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To the best of our knowledge, for the first time MIL-53(Al) and NH,-
MIL-53(Al) modified a-alumina membranes are investigated for the
adsorption of organic dyes from organic solvents. These new,
modified membranes show excellent adsorption of high concen-
trations of Rose Bengal dye in methanol and isopropanol solutions.

Purification of non-aqueous mixtures has recently received
much attention due to increased environmental concerns and
the search for cleaner and more energy-efficient processes.'™
Adsorption processes are key in many chemical industries due
to their feasibility, ease of operation and high efficiency. Metal
organic frameworks (MOFs) have emerged as a new class of
materials due to their special structures, tunable properties and
broad range of applications.” MOFs are a class of crystalline
open structures composed of inorganic units of metal ions or
metal clusters as nodes and organic ligands as linkers with
potential controllable molecular sieving properties in gas and
liquid separations,”™® owing to the relatively facile tunability of
their pore size and pore structure.’'® Among different MOFs, the
MIL-53 series (MIL stands for Matériaux de I'Institut Lavoisier)
have been considered as promising porous materials for organic
dye separation."** MIL-53 materials represent metal hydroxy-
terephthalates and are formed from trans bridging of corner-sharing
Me**0,(OH), octahedra, bridged by 1,4-benzenedicarboxylate
linkers."* They possess a three-dimensional skeleton structure
with large pores ca. 0.85 nm in diameter and belong to the class
of the so-called breathing MOFs, ie. they switch reversibly
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between large-pore (Ip) and narrow-pore (np) configurations
upon adsorption and thermal or mechanical stimuli.’*™® For
instance, the pore configuration of NH,-MIL-53(Al) changes
from its np form (pore window area ~3.4 x 16.0 A% at low
CO, pressure to its Ip form (pore window area ~ 8.5 x 12.0 A?)
upon increasing CO, pressure.'’ Most of the research applying
MIL-53 for organic dye separation, has tended to focus only on
their sieving properties, which do significantly improve the
performance for dye separation from organic solvents via the
organic solvent nanofiltration (OSN) process. Although exten-
sive research has been carried out on the adsorption capacity of
MOFs in aqueous media,"®*° only little attention has been paid
to their adsorption capacities in organic media. This study
therefore sets out to assess the MOF adsorption ability for dye
removal from organic solvents.

Based on the above-mentioned considerations, we report
now a unique morphology obtained for MIL-53(Al) and NH,-
MIL-53(Al) directly synthesized on o-alumina membranes,
resulting in excellent performance in terms of separating an
organic dye, namely Rose Bengal (RB), from methanol solutions
at an extremely high concentration of 200 mg L.

To the best of our knowledge, this is the first example of a
MOF-based membrane adsorber successfully used for highly
efficient removal of a hazardous organic dye from organic
solvents. This provides a useful system for a wide range of
potential applications, including solvent extraction in the
pharmaceutical and bio industries. In our method of prepara-
tion, we have used the reactive seeding method, in which the
a-alumina support works as an inorganic source of aluminium
ions that react with the added organic linker to form a seed
layer. Next, MOFs were formed on top of this seed layer by
further reaction with added aluminium ions and the organic
linker (S1.3 and S1.4, ESIY).

The field-emission scanning electron microscopy (FE-SEM)
surface images of the bare and MOF-modified a-alumina are
shown in Fig. 1, clearly showing the unique structures of MIL-
53(Al) and NH,-MIL-53(Al). The MIL-53(Al) layer is formed by
closely packed submicron particles, while the NH,-MIL-53(Al)
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Fig.1 Low and high magnification FE-SEM surface images of (a and b)
a-alumina, (c and d) MIL-53(Al) and (e and f) NH,-MIL-53(Al) membranes.

layer is formed by rather dense and compact packed submicron
particles. In addition, Fig. 1d and f show two different orienta-
tions of particles grown from the surface.

Furthermore, the MIL-53(Al) layer does not show any pre-
ferred growth direction, while the NH,-MIL-53(Al) layer is
formed by numerous layers of MOFs grown in a layer-by-layer
fashion (Fig. 1f and Fig. S1, ESIt). These differences may
be attributed to the different synthesis temperatures that were
applied for MIL-53(Al) (160 °C) and NH,-MIL-53 (80 °C).
A higher temperature speeds up the crystal growth rate, resulting
in larger crystallites.”’ Both MIL-53(Al) and NH,-MIL-53(Al)
layers were well adhered to the a-alumina support, where the
MIL-53(Al) layer is almost 3x thicker compared to the NH,-MIL-
53(Al) layer (Fig. 2). This is in line with the faster crystallization at
higher temperature.

The crystal structures obtained from the MOF powders
isolated from the bottom of the autoclave and the MOFs
synthesized on the alumina membranes were determined by
X-ray diffraction (XRD) and the results are shown in Fig. S3,
ESI.T Good agreement for both MOFs was obtained by compar-
ison with their simulated XRD patterns (Fig. S4 and S5, ESIT).
In both MIL-53(Al) powders and membranes the np and Ip
configurations seem to coexist. The same behaviour was
observed for the NH,-MIL-53(Al) obtained from the membranes,
while the NH,-MIL-53(Al) powders mainly showed the np struc-
ture. Switching between lp and np structurers is observed upon
water/solvent uptake, temperature changes or mechanical
stress.'»*** Our results may indicate that some of the solvent
molecules trapped in the pores of the MOF-modified membranes
remained after the drying step and therefore both np and lp
structures do coexist.
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Fig. 2 Cross-sectional FE-SEM images of (a) MIL-53(Al) and (b) NH,-MIL-
53(Al) membranes on an a-alumina support.

Next, we measured the breakthrough curves for adsorption
of RB from methanol at the initial feed concentrations of
130 mg L~ (Fig. 3). The feed side of the membrane cell was
filled with 240 mL of solution and different 10 mL batches of
permeant were collected from the permeate side. Fig. 3a shows
the adsorption capacity of the unmodified membrane, which
dramatically drops already after the collection of 2 samples
(each of 10 mL), while MIL-53(Al) and NH,-MIL-53(Al) modified
membranes showed a much higher adsorption capacity. How-
ever, as shown in Fig. 3c the NH,-MIL-53(Al) modified
membrane is still far outside the maximal adsorption capacity
and after the collection of 17 samples the Cpermeate/Creed 18 still
~0.6. In order to determine the maximal adsorption capacity,
the cell was refilled with a fresh RB/methanol solution to
continue the permeation experiments. To our surprise, the
observed Cpermeate/Creca Value decreased after each performed
refilling step. This was due to an increase of Cg.q after each
refill. That increase originates from the release of RB bound to
the MOF-modified membranes, when the external pressure is
reduced. Regeneration of the MOF-modified membranes in this
situation is thus very simple and might be of use in future
applications. In addition, no significant changes were observed
for the NH,-MIL-53(Al) modified membrane after two refilling
steps and even after the collection of 34 samples, the Cpermeate/
Cteeq Yemained stable at ~0.7.

To find the maximal adsorption capacity and to avoid the
release of bound RB to the MOF-modified membranes, filtra-
tion experiments were carried out using now an extremely high

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Breakthrough curves showing the dynamic adsorption of RB from
methanol (130 mg L) using (a) a-alumina, (b) MIL-53(Al) and (c) NH,-MIL-
53(Al) modified membranes. The colored region refers to the different
filling steps.

concentration of RB in methanol and isopropanol (200 mg L™1).
The observed breakthrough curves are shown in Fig. 4. For the
unmodified a-alumina membranes almost no RB is adsorbed
from methanol. For the NH,-MIL-53(Al) modified membranes
the amount of RB adsorbed from the methanol solution was
nearly 70% higher compared to the amount adsorbed by MIL-
53(Al) modified membranes (37.6 versus 22.5 mg, respectively,
Fig. 4b and c). For both MOF-modified and unmodified
a-alumina membranes the adsorption capacity is slightly
higher for RB removal from isopropanol compared to the one
of methanol. This is most likely due to the higher viscosity of
isopropanol compared to methanol, resulting in a longer con-
tact time of the RB/isopropanol solution and consequently
lower isopropanol permeability (Fig. 5). The size of the RB
molecule is much larger than the pore sizes within both MOF
crystallites, and therefore its adsorption can only occur on the
available outer facets of the MOF crystallites (Scheme S1,
ESI1)."” Since the NH,-MIL-53(Al) modified membranes are
more compact and composed of smaller MOF crystallites compared

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Breakthrough curves showing the dynamic adsorption of RB from
methanol and isopropanol (200 mg L™) using (a) a-alumina, (b) MIL-53(Al)
and (c) NH>-MIL-53(Al) membranes.

to the MIL-53(Al) modified membranes (compare Fig. 1d and f), the
adsorption of RB is higher due to a larger available facet area. In
addition, the zeta potential distribution obtained for the MIL-53(Al)
and NH,-MIL-53(Al) powders dispersed in methanol revealed a
slightly positive zeta potential of 0.03 mV for NH,-MIL-53(Al) com-
pared to —9.25 mV for MIL-53(Al) (Fig. S10 ESIY). This slightly more
positive charge of NH,-MIL-53(Al) will contribute to the observed
increase of the RB adsorption capacity since it is an anionic dye.
Fig. 5 shows the solvent permeability of the different inves-
tigated membranes during the dynamic adsorption of RB from
methanol and isopropanol solutions. The solvent permeabilities
of the MOF-modified membranes are lower compared to the
unmodified a-alumina membranes, and the thinner NH,-MIL-
53(Al) modified membrane still shows a relatively high methanol
permeability of 6.9 L m~> h™" bar™". The state-of-the-art ceramic
organic solvent nanofiltration membranes show methanol perme-
abilities in the range between 3.9 and 6.1 L m > h™ ! bar *,>*?°

Chem. Commun., 2019, 55, 4119-4122 | 4121
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Fig. 5 Methanol and isopropanol permeabilities during the dynamic
adsorption of RB.

from which we conclude that our NH,-MIL-53(Al) modified mem-
branes combine a good RB adsorption with a high permeability.

In summary, we have shown that the unique structures of
MIL-53(Al) and NH,-MIL-53(Al) modified membranes show a
high RB adsorption and an easy release of bound RB, in
combination with a high methanol solvent permeability.

This work is part of a research program titled ‘Modular
Functionalized Ceramic Nanofiltration Membranes’ (BL-20-10),
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Sustainable Process Technology (ISPT, The Netherlands) and is
jointly financed by the Netherlands Organization for Scientific
Research (NWO, The Netherlands) and ISPT. LCPMdS acknowledges
the European Research Council (ERC) for a consolidator Grant,
which is part of the European Union’s Horizon 2020 research and
innovation programme (grant agreement No. 682444).
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