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The recovery of alcohols from low-concentration aqueous solutions is of great interest due to the wide use
of alcohols in industrial processes. In this regard, adsorption-based separation is considered a green and
cost-effective alternative towards high-energy demanding processes, which have been traditionally used
in the separation of alcohol/water mixtures. Therefore, in this work, the recovery of different alcohols
(methanol, ethanol, n-propyl alcohol, isopropyl alcohol, n-butyl alcohol, sec-butyl alcohol, isobutyl
alcohol, and tert-butyl alcohol) from water has been studied based on the adsorptive separation
properties of a very flexible metal-organic framework (MOF): MIL-88A(Fe). The adsorption capacity of
the material has been studied for different alcohols by the magnetic sustentation technique taking
advantage of the paramagnetic iron(in) metal centers in the structure. Interestingly, the competitive
adsorption studies between different alcohols aqueous mixtures (methanol/tert-butyl alcohol, methanol/
isopropyl alcohol and n-butyl alco-hol/tert-butyl alcohol) revealed the dominance of hydrophobicity of
the alcohol over the size and shape factor, resulting in higher preference toward the alcohols with
higher number of carbons. In addition, theoretical studies were carried out in order to have a deeper
understanding of the adsorptive performance of MIL-88A(Fe), which demonstrated that framework
flexibility and diffusion play a key role in alcohol adsorption. PVYDF@MIL-88A(Fe) membranes with
different MOF loadings were prepared to address the processability aspect of MOF powder. The
synergetic contributions from PVDF and MIL-88A(Fe) resulted in a higher adsorption capacity of the
composite material compared to the performance of each component, independently. Such systematic
and strategic utilization of flexible MOFs can provide a promising platform for challenging alcohol
separation from water and environmental remediation technologies.
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Introduction

Global climate change along with rising fuel prices and deple-
tion of natural fuel supplies have culminated in a huge demand
for green renewable energy production in order to meet the
enormous energy demands worldwide.'” In this regard, bio-
fuels are considered one of the most promising viable and
environmentally benign alternatives, which can also bring
down the huge dependence on fossil energy sources.*® Typi-
cally, biofuel products are obtained from dilute mixtures of
alcohol in water, which are currently produced from agricul-
tural feedstocks, fermentation of molasses and algae farms.
This inevitably requires the recovery of those alcohols from
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such diluted mixtures, which usually relies on the high energy
demanding distillation and purification processes that also
present a poor net energy balance (NEB), ie. the difference
between the energy generated from the fuel and the production
energy consumption is only ~25%.°® Moreover, ethanol and
water form an azeotropic mixture from which ~4% of the water
is impossible to remove using the conventional distillation
process.* Hence recovery of alcohols from low-concentration
aqueous solutions is still challenging and highly important
from an energy-economic point of view.” Short-chain alcohols
present many valuable applications and technological rele-
vance. Apart from the ubiquitous ethanol, methanol is also
a major alcoholic component having a huge importance in
various industrial sectors. For instance, methanol is an indus-
trial feedstock in the production of insecticides. It is also
employed as feedstock to manufacture several other industrial
products such as methanal (formaldehyde), acetic acid, methyl
esters of various acids and so on. However, because of its
intrinsic toxic nature, methanol and its distillation wastes are
classified as HW42 hazardous waste and possess high threat to
the atmosphere, soil and groundwater.'® Long-term ingestion of

This journal is © The Royal Society of Chemistry 2023
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methanol contamination can lead to some diseases like blind-
ness, chronic nerve damage and even death. Therefore, the
development of novel porous materials for efficient methanol
removal from water, even at low concentrations, is a pressing
environmental need.

In this regard, adsorptive separation-based techniques have
established themselves as green and cost-effective alternatives
to the high-energy footprint of the traditional distillation
processes.'* To date, several porous sorbent materials such as
zeolites, organic polymers or activated carbons have been
employed for such separation applications. However, several
limitations like poor selectivity, lower sorption efficiency and
high regeneration cost necessitate development of next-
generation porous sorbents with enhanced efficiency.’*** In
this context, metal-organic frameworks (MOFs) have attracted
significant scientific attention as they offer superior sorption
performance as well as enhanced selectivity toward targeted
sorbate species.”® MOFs are a class of three-dimensional crys-
talline frameworks built up from the assembly of inorganic
building units (IBUS) and organic building units (OBUs) that
are linked through strong coordination bonds.'*"” They exhibit
high surface areas, large porosity and tunable structures due to
the wide range of available chemical inorganic-organic
combinations.'®?* Overall, these outstanding properties make
MOFs very suitable materials, especially for volume specific
applications such as purification, separation or adsorption
processes.***¢ Over the last decades MOF field have increased
sharply, leading to a deep understanding of the field, which
together with the discovery of many different structures such as
breathing MOFs, have attracted great interest.>’~** Unlike rigid
frameworks, flexible MOFs exhibit structural dynamism arising
from physical (temperature, pressure, light) or chemical (guest
incorporation or elimination) external stimuli.****** Among the
flexible MOFs, MIL-88A outstands due to the large breathing
transformation, cost effectiveness or easy synthesis. MIL-88A
presents a hexagonal-type structure built up from oxo-centred
iron(m) octahedral trimers connected by dicarboxylates groups
from the fumarate anion, forming an interconnected 3D
structure.**> The O-O axis of the carboxylate groups allows the
rotation of both metal clusters and organic linker,** making
MIL-88A one of the largest breathing MOF ever reported.” In
this sense, the adsorption/desorption of guest molecules in the
MOF is accompanied with an expansion/contraction of the unit
cell, while the space group is maintained.”* Such flexibility of
MIL-88A series proven to be beneficial for various applications.
For example, effect of flexible character of MIL-88 Fe(m) was
exploited for selective adsorption of n-alkanes.** The guest-
induced breathing of MIL-88 also have been employed toward
adsorption of biologically active nitric oxide (NO) species.** The
breathing effect was also exploited for remediation of various
toxic water pollutants such as heavy metals,*® pharmaceuticals
and personal care products (PPCPs)*” and dyes.*® Despite these
efforts, the potential of guest-induced framework adaptability
of MIL-88A(Fe) toward liquid separation challenges such as the
recovery of alcohols from aqueous environments is still
untapped.
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In order to close this scientific gap, herein, the recovery of
short-chain aliphatic alcohols from water has been studied with
MIL-88A(Fe) MOF in order to address the challenge of alcohol-
water separation (Fig. 1). Specifically, 1 to 4 carbon-containing
aliphatic alcohols has been used: methanol, ethanol, propyl
alcohol (n- and iso-isomers) and butyl alcohol (n-, sec, iso-, and
tert-isomers), herein denoted as MeOH, EtOH, n-prOH, i-prOH,
n-buOH, sec-buOH, i-buOH, and i-buOH, respectively. The
single-component alcohol adsorption experiments showed
a linear tendency for the adsorption of linear alcohols, where
the adsorption capacity of MIL-88A(Fe) was found to be higher
for smaller molecules (methanol), while branched alcohols
showed more modest values. Theoretical studies corroborate
well with the fact that such differential adsorption behavior is
attributed to the flexible nature of the MOF structure allowing
the diffusivity of small molecules, while hindering the diffusion
of branched alcohols. Interestingly, the competitive adsorption
studies contrast with the single-component alcohol adsorption
experiments, where a clear preference towards more hydro-
phobic molecules (isopropyl alcohol or tert-butyl alcohol) was
observed over methanol. Difference in polarity of the incoming
alcohol molecules found to dictating the sorption process in
case of the multicomponent sorption studies. Finally,
PVDF@MI-88A(Fe) mixed matrix membranes were prepared to
address the real-time applicability aspect of the MOF powders.
The combination of guest-selective adaptable breathing effect
along with selective host-guest interaction proven to be highly
potent for MIL-88A toward selective and efficient recovery of
alcohols from water even in the low concentration liquid
mixtures.

Experimental procedure
Synthesis of the materials

MIL-88A(Fe). MIL-88A(Fe) was synthesized according to an
already reported protocol.***® Briefly, iron(u) chloride hexahy-
drate (1.381 g, 5.11 mmol) and fumaric acid (0.593 g, 5.11
mmol) were dissolved in a mixture of 25 mL of solvent DMF :
water (1: 1, v/v). The reaction mixture was placed in a preheated
oven at 65 °C for 4 hours. The compound was recovered by
centrifugation and washed (15000 rpm, 15 min, 36 mL) two
times in water. Further washing steps were carried out soaking
the particles for 1 h in ethanol over 3 days.

PVDF@MIL-88A(Fe) membrane preparation. PVDF@MIL-
88A(Fe) membranes with different MOF loadings (0, 10, 20
and 30 wt%) were prepared following doctor blade and NIPS
procedure according to already reported protocols.*>** Briefly,
to an initial suspension of MIL-88A(Fe) microparticles in DMF
(6 mL), PVDF powder was gently added to prevent agglomera-
tion while stirring (2 h) and ensuring its complete dissolution.
The amount of MOF and polymer employed were adapted to
obtain a total mass of 1 g. Then, the colloids were spread onto
a glass substrate using a doctor blade with a fixed thickness of
250 pm in order to obtain thin films of the composite. The
membrane was detached from the glass substrate by immersing
it in a water bath at 75 °C and afterwards, it was left 30 min in
MIL-88A(Fe) viewed along c axis. Pore size distribution of the (c)
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Fig. 1 Schematic illustration of the guest-induced MOF breathing mediated alcohol recovery from aqueous solution.

open another water bath at room temperature to remove all the
DMF. Finally, membranes were allowed to dry overnight at
room temperature.

Results and discussion

Alcohols sorption from aqueous media

c) d)
As mentioned in the introduction, the crystal structure of MIL- o 541 ::
88A(Fe) can switch between open and closed forms (Fig. 2a-d). g 050 | ,B9A 9 4‘? A
The PXRD pattern of the as-synthetized micron-size rod-like S 45 A s %
shape samples revealed an intermediate state between the R e A\ ©o1{ 38A
open and close forms (Fig. 2e). This intermediate state was - > o >
previously observed by Troyano et al.>* when MIL-88A(Fe) was o T py= G g : T T
exposed to different humidity atmospheric conditions. In this Foreiameter() Eoreameimel)
study, the sorption experiments were performed in aqueous =
media and thus, the as-synthesized MIL-88A(Fe) sample transits ﬂ simulated open

to the open form configuration (Fig. 2e). Therefore, the results
obtained in all the adsorption experiments must be understood
regarding pore dimensionality and connectivity of the open

MIL-88A in water
as-synthesized MIL-88A

form.
. . simulated close
The quantification of the captured alcohols from aqueous :
10 20 30 40 50
20()

Intensity (a.u.)

media was performed using a recently developed technique
named magnetic sustentation (Fig. S11).°>* It is based on the
paramagnetic nature of the metal centers of MOFs and their Fig.2 Schematic representation of the (a) open and (b) close forms of

interaction with a variable magnetic field. The captured amount MIL-88A(Fe) viewed along c axis. Pore size distribution of the (c) open
and (d) close forms computed using Poreblaze 4.0. (e) PXRD patterns
of the as synthesized and in water soaked sample and simulated open
and close forms. (f) FESEM images of as-synthesized MIL-88A(Fe).

of the targeted molecules from solution can be characterized
based on the change in the critical magnetic field at which the
paramagnetic MOF particles are detached from the pole of the

21302 | J Mater. Chem. A, 2023, 11, 21300-21311 This journal is © The Royal Society of Chemistry 2023
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electromagnet. This change is linearly correlated with the
adsorbed mass percentage of the captured molecule. The
technique offers several advantages towards more conventional
techniques (UV-vis spectroscopy or "H-NMR) such as the direct
quantification of the adsorbate mass incorporated into the
MOF. In addition to that, the technique does not present any
dependence on the nature of the adsorbate. The theoretical
equations describing the magnetic sustentation phenomenon,
indicate that there is a linear dependence between the critical
magnetic field, H, and the adsorbed mass, according to eqn (1):

MM(F) = AIH - B/ (1)

where, My corresponds to the captured mass of the adsorbate
in the framework, H is the critical magnetic field determined
from magnetic sustentation experiments and 4’ and B’ are
constant values.

The critical magnetic field of the pristine paramagnetic MIL-
88A(Fe) (named MIL-88A(@)) and after the adsorption of the
short chain alcohols (methanol, ethanol, n- and isopropyl
alcohol, n-, sec-, iso- and tert-butyl alcohol) in water was deter-
mined (Fig. 3a). Briefly, MIL-88A(Fe) particles were dropped in
a test tube located between the two poles of an electromagnet
and subjected to its maximum magnetic field. The para-
magnetic particles were attached to the walls of the test tube in
the lower part of the electromagnet pole, where the magnetic
force is maximum. Afterwards, the generated magnetic field is
progressively reduced until the particles are detached. The
magnetic field value at this point is denoted as the critical
magnetic field of eqn (1).

The alcohol capture from water was performed by placing
MIL-88A(Fe) in an aqueous solution containing 50 uL of each
alcohol. The resulting suspension was kept under agitation for
24 h. Later, MIL-88A(Fe) microcrystals were recovered by
centrifugation and the captured amount of alcohol was quan-
tified. The critical magnetic field of MIL-88A(Fe) before alcohol
adsorption was labelled as @. As observed in Fig. 3a, the critical
magnetic field of MIL-88A(Fe) after adsorption of short chain
alcohols increased compared to the pristine MOF(®); the bigger
the deviation from the pristine material the higher the mass
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percentage incorporated in the MOF suggesting that MIL-
88A(Fe) can efficiently capture alcohols from water. A calibra-
tion curve was established using MIL-88A(Fe)(®), DMSO and
DMF adsorbed samples, whose adsorption values were deter-
mined independently by UV-vis spectroscopy (see Fig. S21 for
additional details). The extrapolated adsorption values are
detailed in Fig. 3b. As expected, the smaller the adsorbate
molecules the greater the adsorption showing the highest value
for methanol (3.56 molecules per MOF formula) and the lowest
for tert-butyl alcohol (0.31 molecules per MOF formula). Such
vast difference (~10 times) in adsorption capacity between
different alcohols (MeOH and t-BuOH) is indicative of differ-
ential intermolecular interactions and structural preference of
MIL-88A(Fe) toward incoming guest molecules. Interestingly,
MIL-88A(Fe) exhibited greater sorption toward n-BuOH (0.9
molecules per MOF formula) in comparison with other BuOH
variants, i.e. i-BuOH (0.4 molecules per MOF formula) and ¢
BuOH (0.31 molecules per MOF formula). "H-NMR was also
employed to validate the sorption behavior toward the highest
and lowest adsorbed molecules, i.e. methanol and tert-butyl
alcohol, respectively (Fig. S3-S5t). In addition, the adsorption
experiments were repeated and quantified using 200 pL of the
alcohols. The results indicated no significant differences in the
adsorption values, suggesting that MIL-88A(Fe) was already
saturated at 50 uL (Table S1f). Furthermore, a study of the
adsorption kinetic was also completed for MeOH to ensure that
the established 24 h for the adsorption procedure is enough for
the system to achieve the equilibrium state (Fig. 3c), in order to
address the possible concerns about the process being governed
by thermodynamic or kinetic factors.**** The methanol
adsorption after 24 h was measured both using water and the
same diluted MeOH aqueous solution to ensure the critical
magnetic field measurement is not affected by the change in the
liquid media employed. As shown in the inset of Fig. 3¢, no
significant change was observed.

This means that the obtained values should reflect the
complementarity between the shapes of the adsorbate mole-
cules and the voids in the open form of MIL-88A(Fe). In this
sense, we have performed a computational characterization,

a) c)
MOF formula: C,,HFe;0¢
= 50 uL alcohol 20 T
0201 © 200 pL alcohol Adsorbate Adsorbed ~ Adsorbed ;A
L molecules H(m) mass (%) molecules/ = e
[} formula of MOF * [
0.18 ! MeOH 0195  19.7 3.56 9 15 /_/’ e
—~ © i S
= L. EOH 0190 175 220 g ¥ e B !
o6 s nPOH 0183 148 143 g 101/ 10
' L n-BUOH 0174 115 0.90 < i Se
: 7] t 2
. “PrOH 0169 9.4 0.91 2% Sl e WatereMeOH
0.144 i 2 o Water
sBuOH 0168 9.1 0.71 F ]
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NS BUOH 0158 5.1 0.40 . . WatersMeOH _ Water
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Fig. 3 (a) Critical magnetic field of MIL-88A(Fe) after adsorption of alcohols determined by magnetic sustentation experiments. (b) Quantifi-
cation of the adsorbed alcohols: critical magnetic field, H(T), adsorbed mass (%) and adsorbed molecules per formula of MOF. (c) Kinetic of the
adsorption for methanol (inset figure: determination of the critical magnetic field after 24 h, using water or methanol aqueous solution as

measurement media).
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using the Materials Studio suite platform. The configuration for
each alcohol was optimized to provide the less sterically
hindered conformation (Fig. 4a). The molecular volume and
cross section of the alcohols on these optimized conformations
were calculated using a 1.2 A molecular probe. The same
molecular probe was employed to characterize the big cavity
and connecting windows dimensions. The pore system within
the open form of MIL-88A(Fe) is composed of two big cavities
around 6.9 and 5.1 A connected by slightly narrower windows
(diameter: 4.4 and 3.6 A) to generate an interconnected 3D
channel system. In a rigid crystal structure, the diffusion-
limiting factor should be the cross sections of these windows.
Nonetheless, the flexible nature of the crystal structure of MIL-
88A(Fe) allows the diffusion of alcohol molecules with slightly
greater cross-sections, as happened for linear alcohols.
However, this structural flexibility is limited and above certain
cross-section values, the diffusion of the alcohol molecules is
hindered resulting in significantly lower adsorption values. The
latter is the case of the branched alcohols. In Fig. 4b and c the
adsorption values are plotted against the calculated molecular
volume and cross section, respectively. A linear tendency can be
observed between the captured mass and molecular volume of
linear alcohols (methanol, ethanol, n-propanol and n-butyl
alcohol), which can be attributed to a more efficient occupation
of the voids by smaller molecules. In contrast, the adsorbed
mass of branched alcohols (isopropyl alcohol, sec-butyl alcohol,
isobutyl alcohol and tert-butyl alcohol) shows a linear depen-
dence with respect to the cross section, which in this case it

a)

MeOH
-PIOH
. EtOH

' n-ProH '—BUOH
n-BuOH
’ ‘BUOH
10 A

s-BuOH
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seems to be the limiting factor as the diffusion of the molecules
seems to play a crucial role. Although the molecular volumes of
isopropyl alcohol and sec-butyl alcohol are significantly
different, they have similar cross sections, which results in
similar adsorption values. In addition, the similar cross-section
for iso- and tert-butyl alcohols give rise to similar adsorption
values. Overall, it can be concluded that the molecular volume
of the alcohols is the key factor determining the adsorption of
linear alcohols (relatively small cross-section), while for
branched alcohols, where bigger cross-sections are shown, this
latter parameter becomes the dominant one.

In order to provide more evidence to support this explana-
tion, further computational studies were carried out. The pore
structure was analyzed by GCMC calculations (Fig. S6T shows
the MOF fragment used for the DFT calculations, while Table
S2+t gathers the resulting charges) using methanol and tert-butyl
alcohol as molecular probes. Fig. 5 showed the probability
density maps probed by a single-molecule (i.e. fixed loading
calculations) in a 2 x 2 x 2 supercell of the open form of MIL-
88A(Fe) computed at 298 K.

Methanol molecule shows percolation along the entire three-
dimensional pore network. Despite tert-butyl alcohol can also fit
into the bigger cavities of the open form structure, it shows
occupational discontinuities in the vicinity of the windows that
create the above explained diffusional problem of the branched
alcohols. On the other hand, the calculations performed at fixed
pressure (100 kPa at 298 K) led to loadings of 130 methanol
molecules and 49 tert-butyl alcohol molecules per supercell,

b)
201 &
= [mebit. iEtOH
? 15/ N
g n-PrOH"-._ n-BuOH
3 o
a2 104 i-PrOH # i
S s-BuOH
5C ]
< 54 i-BUOH 2
t-BuOH *
40 60 80 100
¢) Molecular Volume (A3)
20 iMeOH
3 ¥ EtOH
2 151 nproH *
£ n-BuOH #
g 10 41-PrOH
Qo M
5 SBUOH ™. iBuoH
T 5 &
< F Y
t-BuOH
0 : .
10 15 20 25

Cross section (A2

Fig. 4 (a) Optimised configuration of the alcohols drawn with “Materials Studio Suite”. Adsorbed mass (%) for each alcohol plotted against (b)

molecular volumes and (c) cross sections.
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Fig. 5 Fixed loading calculations (1 molecule per cell at 298 K) for methanol (left) and tert-butyl alcohol (right): probability density distribution
and its projection: (a and b) for plane (001), (c and d) at z = 0.5 and (e and f) z = 0.375.

which correspond to approximately 8 methanol molecules and
3 tert-butyl alcohol molecules per formula. These values are
higher than the experimental ones (3.5 and 0.3 molecules of
methanol and tert-butyl alcohol, respectively). In the case of
methanol, this discrepancy can be attributed to the fact that the
experimental adsorption experiment involves a competition
between water and alcohol molecules to occupy the pores of the
compound. In the experimental, this competition reaches the
equilibrium, in which probably a mixture of water and alcohol
molecules occupies the pores. However, the computational
studies consider the occupation of the voids of the only alcohol
molecules. As consequence, a higher adsorption capacity is
computed compared to results obtained from the single alcohol
adsorption experiments in water. This fact was corroborated
with the vapour phase alcohol sorption performance of MIL-
88(Fe) in which approximately 12.6 methanol molecules and
2.3 tert-butyl alcohol molecules per formula are adsorbed
(Fig. 6a). These values are higher than those obtained in
aqueous solution (3.56 and 0.31 molecules per formula of MOF
for methanol and tert-butyl alcohol, respectively) owing to the
existing competition between alcohol and solvent (water)
molecules, resulting in sorption performance. However, such
competitive adsorption can play important role in the reduction
of adsorption capacity observed with both, methanol and tert-
butyl alcohols, the difference is not that evident for tert-butyl

This journal is © The Royal Society of Chemistry 2023
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Fig.6 (a) Pictorial representation of “vial-in-vial” vapour phase alcohol
sorption experiments setup. (b) Adsorption kinetics curves for MeOH in
vapour and aqueous solution. (c) Comparative alcohol adsorption
values when performing the experiments in aqueous solution, from
gas-phase or by GCMC theoretical calculations.
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alcohol (0.3 molecules per formula of MOF in solution vs. 3.1
and 5.4 obtained from theoretical calculations and vapour
adsorption, respectively), which could be attributed to diffusion
problems limiting the adsorption of branched alcohols. In fact,
the correlation between the adsorption in solution and the
cross-section of the branched alcohols described above seems
to agree with this. Furthermore, the MeOH adsorption kinetic
curves prepared for both, aqueous solution and vapour (Fig. 6b),
indicate a faster diffusion of the alcohol molecules into the
pores of MIL-88(Fe) in vapour (300 mg of MeOH g~ ' h™"), than
in solution (32 mg of MeOH g ' h™'), even though the
adsorption implies a structural rearrangement. This fact is
indicative of the presence of water molecules in the pores prior
to the entrance of alcohol molecules hindering their diffusion.
Therefore, the reduced adsorption of ter¢-butyl alcohol obtained
from the experimental results must be understood as a probe of
the presence of a diffusion problem and not due to an absence
of big enough pores that could fit ter¢-butyl alcohol. Finally,
Fig. S7f shows a low energy distribution of guest alcohol
molecules at MIL-88A(Fe), where both alcohols show similar
adsorption preferential sites. On the whole, it can be concluded
that even if similar preferential adsorption sites are observed for
both molecules, the flexibility of the structure is what limits the
diffusion and thus, the loading of tert-butyl alcohol. However, to
better understand the main reason behind the noticeable
decrease of the “in solution” adsorption capacity in case of the
branched alcohols, we have executed additional competitive
adsorption experiments that will be discussed later. The MIL-
88A(Fe) samples resulting from the adsorption experiments
were further characterized by PXRD while they were still wet,
which to the best of our knowledge it was not previously
studied. The wet samples were subjected to a series of consec-
utive scans with an interval of 10 min in order to observe the
evolution of their PXRD patterns upon the release of the
adsorbed alcohol molecules (Fig. S87). In all cases, the initial
diffractograms show the amorphous contribution of water
wetting the solid particles, together with the typical diffraction
peaks of the open form of MIL-88A(Fe). Over time, the amor-
phous contribution decreases in agreement with the expected
evaporation of the solvent (water). Finally, after the drying of the
sample (water evaporation) and the release of the captured
alcohols molecules, the diffractogram evolve to the initial
intermediate structure of MIL-88A(Fe). The recyclability and
stability of MIL-88A(Fe) were studied measuring the adsorption
capacity of the material up to four cycles, in which the alcohol
molecules were desorbed in between the cycles under high
vacuum. Overall, it can be concluded that there is no significant
change in its adsorption capacity (Fig. S9ct). PXRD and ATR FT-
IR measurements were performed after the first and last cycle to
ensure the structural and chemical stability of MIL-88A(Fe)
(Fig. S971), showing no significant change.

Competitive adsorption studies

Simultaneous and consecutive competitive adsorption studies
were performed to further study the behavior of MIL-88A(Fe)
(Fig. 7a). Simultaneous competitive adsorption studies were
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performed to study the affinity of MIL-88A(Fe) towards different
alcohols. Three different mixtures were prepared containing an
equimolar amount of each alcohol: (A) combination of the two
most diverse alcohols (methanol/tert-butyl alcohol), (B) combi-
nation of the two widely employed alcohols (methanol/
isopropyl alcohol) and (C) combination of the linear and
branched alcohols with the same number of carbons (n-butyl
alcohol/tert-butyl alcohol). "H-NMR was used to quantify the
remaining amount of alcohol in solution after 24 h of adsorp-
tion (Fig. S10-S12%). The amount of alcohol in solution was
reduced from the employed in the magnetic sustentation
experiments in order to ensure that the variation of the alcohol
in the remaining liquid could be reliably quantified by '"H-NMR.
This fact also explains the relatively lower adsorption values
obtained in these latter experiments. The obtained values from
the simultaneous competitive adsorption experiments are
depicted in Fig. 7b and c. The results of the competitive studies
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competitive adsorption ® competitive adsorption
e o e
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Fig. 7 (a) Schematic representation of the simultaneous and
consecutive competitive adsorption. Competitive adsorption studies
for MIL-88A(Fe): (b) adsorbed mass (%) of alcohols and (c) values of the
adsorbed mass (%) and adsorbed molecules per formula of MOF in
equimolar mixtures (A) (methanol/tert-butyl alcohol), (B) (methanol/
isopropyl alcohol) and (C) (tert-butyl alcohol/n-butyl alcohol)).
Consecutive adsorption studies for MIL-88A(Fe): (d) methanol,
branched alcohols + methanol and methanol + branched alcohols and
(e) ethanol, branched alcohols + ethanol and ethanol + branched
alcohols. Note that the alcohol at the bottom of each bar corresponds
to the first adsorption step followed by the adsorption of the second
alcohols in the consecutive single alcohol adsorption experiments.
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indicate that the adsorption preference is directed by the
hydrophobicity of the alcohol and not by size or shape factor as
observed from the single alcohol adsorption experiments.
Although methanol showed the highest adsorption in the single
adsorbate experiments, there is a clear preference for more
hydrophobic molecules, tert-butyl alcohol and isopropyl
alcohol. In addition to that, the amount of captured tert- butyl
alcohol is very modest, in agreement with the results from the
single alcohol experiments, which implies that there is still a lot
of free space in the pore system of the open form of MIL-88A(Fe)
that apparently are not further accessible after the incorpora-
tion of tert-butyl alcohol molecules. The explanation for this
phenomenon relies again on the diffusional problems of tert-
butyl alcohol (and to a lower extent, isopropyl alcohol) within
the pore system of MIL-88A(Fe). The diffusion problems do not
only affect the adsorption values of tert-butyl alcohol, which are
quite modest, but also the adsorption of any other molecules
that have to deal with increasing diffusion difficulties arising
from those branched alcohol molecules clogging the pore
system. Moreover, it also implies that the more hydrophobic
molecules are the first ones coming out from the aqueous
solution to start interacting with the MIL-88A(Fe) particles.
Finally, n-butyl alcohol and tert-butyl alcohol isomers, with
similar affinity towards MIL-88A(Fe), have similar adsorption
values as both alcohols compete in relatively equal terms.

In order to get further insight into this clogging phenom-
enon that the branched alcohols seem to create, a series of
additional adsorption experiments were designed in which two
24 h consecutive single alcohol adsorption experiments were
performed alternating between branched (¢-BuOH and s-BuOH)
and small linear alcohols (MeOH and EtOH). The results
showed a striking difference depending on the order of the
addition of alcohols (Fig. 7d and e). The high adsorption values
observed in the single alcohol adsorption experiments for
MeOH and EtOH showed a slight increase when the branched
alcohols are added in the second step. However, the very modest
adsorption values of the branched alcohols are retained even
after the exposure to the short chain alcohols in the second step.
This behavior can also be attributed to the clogging of the pore
system of MIL-88(Fe) caused by the branched alcohols, which
hinders the adsorption of MeOH or EtOH leading to a far
smaller amount incorporated in the framework. Another feature
that seems to agree with the hypothesis of pores clogging is that
the small increase observed after the second addition follows
the expected order. The overall increase after the second step is
higher when, in the first step, the less hindering s-BuOH is
employed over t-BuOH. On the other hand, the increase after
the second addition is in both cases higher for the smaller
MeOH than for the bigger EtOH.

Moreover, the hypothesis of the clogging effect was validated
determining the kinetic desorption curves of linear (MeOH) and
branched alcohols (--BuOH), together with the consecutively
adsorbed alcohols, where the linear alcohol was adsorbed first
(MeOH + t-BuOH). To confirm the diffusional problem gener-
ated by t-BuOH, a significant decrease on the desorption rate of
MeOH + ¢-BuOH should be observed compared to the desorp-
tion rate of MeOH. In other words, the clogging effect should
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hinder both the incorporation (as proved before) and the
release. Fig. S10f shows the desorption curves, in which the
above predicted behaviour is clearly observed. In addition to
that, the desorption rate of MeOH + t-BuOH samples during the
first 4 hours of the experiments shows a similar behaviour to ¢-
BuOH, indicating that the adsorption of the branched alcohol is
the determining factor dictating the slower release due to the
clogging of the pores.

PVDF@MIL-88A(Fe) composite membranes

Although MOFs show good adsorptive performances due to
their high surface areas and porosity, they are obtained as fine
powders, which limits their practical applications.***” Among
the main disadvantages of using MOFs as powder the limited
packing densities, high diffusion barriers and difficulties to
recover the material from solution can be found. In order to
overcome these problems, the use of MOFs as fillers in poly-
meric mixed matrix membranes have been proposed.*** Over
the last years, polymer@MOF membranes have been widely
reported for the removal of metal ions in water® > dye waste-
water®>** or oil pollution.®*® Although there are many different
polymeric materials available, polyvinylidene fluoride (PVDF)
has been widely used due to the high chemical and thermal
stability, easy processing, high organic selectivity or hydro-
phobicity.*”*® Therefore, to overcome one of the limiting factors
of MOF powders in practical applications, i.e. the processability,
the use of MIL-88A(Fe) as filler in a polymeric matrix was
explored. PVDF@MIL-88A(Fe) composite membranes with
different MOF loadings (0, 10, 20, 30 wt%) were prepared (Fig. 8)
according to the procedure described in the experimental
section.

SEM images (surface and cross-section) of the membranes
confirm that MIL-88A(Fe) microcrystals were homogeneously
dispersed within the porous PVDF matrix without any sign of
agglomeration (Fig. 8a-1). The dimensions of the macropores
within the polymeric matrix changed with the loaded amount of
MIL-88A(Fe) showing an average pore size of 0.49 + 0.11 pm,
0.96 + 0.39 pm, 1.51 + 0.47 um, and 0.51 £ 0.26 pum, for the 0,
10, 20 and 30 wt% MOF-loaded membranes, respectively.
Higher content of MOF in the PVDF membranes up to a 20 wt%
increased the size of the pores, except for the 30 wt% MOF-
loaded membrane, whose pores are comparable to those of
the 0 wt% membrane. In addition, PXRD patterns of the
membranes also confirm the successful incorporation of MIL-
88A(Fe) into the matrix as no significant changes were appre-
ciated between the different MOF loadings (Fig. 8m). The
membranes were further characterized by thermogravimetric
and contact angle analyses (Fig. S141). TGA measurements of
the membranes show the expected mass loss around 215 °C
corresponding to MIL-88A(Fe) and a more pronounced mass
loss around 315 °C corresponding to PVDF. The latter appears
at a lower temperature compared to the pure PVDF (370 °C),
which can be attributed to the increased porosity of the MOF-
incorporated membranes. This trend has also been previously
reported for other PVDF composites.****”° The mass percentage
of the residue at 800 °C, corresponding to Fe,Oz (PDF 89-0597),
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Fig. 8 SEM images (scale bar: 10 um) for pore size and morphology characterization of PVDF@MIL-88A(Fe) membranes and captured images
(inset figure, scale bar: 1 cm) with different MOF loadings: (a, d, g, j) surface, (b, e, h, k) cross section and (c, f, i, ) pore-size distribution and average
pore size of 0, 10, 20 and 30 wt% MOF-loaded membranes, respectively. (m) PXRD of MIL-88A(Fe) and prepared membranes. Adsorption of
alcohols from water in PVDF@MIL-88A(Fe) membranes: (n) methanol and (o) ethanol.

was employed to confirm the MOF content in the membrane.
Furthermore, contact angle measurements showed that the
hydrophilic nature of the PVDF membranes is decreased after
the incorporation of MIL-88A(Fe), which agrees with the greater
preference towards the more hydrophobic alcohols observed in
the competitive adsorption studies.

The methanol and ethanol adsorption performances of the
PVDF@MIL-88A(Fe) membranes were analyzed by 'H-NMR
spectroscopy (Fig. S15-S247). The experiments were per-
formed using a very dilute aqueous solution (0.1 wt%) of both
alcohols in order to study the removal capacity of low-

21308 | J Mater. Chem. A, 2023, 11, 21300-213T1

concentration alcohols from water (Fig. 8n and o). In both
cases, the higher adsorption was observed for the 20 wt% MOF-
loaded membrane: 17% and 12% for methanol and ethanol,
respectively. This excellent performance of the 20 wt%
membrane could be attributed to the intrinsic adsorptive
properties of MIL-88A(Fe) as well as the higher porosity of the
polymeric PVDF matrix that ensures better accessibility for the
adsorbate molecules. The sharp decrease of the porosity in the
polymeric matrix can be the reason for the poor adsorptive
performance of the membrane with a 30 wt% of MOF. On the
other hand, the results obtained for the 20 wt%-loaded
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PVDF@MIL-88A(Fe) membrane clearly exceed the expected
adsorption capacity based on the MIL-88A(Fe) adsorption
results on single alcohols and the adsorption of the pure PVDF
membrane. This fact is indicative of the synergetic contribution
from both the MIL-88A(Fe) microcrystals and PVDF matrix
which in combination result in the higher porosity as well as the
more hydrophobic nature of the membrane. Furthermore, the
20 wt%-loaded PVDF@MIL-88A(Fe) membranes were regen-
erated via treating under vacuum for 90 min each in order to
evaluate their recyclability. To our delight, the 20 wt%-loaded
membrane showed significant recyclability up to 4 cycles toward
both MeOH and EtOH (Fig. S251).

Conclusion

In this work we have analyzed how the flexible nature of the
crystal structure of MIL-88A(Fe) impacts on its adsorptive
performance for the recovery of alcohols from water. Taking
advantage of the paramagnetic nature of MIL-88A(Fe), a conve-
nient magnetic sustentation technique was employed for the
quantification of the captured alcohol mass. The results show
the tendency for the linear alcohols, in which greater adsorption
values are shown for the smaller alcohol molecule (methanol)
due to a more efficient occupation of the void volume. However,
this trend is not observed for the branched alcohols, where
more modest adsorption values are shown. In this case, the
adsorption is related to the cross-section (contrary to linear
alcohols, where molecular volume is the limiting factor), sug-
gesting an adsorption phenomenon dominated by diffusional
aspects. In fact, the computational analysis of the pore system
in the open form of MIL-88A(Fe) revealed that although the
windows connecting these cavities are narrow, the cavities are
big enough to accommodate these branched alcohols. In
addition, considering the cross-section of the adsorbate mole-
cules, even the linear alcohols with the smaller cross-section
would not be able to go through them if the crystal structure
would be rigid. However, the flexible structure of MIL-88A(Fe) is
able to overcome this apparent diffusional problem in the case
of the linear alcohols but hardly for branched alcohols. This
diffusional challenge also plays a crucial role on the adsorption
selectivity, as the hydrophobic nature of MIL-88A(Fe) favors
a stronger interaction with the tert-butyl alcohol molecules on
the outer surface of the adsorbent. These molecules start
diffusing through the pore system of MIL-88A(Fe) but the
mentioned diffusional problem leads to a clogging effect that
hinders the entering of methanol molecules, a counterintuitive
result based on the data coming from the single alcohol
adsorption experiments but confirmed through consecutive
single alcohol adsorption experiments.

Overall, MIL-88A(Fe) was strategically utilized in this work
for selective alcohol recovery from water owing to its guest-
induced breathing mediated structural adaptability. Further-
more, the sorption properties of MIL-88A(Fe) found to vary
depending upon the nature of the sorbent solution, i.e. single-
component or mixture alcohol solution. Such important find-
ings are further supported by the theoretical and experimental
studies revealing that the framework flexibility and diffusion
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play a key role in alcohol adsorption for MIL-88A(Fe). Further-
more, processability aspect of the power MOF materials has
been addressed by preparing PVDF@MIL-88A(Fe) membranes.
The synergistic effect of the polymeric matrix and the incorpo-
rated MIL-88A(Fe) microcrystals resulted in an increment in the
adsorption capacity of the PVDF@MIL-88A(Fe) composite
material compared to the performance of each component,
independently. We believe that the results acquired in this work
can open new avenues toward rational designing and potential
utilization of flexible MOF-based systems offering enhanced
selectivity and sorption performance toward the challenging
liquid-liquid separation. Such adaptive systems can be
extremely crucial and even a potential game changer towards
designing of multipurpose standalone sorbent materials for
size selective separation applications.
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