded as an indication
that the polymer concentration is only increasing at the pore entrance, leading to thin selective
barriers. For sample B-5, the RB retention is also increasing, compared to B-1, however here
decreasing permeability is suggesting a thicker selective barrier. These preliminary results
indicate that the polymer concentration is increasing with increasing reaction time (A-5 and
B-5), but the location where the polymer concentration is increased depends on the pre-
functionalization of the support. This means that for route A the polymer grows only at the
top surface and pore entrance, positively influencing the retention of the membrane but
leaving, evidently, unaffected the water permeability. On the other hand, for route B the
polymer grows in the whole or part of the y-alumina layer, as also indicated by EDS analysis.
Hence, from this series of water permeation tests accompanied with permporometry,
HR-SEM and EDS analyses we have clearly evidenced that in the synthesis of PI
nanoconfined membranes, the pre-functionalization step controls the extent of polymerization

inside the mesoporous support.

Sample A-5 was also tested for 5 days in RB/water solution to assess the stability of the PI
nanoconfined ceramic membranes. The results are provided in Figure S27. As shown, the RB
retention remains stable at approximately 98-99%. Furthermore, the water flux increases
slightly after the first day (from 8 to 10 L m h™'), but remains relatively stable in the following
4 days. Therefore, this preliminary result shows that the method used to prepare the PI

nanoconfined membranes results in relatively stable membranes.

The two membranes showing the best rejection, the B-5 and A-5 samples, were
subsequently tested in different solvents containing RB. The results for the solvent
permeability and RB retention in solvents are given in Figure 4c and b, accordingly. Three
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different organic solvents were selected based on their polarity; ethanol, DMF and 1,4-
dioxane with polarity values of 0.654, 0.386, and 0.164 respectively. Indeed, by testing the
membranes in different liquid media, we gain more insight into the membrane layer’s
properties. As shown in Figure 4c, the membranes perform well in all solvents. Only in
ethanol, the retention performance of the PI nanoconfined membranes is lower than 90%
(79% for B-5 and 83% for A-5). The results can be attributed to the nature and solubility of
RB in different solvents. According to Hinckley et al.,*! RB in a solution can be present in
two forms, the lactone (L) and the zwitterionic (Z) form, which are in equilibrium, and the
most dominant form depends on the solvent. Hinckley et al.*! showed that the ratio
zwitterionic:lactone (charged:neutral) in water (Z:L = 4.4) and formamide (Z:L = 7.67) is
higher than in ethanol (Z:L = 2.4). Since ethanol favors the neutral form of RB, compared to
water and DMF, we expect that the zwitterion rejection might be related to ionic repulsions

between the membrane and the solute. Thus, leading to slightly lower rejections in ethanol.

In 1,4-dioxane, probably a different mechanism is at play. The solubility of RB in 1,4-
dioxane is significantly lower than in ethanol, DMF or water. In this regard, the solvent is
expected to have a much higher preference to the polymer (PI) than to the solute, leading to
high retentions observed experimentally for the studied systems. These tests suggest that the
PI network confined in the y-alumina layer could be slightly charged since RB retentions are
the best in water and DMF, where the zwitterionic form is dominant. The charge could
originate either form the presence of primary terminal amines, which is also suggested from
the FTIR analysis, and the monomer ratio used during membrane preparation. As such, we
propose that by adjusting in-situ polymerization conditions, such as monomer ratio, one can

tune the final membrane properties.

To conclude, a comparison between different membranes from literature with the A-5

membrane samples is shown in Figure 5. Evidently, A-5 is a potentially interesting membrane
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with permeabilities in different solvents between 1 and 1.6 L m 2 h™! bar ! and retentions in
the NF range (469 g mol!). However, since the water permeability of the pristine y-alumina
supported on a-alumina (4 —5 L m 2 h™! bar™!) is relatively low, we expect that utilizing
supports with thinner intermediate layer, for example of nanometer thickness, as well as an a-
alumina support with larger pore diameters and higher porosities can potentially improve the

membrane performance even further.

@ TE/y-alumina (Water, 479 Da)2* @ PEG/y-Alumina (EtOH, 457 Da)*2
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Figure 5: Comparison of the best performing membrane from this work (A-5) with other
membranes reported in the literature (Solvents and Mw of dyes studied are given in
brackets).?**>** Membrane A-5 was tested in different solvents, including water, IPA, EtOH,
DMF and dioxane, with RB (479 Da) as solute to ensure a good comparison with literature.
The membranes used in this figure are similar in terms of the support or the membrane layer

used.

CONCLUSIONS
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In this work, PI networks were confined in mesoporous inorganic layers by top or inner-
pore surface-induced polyimidization. By pre-functionalizing of the top surface of the
support, the polymeric network was confined at the top and entrance of the pores. Inner pore
surface functionalization led to a homogeneous polymer distribution throughout the
functionalized ceramic layer. The two monomers employed, MA and PMDA, allowed for
forming a cross-linked and thus chemically resistant PI network inside the top layer of the
ceramic support. By tuning the reaction time, we showed that the nanoconfinement of the
polymer could also be effectively tuned. All these membranes were scrutinized through a
series of characterization techniques, including SEM, FTIR, and pore diameter measurements,
to demonstrate the influence of the applied methodology on their structure and final
physicochemical properties. The as-prepared PI nanoconfined membranes showed attractive
separation performance with good retentions of Rhodamine B (479 g mol™!) in water and
different organic solvents. At this moment, we do not foresee how to measure the resulting
molecular weight that we expect to be very small, but this will be the object of further

research using Molecular Dynamic simulation.

The principal asset of the work presented here relies on a demonstration of a method,
allowing to control the polymerization of a cross-linked polymer inside the confined space of
the 5.5 nm pores of the y-alumina layer for the preparation of hybrid NF membranes. This
work is a forerunner for confining polymers in nanoporous substrates and regulating the
location of the polymer growth. We assume that this method can be used to grow polymers
with even higher chemical resistance, such as polybenzimidazoles by using a similar
preparation method as for polyimides. Furthermore, this method can be advantageously used
as a tool in other fields to confine cross-linked polymers with low processability inside rigid
supports to form for example low density, high strength, and thermal conductive

nanocomposites for microelectronic insulation*>*’ or for anticorrosion coatings.*®
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METHODS

Materials. Solvents ethanol (technical grade > 95%), anisole (>99%, Merck, NL), N-
methyl-2-pyrrolidone (NMP) (>99%, anhydrous, Merck, NL), mesitylene (>99%, Acros
Organics, NL), isoquinoline (95%, TCI, Europe), acetone (technical grade, > 95%), 1.,4-
dioxane (anhydrous, Sigma Aldrich, NL), dimethylformamide (> 99%, Sigma Aldrich, NL)
and ethanol (analytical grade, Merck, NL) were used as received. Water was purified through
a Milli-Q™ Reference Water Purification System. Glycerol (anhydrous, Merck, NL), 3-
aminopropyl triethoxysilane (>98%, Sigma Aldrich, NL), pyromellitic dianhydride (PMDA)
(97%, Sigma Aldrich, NL), melamine (MA) (99%, Sigma Aldrich, NL), Brilliant Yellow
(70%, Sigma Aldrich, NL), Rhodamine B (> 99%, Merck, NL) were used as received. The
chemical structures and abbreviations can be found in Figure S1 of the Supporting

Information (SI).

Support fabrication. The a-alumina (a-Al2O3 > 99 %) flat-sheet substrates (disc: diameter
21 mm, thickness 2 mm, 80 nm pore diameter) with one polished side were purchased from
Pervatech B.V., the Netherlands. The polished side was dip-coated with a boehmite sol
(prepared in-house) and subsequently calcined at 650 °C for 3 h to form a y-alumina layer of
1.5 pm in total thickness and 5.5 nm mean pore diameter. Further details for the fabrication of
the y-alumina layer can be found elsewhere.?>*** The calcined supports were washed by
immersion in a 2:1 v/v water/ethanol solution for at least 8h, at room temperature and then

dried over-night, in a vacuum oven at 50 °C.

Pre-functionalization of the top surface and pore entrance. The y-alumina layer was
first filled with 1-2 mL of glycerol by rubbing the viscous liquid onto the surface and letting it
soak for > 10 min. The top surface of the substrate was dabbed clean with a fiber-less tissue.

Then, 21 pl of 3-aminopropyl trimethoxysilane (APTES) was dissolved in anisole
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(anhydrous) and transferred into a reaction vessel with the glycerol filled y-alumina layer
suspended above the solution. The solution was heated to 105 °C for 3h in a sealed vessel.
After grafting, the functionalized porous support was washed with 20 mL anisole for 1h and
20 ml of water for 20 min under sonication and dried overnight at 50°C under vacuum.

Amino-functionalized supports, obtained at this stage, were denoted as A.

Pre-functionalization of the y-alumina layer’s inner pore surface. Under inert
atmosphere in a 50 mL reaction vessel charged with 40 mg (0.18 mmol) of PMDA, 20 mL of
mesitylene were added and stirred for 1-2 min. A sample was then immersed in the solution
and the mixture was heated to 160 °C over-night. The mixture was cooled to room
temperature and the sample was washed with n-methyl-2-pyrrolidone (NMP) and acetone in a
sonicated bath for 30 min. Finally, the sample (denoted as B) was dried in a vacuum oven at

50 °C over-night.

Pore surface-induced polyimidization reaction. In a 50 mL reaction vessel 530 mg
(2.43 mmol) of PMDA and 260 mg (2.06 mmol) MA were added. Under inert atmosphere 9
mL of anhydrous NMP, 9 mL of mesitylene and 0.9 mL of isoquinoline were added in the
reaction vessel and stirred for few minutes. Afterwards, the pre-functionalized sample (A or
B) was added in the mixture and was heated to 200 °C for either 1 or 5 days. After the
reaction was completed, the dark brown mixture was cooled to room temperature, and the
membrane was removed from the solution and washed with 20 mL of NMP in a sonicated
bath for 1h. Then, the membrane was immersed in 20 mL of fresh NMP and left for 3 days at
room temperature to remove unreacted monomers or ungrafted polymer. Finally, the
membrane was sonicated in 20 mL of acetone and dried in a vacuum oven at 50 °C over-
night. Membrane samples prepared via route A (Scheme 1) are denoted as A-1 and A-5 (or A-
1/5) respectively for 1 and 5 days of reaction. Samples prepared via route B (Scheme 1) are

denoted as B-1 and B-5 (or B-1/5).
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After the preparation of each membrane, the remaining reaction solution was collected and
filtered under vacuum to yield a dark brown powder. These powders were then washed with
50 mL of NMP and 50 mL of acetone. Finally, the powders were dried in a vacuum oven at
50 °C over-night. Powder samples collected from the solution are denoted as I-1 and I-5.
Detailed information on the spectroscopic characterization of the PI powders can be found in

the SL

Material Characterization. Fourier Transform Infrared spectroscopy (FTIR) measurements
on both membrane and powder samples were done using a Perkin Elmer UATR Spectrum
Two. Wavenumbers between 4000 and 550 cm™ were scanned in reflectance mode at a
resolution of 4 cm™ for a minimum of 16 scans. Powder X-ray diffraction (XRD) patterns
were recorded using a PANanalytical X Pert PRO diffractometer at the wavelength of Cu Ka
(L =1.5405 A) (X-ray power: 40 kV, 40 mA) in Bragg-Brentano scanning mode. The
program scanned angles (20) from 5 to 55 © with a 0.026° step and a step time of 158s.
Scanning electron microscopy (SEM) images of powder and membrane samples and energy-
dispersive X-ray spectroscopy (EDS) were obtained using a JEOL JSM-6010LA scanning
electron microscope using an accelerating voltage of 5 kV. SEM samples were sputtered with
5 nm of palladium/platinum layer to avoid sample charging. High resolution scanning
electron microscopy (HR-SEM) micrographs of membrane samples were obtained with a
Hitachi S-4800 field-emission scanning electron microscope (Japan) using an accelerating
voltage of 2 kV. Samples were metallized with platinum to favor charge release. The change
in pore diameter of the membrane samples was determined by permporometry using
cyclohexane as condensable vapor. The experimental procedure is described in detail
elsewhere.*® Water contact angles were measured using the sessile drop method, with 2 uL

drops of Milli-Q water. Atomic force microscopy (AFM) imaging was carried out in
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intermittent-contact mode in air with AFM instrument Bruker Dimension ICON. The average

roughness profile of the samples was determined by imaging 1 pm? of each sample.

Membrane performance. Permeability and retention data were collected with a custom-
made, dead-end filtration setup, connected via a pressure regulator valve to a nitrogen tank for
pressurizing the solutions. Permeability (L m™h™ bar!) is expressed as the flux (L h™!) of
water or a solvent across a membrane per unit of driving force, per square meter of exposed
membrane area (2.4 cm?). Flux data were collected by weighing the mass of permeate at four-
time intervals, while permeability was determined from flux data at three applied
transmembrane pressures between 8 and 20 bar, by taking the slope of a linear fit of the
collected flux data. All slopes were found to be linear unless otherwise noted. Retentions (R)
of Brilliant Yellow (BY, Mw = 624.55 g mol’!, 50 ppm), Rhodamine B (RB, Mw =479.02 g

mol!, 50 ppm) were calculated with the equation:

RZI—Cp/Cf (1)

where ¢p and cr are the permeate and feed solute concentrations, respectively. Retention
samples were obtained at recoveries between 35 and 50%. The dye adsorption during

retention measurements was calculated with equation:

MAdS = Mf - MR +Mp (2)

where, Mags 1s the amount of dye adsorbed on each membrane, My is the total amount of
dye used at the beginning of each separation test (feed solution), Mg is the amount of dye in
the retentate and M, is the amount of dye in the permeate. In all cases, the dye concentration
of BY and RB was increased in the retentate to account for limited adsorption of 2 — 3% for
the PI nanoconfined ceramic membranes. Solute concentrations of BY and RB were

calculated from Perkin-Elmer A12 UV-Vis spectrophotometer results at the characteristic
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wavelength of 401.5 (BY), 543 (RB/water), 554 (RB/water and RB/1,4-dioxane) and 560

(RB/DMF) nm.
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