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A B S T R A C T

Using a combination of molecular simulations techniques, we evaluate the structural tunability of the metal
azolate framework with zeolitic RHO topology, MAF-6. Two mechanisms are explored to induce hydrophilicity
to this hydrophobic material. The study at a molecular level of water adsorption takes place under a variety of
conditions. On a first step, we consider water mixtures containing benzene or alcohols, paying special attention
to the effect of the size of the alcohol molecules. On a second approach, we analyse the effect of small weight
percentages of salt into the MAF-6 on the water adsorption. We first validate the accuracy of the host–guest
interactions by reproducing experimental data. A new set of Lennard-Jones parameters for the interaction
water- MAF-6 is also provided. The water adsorption behaviour of MAF-6 is studied in terms of adsorption
isotherms, heats of adsorption, radial distribution functions, hydrogen bonds formation, and water distribution
inside the material. We found that the presence of long molecules of alcohols favours the water adsorption at
low values of pressure by smoothing the phase transition of water withing the MAF-6. On the other hand the
addition of salt to the structure creates additional adsorption sites for water enhancing its adsorption, while
reducing the saturation capacity of the material since the presence of salt reduces the accessible pore volume.
1. Introduction

Tuning porous materials is a resource that has been widely exploited
to optimize the performance of these materials for specific purposes.
Among this type of materials, the tailorability of carbon materials,
zeolites, and metal–organic frameworks are the most studied.

Variations on the template of carbon materials, used during the
synthesis process, allow controlling the structural properties of these
materials and open the possibility of incorporating organic, inorganic,
or biomaterials inside the porous channels or on the surface of the
carbon walls. These functionalizations affect not only to the specific
surface area or the electronic properties of the materials, but also
enhance their performance on many applications, as semiconductors,
catalysts, sensors, or adsorbents [1–6].

During- and post-synthesis approaches have been applied to zeolites
affecting their properties. Depending on the crystal topology, size,
morphology, and the nature of the heteroatoms and the cations used
for charge compensation, the catalytic properties of zeolites can be
modified, influencing their thermal stability, selectivity, or lifetime
[7–11].

Metal–organic frameworks (MOFs) is probably the most studied,
and not yet done, family of porous materials in terms of tunability.

∗ Corresponding authors.
E-mail addresses: amarcal@upo.es (A. Martin-Calvo), s.calero@tue.nl (S. Calero).

1 All authors contributed equally to this work.

Since their first discovery, it was clear that the huge amount of possible
metal–ligand combinations would lead to an enormous amount of
available material [15,16]. During synthesis it is possible to manipulate
the crystallization, structure, and morphology of MOFs by adjusting
compositional parameters (solvent, pH, metal source, reactant con-
centration, molar ratio of the reactants) or process parameters (time,
temperature, pressure, heating source). This is of interest for scaling-
up the synthesis of MOFs for their industrial application at large scale
[17]. In electrosynthesized MOFs, the applied potential seems to have a
key role in determining the morphology, thickness, and electrochemical
properties of MOFs, regulating the electrocatalytic activity, surface
accumulation, and sensing ability of the material [18]. The addition
of functional groups together with other post-synthesis modifications
lead to an expansive amount of materials with different size, mor-
phology, or surface properties, enhancing their potential for selected
applications [19]. Multiple functional groups can be added to the
ligands such as amino-, halo-, hydroxy-, ether, thiol, etc [20,21]. Post-
synthetic modifications include exchanges of organic linkers [22,23]
and metal ions [24,25], conversion from a highly ordered crystalline
material toward a heterogeneous porous material [26], or opening of
coordination sites by the addition of extra ligands to the structure
vailable online 8 August 2021
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Fig. 1. Atomistic view of the unit cell of MAF-6 [12] (left) and insight on the metal centre linked to four imidazole rings (right).
Fig. 2. Pure component water adsorption isotherms at 298 K. Comparison of experimental data [13,14] (crosses), with the calculated values using generic mixing rules (dark blue
circles), and the new water-MAF L-J interaction parameters (light blue circles).
[27,28]. These modifications allow a fine-tuning of the materials for a
number of applications such as selective adsorption, gas storage, energy
conversion, catalysis, chemical sensors, drug delivery, bioimaging, or as
light emitting materials [29–34].

A recent study, deals with the enhancement of water ingress on
hydrophobic zeolitic materials applied to the recovery of alcohols
from diluted aqueous solutions after alcohol/water mixture separation
[35]. This work reveals that the enhancement in the water adsorption
from equimolar mixtures is induced by the formation of water/alcohol
clusters due to hydrogen bonding, having a moderating influence on
size entropy effects. The capacity of MOFs for water adsorption is deter-
mined by combination of the available porosity of the material and the
hydrophobic/hydrophilic nature of their ligand. Additional hydrogen-
bonding capacity of functional groups and structural transition of the
adsorbent material, also affect this property in MOFs [29,36–38].

Most work attempts to increase the stability of MOFs in water also
lead to a reduction in the water adsorption capacity of the structure.
Here we seek the opposite. We focus on a stable MOF and explore the
2

possibility of improving the adsorption of water on the hydrophobic
material. Improving the adsorption of water on hydrophobic materials
could expand their potential applications. For example, they could be
used to separate azeotropic mixtures of alcohols or to harvest water
vapour from the air. As a proof of concept, we are using the MAF-
6 MOF for its known hydrophobic nature. The idea is to modify the
hydrophobic nature of this framework by inducing hydrophilicity to the
material, using different approaches. On a first attempt we evaluate the
increasing water uptake of the structure from water/alcohol mixtures.
Then, we mimic the experimental procedure already used in zeolites
to increase their hydrophilicity by adding cations to the structure
(zeolites Z and Y), using salt as interaction centres to enhance the water
adsorption capacity of MAF-6.

2. Simulation details

The adsorption properties of the material were obtained by molec-
ular simulations. Adsorption isotherms, heats of adsorption, and Henry
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Fig. 3. Radial distribution function of the oxygen atom from water (Ow) with the atoms of the framework. Data are taken from the pure water isotherm at 3 kPa. An atomistic
representation of the ligand connected to the metal centres of MAF-6 is added with the corresponding labelling of the atoms.
Fig. 4. Equimolar binary mixture of water (light blue full circles) with benzene (orange full circles) at 298 K. A comparison with the pure water (light blue empty circles) and
pure benzene (orange empty circles) isotherms is provided.
coefficients were calculated using the software package RASPA [39,40].
Grand Canonical Monte Carlo simulations, allow computing adsorption
loading for a fixed chemical potential, volume, and temperature. The
Peng–Robinson equation and the fugacity coefficient relate chemical
potential to pressure. Computed absolute values of adsorption (total
amount of molecules within the pores) must be converted to excess
adsorption (difference between the amount of gas in the system and
the expected in absence of adsorption at the same temperature and
pressure) [41]. To calculate heats of adsorption and Henry coefficient
NVT simulations were performed in combination with the Widom
test-particle method [42]. Random moves (rotation, translation, re-
grow, insertion/deletion, and identity change in the case of mixtures)
were applied to the molecules with at least 106 equilibration and 107

roduction steps to ensure equilibrium.
Lennard-Jones (L-J) and Coulombic potentials are used to define the

nteractions within the atoms of the system. Generic Lorentz–Berthelot
ixing rules are used to compute guest–guest L-J interactions, whereas
ost–guest interactions are specifically defined. The Ewald summation
3

method is employed to calculate the Coulombic interactions with a
relative precision of 10−6. L-J and Coulombic potentials are cut and
shifted at cutoff distance of 12 Å.

Benzene is defined as a full atom rigid model with L-J and point
charges on each atom [43]. Methanol, ethanol, and 1-propanol are
modelled using TraPPE [44], where the CHx groups are considered
as single interaction centres and the atoms of the hydroxyl group
are defined independently. CHx groups and OH atoms have L-J and
point charges, except for hydrogen atoms that only have point charges
applied. We use two models previously reported for NaCl in water
to describe the salt. A Kirkwood–Buff derived model (KB) [45] is
compared to the one proposed by Joung and Cheatham (JC) [46]
which has been used to study solubility of NaCl in water. [47] The
extended simple point charge (SPC/E) model [48] is used for the water
molecule as this is the most extended model on solubility studies. In
the simulations involving salt, they are considered as non-framework
ions, analogously to modelling cations in zeolites.
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Table 1
Lennard-Jones parameters for the interaction of water with MAF-6.

Molecule-Structure

Atom1 Atom2 𝜖/𝑘𝐵 (𝐾) 𝜎 (Å)

N O𝑠𝑝𝑐𝑒 38.63 3.14
Zn O𝑠𝑝𝑐𝑒 48.90 2.75
C1∕2∕3∕4 O𝑠𝑝𝑐𝑒 42.82 3.24
H1∕3∕4 O𝑠𝑝𝑐𝑒 17.12 2.94

We use the crystallographic position of the atoms of MAF-6 reported
n the literature [12], considering the structure as a rigid framework. A
epresentation of the unit cell of the framework and the coordination of
he linkers to the metal centres is shown in Fig. 1. Following a previous
ork [49], all atoms of the structure have Lennard-Jones and point

harges assigned. Point charges are taken from our previous work [49],
nd they were obtained multiplying by a factor of 1.3 these of the 2-
thylimidazole (eim) linker from a transferable set of charges already
eveloped for ZIFs [50]. In that work, ZIFs with 2-ethylimidazole (eim)
inker needed a scaling factor of 1.3 for the charges to reproduce the
dsorption. As MAF-6 contains this linker we have selected this set of
harges, as we did in our previous work.

Specific L-J interactions for benzene and the alcohols with the
tructure are taken from our previous publication [49], while in this
ork we provide a new set of L-J parameters for the interaction of
ater with the MAF-6 structure (Table 1). These L-J parameters are
ased on UFF [51] (metal atoms) and DREIDING [52] (remaining atoms
f the structure) force fields and they were obtained by fitting pure
omponent isotherm to experimental data. The procedure to obtain the
ew parameters is as follows: first L-J parameters from generic force
ields are used for all atoms of the structure. Then Lorentz–Berthelot
ixing rules are applied to obtain the specific interaction parameters

etween the model of water (SPC/E) and the atoms of the framework.
inally, these parameters are systematically modified by increasing
or decreasing) their values by a percentage. This procedure requires
everal iterations until we achieve a match between the experimental
nd simulation results.

. Results and discussion

The main goal of this work was to figure out how to tune the
ydrophobic nature of MAF-6, making it hydrophilic. To do this, the
irst step consisted of reproducing the water adsorption isotherm using

generic force field. We found that the generic force field could
ot reproduce the experimental results (Fig. 2) and therefore it was
ecessary to adjust the parameters. We did a readjustment of the L-
parameters for the interaction between the water molecule and the

toms of the MOF to reproduce the experimental isotherm (Fig. 2). The
inal parameters are listed in Table 1.

For a better understanding of the adsorption of water in this MOF,
e analysed the radial distribution function (RDF) of the atom of
xygen of the molecule of water to each atom of the structure at 3 kPa.
s observed in Fig. 3, the molecules of water are closer to the organic

inker than to the metal centre. The main peaks for carbon atoms
ppear around 2.9 Å (C1), 3.1 Å (C2), 3.9 Å (C3), and 3.3 Å (𝐶4),
nd around 3.0 Å for nitrogen. In all cases these are shorter distances
han for the first peak corresponding to Zn (∼4.4 Å). This suggests
hat the four imidazole rings connected to each atom of Zn act as a
creen that prevents water to adsorb closer to the metal and provokes
he hydrophobicity of the framework. Accordingly, we can identify two
dsorption sites. One parallel to the imidazole ring (the distances O𝑠𝑝𝑐𝑒

C1, O𝑠𝑝𝑐𝑒 − C2, and O𝑠𝑝𝑐𝑒 − N are similar) and a secondary site
etween the carbons C3 and 𝐶4 of the linker.

Based on these findings we could explore strategies to enhance the
ater adsorption in this MOF. An initial idea was to mix water with
4

ther compounds with the aim of favouring the adsorption of water. On
Fig. 5. Equimolar binary mixtures of water (dark blue circles) with methanol (red
triangles), ethanol (green squares), and 1-propanol (pink diamonds) at 298 K. Full
symbols correspond to excess adsorption while open symbols are used for absolute
adsorption. A comparison with the pure water isotherm (light blue circles) is provided.
The huge error bars observed between 3 kPa and 5 kPa are attributed to the phase
transition of water from the gas to the liquid phase inside the pores.

a previous work we already studied the benzene adsorption capacity of
MAF-6 and how to modify it with the presence of molecules of small
alcohols [49]. The results obtained showed that for increasing chain
length of the alcohol molecule, a stronger reduction on the benzene
adsorption occurred. As benzene starts adsorbing at lower values of
pressure than water, it was reasonable to check if that effect found
for the benzene/alcohol mixtures also happens for a mixture of water
and benzene. This fact was studied by analysing water adsorption from
benzene/water equimolar mixture and compared with the adsorption of
the single gases. This comparison is shown in Fig. 4. As can be observed,
both water and benzene adsorption from the equimolar binary mixture
are identical to their adsorption as pure components. This means
that these gases do not influence the adsorption of each other in the
structure. The gases do not compete for the same adsorption sites and

therefore the presence of benzene in the framework (benzene enters
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Fig. 6. Heats of adsorption (full colour bars) and Henry coefficients (bars with lattice) of water, methanol, ethanol, and 1-propanol in MAF-6 at 298 K.
Fig. 7. Radial distribution function of the oxygen atom from water (Ow) with the atoms of the framework. Data are taken from the pure water isotherm at 5 kPa. An atomistic
representation of the ligand connected to the metal centres of MAF-6 is added with the corresponding labelling of the atoms.
the structure at lower values of pressure than water) does not promote
the loading of water molecules in the MOF. In our previous study, the
reduction of the benzene adsorption was attributed to the molecular
packing of the alcohols and the presence of alcohols hampered the
adsorption of benzene. However, in this case as we are dealing with
water, it is important to consider the polarity of the molecule to tune
the adsorption. As shown in Fig. 4, polarity can be key on tuning water
adsorption for this system. Therefore, contrary to what happened in the
systems benzene/alcohols, here alcohols could promote the loading of
water in the framework by acting as binding sites where water can be
adsorbed. With this idea in mind, we approach the problem of creating
new binding sites for water in two ways: (a) mixing water with small
alcohols and (b) adding salt to the structure.
5

3.1. Mixtures water-alcohol

On a first approach, we investigate the effect caused by the presence
of small molecules of alcohol in water adsorption. We calculate the ad-
sorption isotherms of equimolar binary mixtures of methanol, ethanol,
and 1-propanol with water at room temperature. These isotherms are
shown in Fig. 5. For an easier interpretation of the water adsorption
behaviour, we include a comparison with the pure component water
isotherm. As can be observed from the figure, there is a phase transition
of pure water from the gas to the liquid phase at about 3⋅103 Pa. It is for
this reason that above this value of pressure, excess adsorption cannot

be calculated and absolute adsorption is depicted. The huge error bars
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Fig. 8. Average occupation profile of water (blue) and 1-propanol (pink) as pure components (top) and from their binary mixture (bottom) at 5 kPa. Colour gradation relates
with the amount of molecules. A representation of the structure is added for the sake of clarity.
observed between 3 kPa and 5 kPa are also attributed to the phase
transition of water.

The phase transition occurs at higher values of pressure when water
is mixed with alcohols since the partial pressure of water is lower in the
mixture. Besides, we observe that the adsorption isotherm of water is
smoother in the binary mixtures than as a single component, which has
a stronger impact with increasing the chain length of the alcohol from
the mixture. The adsorption isotherm of pure water is characterized
by a pressure threshold at which the adsorption of water goes from
zero to saturation. When molecules of alcohol are present, this thresh-
old vanishes obtaining intermediate water adsorption loading before
reaching the saturation capacity of the material. We also find that
the starting value of pressure for the adsorption of water is reduced,
being methanol, the gas with the lowest effect and 1-propanol the one
with the largest. Nevertheless, 1-propanol reduces the water uptake
compared to methanol or ethanol (from 30 mol/kg to 25 mol/kg of
water) at the highest value of pressure (at which excess adsorption can
be obtained). For all mixtures the adsorption of the alcohol is much
lower than this of water (1-propanol > ethanol > methanol).

Two interesting effects happen when mixing small alcohols with
water: a) the pressure at which water starts adsorbing in the structure
decreases, and b) the adsorption of water becomes gradual. As a side
effect, the water adsorption capacity of the MAF-6 is reduced (at
the studied conditions) and this reduction is related to the length of
the alcohol chain. To explain these effects we calculate the heats of
adsorption and Henry coefficient. As observed from Fig. 6, the strength
of the alcohol-MAF interaction follows a similar trend regarding the
length of the alcohol. 1-propanol has the strongest interaction with the
structure, followed by ethanol, and then methanol.

As expected, due to the hydrophobic nature of the structure, water
shows the lowest values of Henry coefficient and heat of adsorption,
however it is the most adsorbed molecule in all mixtures. To understand
6

this trend we analyse the radial distribution function (RDF) of the
oxygen atom of water to each atom of the structure (Fig. 7) and obtain
the average occupation profile (AOP) of the mixture and the pure
components (Fig. 8) at 5 kPa. As observed in Fig. 7, the first peaks
for each atom are like those obtained for the pure water. The distances
of water to all atoms (∼2.9 Å (C1), 3.4 Å (C2), 3.7 and 4.4 Å C3), and
3.6 Å (𝐶4), 3.1 Å (N), and Zn (∼4.5 Å)), are slightly longer than in the
case of the adsorption of single water. This implies that molecules tend
to adsorb closer to the organic linker than to the metal centre. From
our previous study [49], we know that pure alcohols exhibit the same
behaviour, but the alcohol molecules are located slightly further from
the carbon atoms of the imidazole ring (3.05 Å ) than water molecules
(2.85 Å). This suggests that both components could compete for the
adsorption sites at low pressure.

At low values of pressure, the RDF of water in the mixture (not
shown here) is similar to that obtained for the pure component and the
same occurs with alcohols. Therefore, when the loading is low, there
are enough preferential adsorption sites available for both components
of the mixture, and there is no competition. However, the isotherms
of the mixtures indicate that the presence of alcohols allows water to
adsorb at lower values of pressure. To gain more information regarding
the distribution of the guest molecules inside the structure, we study the
AOPs. Fig. 8 shows AOPs of water and 1-propanol as pure components
and from their equimolar binary mixture at 5 kPa.

We select this mixture as its adsorption isotherm deviates the most
from the adsorption behaviour of pure water. The AOP represents
the most favourable location of the adsorbed molecules, based on the
projection of their centre of mass over the planes of the material. Since
MAF-6 is an isotropic structure the results obtained on the XY plane
would be analogous to these obtained on the YZ and ZX planes. As
seen from the figure, the distribution of the adsorbed water molecules
differs between the single component and mixtures adsorption. The
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distribution of molecules from pure water adsorption is isotropic, while
in the mixture the distribution is less symmetric. Contrary to water, the
molecules of 1-propanol are distributed in the same way in the pure
component as in mixture.

The concentration of water molecules surrounding alcohol
molecules implies that interactions alcohol–water are relevant for
the system. For a deeper understanding of the interactions between
alcohols and water and to explain the differences on the adsorption,
we analyse the formation of hydrogen bonds (HB) in the system. We
define the HB formation according to a well established geometric
criterion [53–56] that considers the HB between molecules when the
O–O and O–H distance is less than 3.60 Å and 2.45 Å, respectively
with and H–O–O angle of less than 30 degrees. Fig. 9 shows the
number of hydrogen bonds (nHB) per molecule. That is, in the case
of alcohol/alcohol interactions, the nHB formed is divided by the
amount of alcohol molecules (same for water/water interactions). In
the case of alcohol/water interactions the nHB between alcohol and
water molecules is divided by the total amount of molecules present in
the system.

As can be seen the nHB/molec between alcohols shows the greatest
peak at about 800 Pa between 1-propanol molecules, then at 1.5 kPa for
ethanol/ethanol interactions, being the nHB/molec between methanol
molecules the lowest of the three at about 3 kPa. Connecting this with
the decreasing trend of the heat of adsorption of the three alcohols,
allows explaining the earliest adsorption of 1-propanol compared to this
of ethanol and methanol. The formation of HB between molecules of
alcohols together with the MAF-alcohol interaction favours the loading
of alcohol molecules. In the same way, the number of HB between the
alcohol and water increases with the length of the alcohol chain. The
maximum number of HB is achieved at decreasing values of pressure
for shorter alcohol chain length. This explains the increasing water
adsorption, at lower values of pressure, in mixtures with longer chain
alcohol. Finally, the largest water uptake observed from the equimolar
mixture with methanol compared to this from ethanol and 1-propanol
mixtures, is directly related to the water/water HB formation at the
highest values of pressure. Above 1 kPa the ratio of water/water HB
formed sharply rises on the mixture with methanol and ethanol while
it is smoother on the 1-propanol/water mixture. This is the reason of
the later phase transition of water in the last mixture. Summarizing,
alcohol molecules enter the material at low pressure. These molecules
act as additional adsorption sites, promoting the adsorption of water
by hydrogen bonding with water molecules. Then, once some water
molecules have been adsorbed, they nucleate and populate the pores.
This nucleation is modulated by the available void space, which is
directly related to the size and the adsorbed amount of the alcohols.

3.2. Salt in the structure

The second approach is the addition of small weight percentages of
NaCl to the structure. This is similar to the process used to make many
zeolites hydrophilic: using cations which act as strong interaction sites
with water. We use two salt models from the literature [45,46] and
compute water adsorption isotherms varying the concentration of salt.
In this way, we can study the influence of the salt on the adsorption of
water and compare the performance of the models.

Fig. 10 shows the calculated adsorption. Overall, the results ob-
tained with both models are similar. At values of pressure lower than
103 Pa the loading of water increases with the percentage of salt in the
structure, while above this pressure we observe the opposite behaviour
(lower adsorption for higher concentration of salt). In the low pressure
range, it is worth noting that the use of the Joung and Cheatham model
leads to a significant increase of water adsorption with 10 wt% or
10% vy weight (often stated 10% w/w) of salt compared to 8 wt% of
salt. On the other hand, when using the Kirkwood–Buff model, there
is an unexpected increase of water loading with 6 wt% of salt. From
7

these results we deduce that the presence of NaCl creates additional
Fig. 9. Number of hydrogen bonds per molecule as a function of pressure from the
equimolar binary mixtures alcohol/water. From top to bottom, comparison of the
nHB/molec alcohol–alcohol, alcohol–water, and water–water. Results obtained from the
mixture with methanol, ethanol, and 1-propanol are represented by red squares, green
circles, and pink triangles, respectively.

adsorption sites for water enhancing its adsorption at values of pressure
below 103 Pa, while above this value NaCl occupies the available space,
reducing therefore the adsorption of water. Analysing the water/water
HB formation in the same way as we did before (Fig. 11), it seems
clear that the presence of salt enhances the formation of HB between
water molecules. Above 10 kPa both NaCl models lead to the same
amount of nHB/molec with a small reduction of this ratio for increasing
concentration of salt in the system.

At 1 kPa the ratio varies from 1.3 to 1.5 for all weight percentages of
NaCl except for 2 wt% that shows the lowest value (0.8–1 nHB/molec),
being all of them a great improvement compared to pure water ad-
sorption. At the lowest value of pressure, there is still an increase
on the HB formation, but not as large as for 1 kPa. At 100 Pa, the
difference between models is quite remarkable for the different weight
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Fig. 10. Water adsorption isotherms in MAF-6 at 298 K with different weight percentages of NaCl using the Joung and Cheatham model (top) and the Kirkwood–Buff derived
odel (bottom).
ercentages of NaCl studied (except 2% by weight). The results of the
C-model show the highest amount of nHB/molec (between 0.4 and
.8), this together with the trends of the adsorption isotherms, and the
act that this model has been widely used for NaCl in water solubility
tudies, lead us to trust these results more than those obtained with
he KB-model. In summary, our results show that adding a 10 wt%
f salt to the structure improves the adsorption of water in the MAF-
in such a way the water molecules can enter the structure at low

ressure (below 100 Pa). As a counterpart the saturation capacity of
he material is reduced from 40 mol/kg to 34 mol/kg. By varying
he weight percentage of salt we can modulate the decrease in the
aturation capacity as well as the change in the pressure at which the
ater begins to adsorb. We have seen that both approaches (alcohol
nd salt additions) turn the MAF-6 into a more hydrophilic material,
llowing the adsorption of water at lower values of pressure than
n the bare structure. At the same time, the saturation capacity is
educed. For the case of mixtures with alcohols, propanol induces the
reatest decrease, obtaining a saturation capacity of 25 mol/kg. Ethanol
nd methanol practically do not reduce the saturation capacity of the
tructure and the effect is similar to that obtained by adding a 2 wt%
nd 4 wt% of salt. The maximum percentage of salt that we have tested
eads to a saturation capacity of 30 mol/kg. With alcohols, the value of
ressure at which water starts entering the framework is higher than
kPa, while with the addition of salt we observe water adsorption
8

below 100 Pa. Finally, the maximum water enhancement is found to
be about 25 mol/kg in presence of 10 wt% of NaCl at 1 kPa.

4. Conclusions

With the idea of modifying the hydrophobicity of MAF-6, we have
used two approaches. The first one dealt with the effect that the
presence of small alcohols (methanol, ethanol, and 1-propanol) has on
the water adsorption from equimolar binary mixtures alcohol/water.
The second approach was to evaluate the influence of different weight
percentages of salt on the adsorption capacity of the material. For
this purpose, using molecular simulation we calculated adsorption
isotherms, heats of adsorption, radial distribution functions, average oc-
cupation profiles, and hydrogen bonds formation. From water/alcohol
mixtures analysis we observed that although there is no direct com-
petition between the molecules with the structure, the presence of
alcohol in the mixture favours the adsorption of water at low pressure.
Alcohols are adsorbed at lower values of pressure than water, acting
as additional adsorption sites for the latter. Furthermore, the larger
the size of the alcohol, the earlier adsorption of the molecules from
the mixture. The water phase transition is postponed in presence of 1-
propanol, this phenomenon having a direct relation with the formation
of hydrogen bonds. The addition of certain amounts of salt also creates
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Fig. 11. Number of hydrogen bonds per molecule as a function of pressure from the water adsorption in presence of NaCl. Comparison of the results obtained for the addition
of 2 wt% (green), 4 wt% (dark blue), 6 wt% (pink), 8 wt% (light blue), 10 wt% (yellow) of salt. Data from the JC- (top) and the KB-model (bottom) are represented by squares
and circles, respectively. Black triangles show the results from the pure component water adsorption.
additional adsorption sites for water favouring its adsorption, with
the counterpart of reducing the maximum water uptake. On a similar
way as already happened with zeolites, this mechanism could guide
experimental groups to develop MOFs with cations. Both approaches
lead to higher water adsorption of MAF-6 by giving optimal conditions
for a smooth phase transition of water when it is confined in the
structure of MAF-6.
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