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Melamine-Based Microporous Organic Framework Thin
Films on an Alumina Membrane for High-Flux Organic

Solvent Nanofiltration

Mohammad Amirilargani,*™ Giovana N. Yokota,® Gijs H. Vermeij,”’ Renaud B. Merlet,
Guusje Delen," Laurens D. B. Mandemaker,"” Bert M. Weckhuysen,™ Louis Winnubst,™
Arian Nijmeijer,” Louis C. P. M. de Smet,** " and Ernst J. R. Sudhélter*®

Microporous polymer frameworks have attracted considerable
attention to make novel separation layers owing to their
highly porous structure, high permeability, and excellent mo-
lecular separation. This study concerns the fabrication and
properties of thin melamine-based microporous polymer net-
works with a layer thickness of around 400 nm, supported on
an a-alumina support and their potential use in organic sol-
vent nanofiltration. The modified membranes show excellent
solvent purification performances, such as n-heptane perme-
ability as high as 9.2 Lm~>h~"bar ~' in combination with a very
high rejection of approximately 99 % for organic dyes with mo-
lecular weight of >457 Da. These values are higher than for
the majority of the state-of-the-art membranes. The mem-
branes further exhibit outstanding long-term operation stabili-
ty. This work significantly expands the possibilities of using ce-
ramic membranes in organic solvent nanofiltration.

Purification of organic solvents has received much attention,
owing to increasing environmental concerns and the search
for cleaner and more energy-efficient processes."”’ Organic sol-
vent nanofiltration (OSN) is an energy-efficient, membrane-
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based separation process with a high potential to be em-
ployed in a wide range of applications.” However, the devel-
opment of high-performance OSN processes remains challeng-
ing. Despite the satisfactory rejection by OSN membranes re-
ported to date, most of them have relatively low solvent per-
meabilities. Reduction of the selective layer thickness is an ob-
vious means of enhancing the solvent permeability. Such a
path length reduction has been applied to graphene-based
membranes,"“¥ bilayer polyelectrolyte membranes,” and inter-
facially polymerized polyamide membranes,™ all resulting in a
significant increase in solvent permeation.

Membranes with molecular sieving properties, originating
from the presence of well-ordered and tunable pores are at-
tractive candidates for OSN where high molecular size selectivi-
ty for rejection in combination with high solvent permeation is
required.® Microporous materials, such as metal-organic
frameworks (MOFs),>”! zeolites,® and graphene,"“* are well-
known molecular sieve materials, showing high permeability
and selectivity. Recently, a wide range of porous all-organic
frameworks have become of interest for investigations in
membrane applications. Among these are the porous organic
frameworks (POFs),"” crystalline covalent organic frameworks
(COFs),>" covalent triazine frameworks (CTFs),"? polymers of
intrinsic microporosity (PIMs),"™® porous aromatic frameworks
(PAFs)"™ and  amorphous hyper-crosslinked  polymers
(AHCPs)."™ The use of POFs has recently received tremendous
attention in the field of molecular sieving membranes."® Poly-
condensation of melamine and aromatic bis-aldehydes results
in the formation of a microporous polymer network of aminal
bonds."” Schiff-base-based POFs were found to be chemically
stable in polar and nonpolar organic solvents, in aqueous solu-
tion with a wide range of pH (2.0-13.0), and even under ex-
treme harsh conditions, like boiling water."® Interestingly, re-
cently developed POFs made from melamine and terephthal-
dehyde, having a mean pore diameter of approximately 5 A,
have shown very good properties for nanofiltration™ and gas
separation applications."

Herein we report the direct formation of a thin POF layer
supported by an a-alumina ceramic membrane. The a-alumina,
with an average pore diameter of 80 nm, was first modified
with 3-aminopropyl trimethoxy silane (APTES), to promote co-
valent linkage of the in situ-prepared POF in the subsequent
step (Figure 1). In more detail, this step involves a polyconden-
sation on top of the amine-functionalized a-alumina mem-
brane using melamine and terephthaldehyde (i.e., benzene

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0003-3511-4326
http://orcid.org/0000-0003-3511-4326
https://doi.org/10.1002/cssc.201902341

.@‘* ChemPubSoc
Brerlf Europe

(a)

100 °C, 2h

180°C, 72h

Figure 1. a) Grafting of APTES onto the a-alumina membrane. b) In situ syn-
thesis of melamine-terephthaldehyde microporous polymer networks (MT
POF) on the APTES-modified a-alumina membrane. Molecules 1, 2, and 3
are APTES, terephthaldehyde and melamine, respectively.

1,4-dicarboxaldehyde) to make a melamine-terephthaldehyde
(MT) POF thin film. To study the effect of the bis-aldehyde’s
structure on the morphology and performance of the thin
membrane, we also used iso-phthaldehyde (i.e. benzene 1,3-di-
carboxaldehyde) as a POF building block to synthesize a mela-
mine-iso-phthaldehyde (MI) POF thin film. The polycondensa-
tion reaction resulted in a light yellow coloration of the a-alu-
mina membrane, which remained after thoroughly washing
with THF and acetone (Figure 2a).

Next, the POF-modified membranes were investigated by
both surface and cross-sectional field-emission scanning elec-
tron microscopy (FESEM) and compared to the images ob-
tained from the unmodified, bare membranes. For the unmodi-
fied a-alumina membrane, the FESEM image of the surface
(Figure 2b) shows the typical surface morphology, reflecting
closely packed micro-sized a-alumina particles, while it can be
clearly seen that the membrane surface morphology changed
upon the POF-formation. The cross-sectional images (Fig-
ure 2¢,d) show a thin “blanket” of the MT POF, with a thickness
of around 400 nm. For the membranes modified with Ml POFs,
the cross-sectional FESEM image displays a similar morphology
and a thickness of around 450 nm.

To learn more about the (network) structure of the synthe-
sized POF layer, the MT POF-modified a-alumina membranes
were also characterized by an emerging tip-sensed AFM-IR
technology, namely, photo-induced force microscopy (PiFM). In
PiFM-IR, a pulsed laser source induces a dipole in the POF
layer and consequently a mirror dipole is induced in the AFM
tip, which is translated into FT-IR spectral data.”” Details on
the experimental approaches used can be found in the Sup-
porting Information.

The 3D surface morphology of the MT POF-modified a-alu-
mina membrane shows a rather dense structure of the mem-
brane surface, whereas the POF particles are clearly visible at
the surface (Figure 2f). We randomly chose five points at the
surface for FT-IR analysis (Figure 2g). The obtained FT-IR spec-
tra all manifest two strong bands at 1480 and 1542 cm’,
which are attributed to the semicircle and quadrant stretching
of the triazine ring in the POF structure, respectively. These
peaks are similar to those from the FT-IR analysis of the MT
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Figure 2. a) Photographs of unmodified and MT POF-modified a-alumina
membranes. b) Surface FESEM image of unmodified membrane. ¢) Low-mag-
nification cross-section FESEM image, d) high-magnification cross-section
FESEM image, e) surface FESEM, f) 3D AFM surface image, g) Surface FT-IR
analysis, and h) FT-IR image of MT POF-modified a-alumina membrane.

POF powders (see the Supporting Information, Figure S4), indi-
cating a certain level of similarity in the chemical structure of
the POF films and the collected POF powders. As can be seen
in the FT-IR map taken at 1542 cm™, as well as the point analy-
sis (Figure 2h), the POF thin film is homogeneously dispersed
at the surface of the a-alumina support.

Once the presence of the thin MT-POF films was confirmed,
their solvent stability is among the most important factors
having a crucial impact as it can cause severe swelling or even
dissolution of the membrane materials, resulting in loss of sep-
aration performance. Therefore, we examined the stability of
the POF powders when dispersed in toluene and n-heptane
for a period of up to four weeks. Since no changes from the
FT-IR spectra were observed in this time (Figure S4), we con-
clude that these POFs are stable in contact with these sol-
vents.

From N, adsorption-desorption experiments on the POF
powders, the BET surface was determined to be 520 m?g™~' for
the MT POF and 598 m?g~' for MI POF. By using a nonlocal
density functional theory (NL-DFT) method, pore diameters of

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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approximately 5 and 4 A were calculated for the corresponding
POFs (Figure S5), indicating their microporous structures.

To date there has been little success in making membranes
that show high solvent permeability in combination with high
solute rejection for nonpolar organic solvents, such as toluene
and n-heptane. These solvents have tremendous applications
and are therefore ideal choices for OSN performance tests
using different molecular weight dyes.”” We have investigated
OSN performance of the MT and MI POF-modified a-alumina
membranes using a solution of toluene and n-heptane con-
taining 20 mgL~' Sudan Red 7B (M,,= 379 Da), Solvent Green 3
(My =418 Da), Sudan Black B (M,y,=456 Da) and Bromothymol
Blue (M,,=624 Da; Figure S7 and Table S1).

The results of the measured rejection of organic dyes and
the solvent permeability are shown in Figure 3. For the MT and
MI POF-modified a-alumina membranes with toluene as the
solvent, a solute rejection of >90% was found for Solvent
Green 3, Sudan BlackB, and Bromothymol Blue, whereas
Sudan Red 7B shows a rejection of around 50%. With n-hep-
tane as the solvent, the results were very similar, although the
rejections for Solvent Green 3 and Sudan Red 7B were some-
what lower. In both cases, the solvent permeability remains
high (i.e., 6-8 Lm™2h~'bar™"). For n-heptane, the permeability
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Figure 3. Solvent permeability (columns) and solute rejection (red markers)
for MT and MI POF-modified a-alumina membranes in (a) toluene and (b) n-
heptane.
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was always a few percent higher than for toluene (Figure 3),
which can be attributed to the difference in the solvent dy-
namic viscosity (0.37 MPas and 0.59 MPas for n-heptane and
toluene, respectively) and their kinetic diameters (4.3 A?? and
5.8 A, respectively).

From Figure 3 it can also be clearly seen that the solvent
permeability found for the Ml POF-modified a-alumina mem-
branes is lower than that for the MT POF-modified a-alumina
membranes. This is attributed to a roughly 50 nm thicker layer
of MI POF compared with that of MT POF and the somewhat
denser structure of the Ml POF-modified a-alumina membrane
(Figure S6). Both POF-modified membranes show very high re-
jections (>90%) of solute molecules of a M,,>418 Da in tolu-
ene, whereas the rejections in n-heptane of Solvent Green 3,
with a My, of 418 Da, are 86 and 89% for MT and MI POFs-
modified a-alumina membranes, respectively. It is important to
note that the pore sizes of the POF-modified membranes are
expected to be lower than the size of a Solvent Green 3 mole-
cule. Unfortunately, effective solute diameters, which can be
calculated in different ways, are not always accessible. For ex-
ample, to calculate the Stokes diameter, the solute diffusivity
in each solvent is needed.?” Nevertheless, from the solute mo-
lecular weight point of view, our results signify that the molec-
ular weight cut-off (MWCO) of our membranes is around
460 Da.

The long-term stability of the MT membrane was character-
ized by measuring the toluene and n-heptane permeability
and Bromothymol Blue rejection (Figure 4). Both remained
constant during 12 h of measurement, indicating high solvent
stability for the POF membranes for this system.

Finally, we compared our new MT POF-modified a-alumina
membranes for separation of Sudan Black B from toluene and
n-heptane with reported functionalized ceramic membranes
and the commercially available polymeric STARMEM 122 mem-
branes. For all these systems, the observed rejections were
plotted against their respective permeabilities (Figure 5). The
rejection and permeability properties of our system are excep-
tionally high compared to those of the other systems. This is a
direct consequence of the thickness of only 380 nm of the POF
layer on the a-alumina supporting membrane of thickness of
2 mm. The other modified ceramic membranes, such as those
shown in Figure 5, are all based on a 3-5 um thick layer of -
alumina modified with different functionalization agents on a
2 mm porous a-alumina layer. In other words, our layers are
about 10 times thinner.

In summary, we have reported a facile and efficient mem-
brane modification approach to develop a continuous and
defect-free melamine-based microporous organic framework
selective layer for OSN applications. Because of the formation
of such thin layers (only 360 nm thick), the obtained mem-
branes showed a much higher organic solvent permeability
than other state-of-the-art ceramic membranes. A maximum
toluene permeability of 7.8 Lm~2h~'bar™' was obtained with a
MT membrane, the permeability of which is roughly 2.5 times
higher than that of the best reported ceramic membranes. In
addition, owing to their microporosity, the POF membranes
showed excellent rejection values for the organic dyes with a

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Comparison of the OSN performance for the separation of Sudan
Black B of MT POF-modified a-alumina membrane with state-of-the-art ce-
ramic and commercially polymeric ATARMEM 122 membranes (for details,
see Table S2).

M,,>418 Da. Furthermore, the POF membranes showed excel-
lent solvent stability with no change in solvent permeation
and solute rejection after 12 h of continuous solvent filtration.

Given their superior performance coupled with high solvent
stability, the use of POF membranes on an alumina substrate is
an attractive choice for purification of nonpolar organic sol-
vents where most of the investigated polymeric membranes
failed. Furthermore, as the library of building blocks for (func-
tionalized) organic frameworks is vast and continuously in-
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creasing, the tunability of such systems is expected to further
increase, paving the way for a wider integration of these
frameworks in the field of high-performance OSN applications,
addressing various molecular separations.
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Let’'s make it thin: High-flux organic
solvent nanofiltration membranes with
enhanced separation performance are
manufactured by fabricating a thin layer
of microporous polymer networks com-
posed of melamine and bis-aldehyde on
top of an a-alumina ceramic support.
The long-term operation stability of the
developed membrane is assessed and
compared with state-of-the-art mem-
branes, thereby confirming its superior
behavior.
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