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a b s t r a c t

Ethanol and other biofuels produced during biomass conversion must be separated from the fermenta-
tion broth (mainly water) before being used as a fuel. This can be addressed by adsorption-based sepa-
ration using porous materials. The key objective of this study is to obtain a molecular understanding of
water and alcohol adsorption in pure-silica zeolites, particularly in silicalite-1 (MFI-type zeolite) and
silicalite-2 (MEL-type zeolite). Molecular simulation techniques are used for this purpose. They provide
information on the configuration of the fluids, and so the microscopic network structure of the adsorbed
polar molecules can be characterized by using a specific criterion of hydrogen bonding formation. We
conducted Grand-Canonical Monte Carlo simulations to compute the adsorption isotherms of pure short
alcohols and water and from the liquid alcohol/water binary mixtures throughout the composition range.
Despite MFI and MEL being structurally very similar, we found differences in adsorption, which are
related to the underlying molecular behavior. While water intrusion occurs by applying pressure due
to stronger water-water than water–silicalite interactions, notable water adsorption from the mixture
occurs first by hydrogen bond formation with the adsorbed alcohols and then by self-association. A
higher degree of water clustering in MEL compared to MFI zeolite, promoted by its straight channels,
leads to relatively lower uptakes of water in the latter zeolite (in favor of alcohol molecules).
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Undoubtedly, fossil fuels have become the dominant energy
resource for the modern world. However, their prospective of
depletion and rising prices of raw materials foster the search for
sustainable alternatives. Currently, bioalcohols represent promis-
ing candidates, especially the first four aliphatic alcohols, with high
octane rating. They are obtained in a fermentative process that
takes place by means of microorganisms that convert carbohy-
drates extracted from plant matter. However, they represent a
minor fraction of the fermentation broth, which mainly contains
water. The efficient recovery of alcohols from aqueous media is
challenging, representing indeed the most energy expensive step
in fermentative fuel production. The traditional method of product
recovery is distillation; however, it is energetically and economi-
cally undesirable in this case due to the low concentration of alco-
hols and their boiling point higher than that of water. The
separation of the alcohols from aqueous solutions by adsorption
onto porous materials is a promising alternative. A variety of
adsorbent materials such as zeolites, active carbons and polymers
have been employed to separate alcohols from water, but silicalite
is the one most often used. Silicalite zeolites are of special interest
because of their hydrophobic character among other properties.[1–
12].

Since experiments on multicomponent mixtures are challeng-
ing, computational studies using molecular simulation techniques
are not only a complementary but also necessary tool in this con-
text. Initially, simulations were successfully applied to the study of
adsorption onto porous materials of hydrocarbon or simple gases
(eg, CO2 and N2)[13–16], but, as pointed out by Bai et al.[6], the
study of the adsorption of mixtures with polar molecules is signif-
icantly more complex due to formation of hydrogen bonds and
because to perform Grand Canonical Monte Carlo simulations (that
allow to efficiently study the adsorption behaviour), the chemical
potential of all the components of the mixture must be known.
However, these data are often not available for liquid mixtures.
In addition, Krishna and van Baten[17] studied the adsorption of
alcohol aqueous solutions in pure silica MFI and showed that even
though pure water is not adsorbed unless very high pressures are
applied, significant amount of water is adsorbed from the alcohol
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aqueous solutions due to the formation of hydrogen bonds of water
with alcohol adsorbed molecules. As a consequence, it is not possi-
ble to make predictions on the adsorption from the mixture based
on the behaviour of the pure components, and this also holds for
many other hydrophobic porous materials[18,19].

In spite of these difficulties, much progress has been made dur-
ing the last decade, when several groups tackled the problem of the
adsorption of alcohol aqueous solutions using a variety of simula-
tion methods. Xiong et al.[1] developed a method to estimate the
chemical potentials of the force-fields at the appropriate thermo-
dynamic conditions to be used in GCMC simulations using the
expanded ensemble method, but they could only access low alco-
hol concentrations. Bai et al.[6,7] used Gibbs-Ensemble Monte
Carlo simulations in the NpT ensemble using three simulations
boxes (one for the liquid, another one for the zeolite and an inter-
mediate gas phase box, so that calculation of the chemical poten-
tials is not needed) and extended the study of the adsorption of
the alcohol aqueous solutions (methanol and ethanol) to the whole
composition range, using TIP4P[20] for water and TraPPE force-
field for the alcohols and silicalite[21,22]. These authors first
focused on MFI[6]. Their simulations predicted a small water
uptake from the liquid mixture, especially for ethanol as solute.
They argued that the geometric constrains imposed by the narrow
pores of MFI somewhat impeded the intrusion of water. Thus, they
concluded that the optimal zeolite for water/alcohol separation
should be the one with a geometry that favours the adsorption of
alcohol but disfavours the formation of hydrogen bonds with
water. In a subsequent computational screening study that sur-
veyed all the zeolites in the IZA-SC[23] database, this group con-
cluded that FER exhibits indeed better separation performance
than MFI[8,7].

In a detailed structural analysis of the adsorption of water, alco-
hols and their mixtures in MFI using the same force-field,[24,25]
this group showed that pure water adsorbs first forming dimers
in the zig-zag channels, then in the straight channels and finally
they enter in the intersections forming long chains. In saturation,
almost half of the water molecules are involved in two hydrogen
bonds, giving an average number of hydrogen bonds per adsorbed
water molecule of about 1.7. In the adsorption of pure methanol
and ethanol, alcohols adsorb first as isolated monomers and, only
when the load of the zeolites exceeds a given threshold, hydrogen
bonds start to form. In saturation, the number of hydrogen bonds
per molecule for methanol and ethanol are estimated to be about
0.9 and 0.7, respectively. Regarding the adsorption from the mix-
tures they concluded that water molecules are often found sur-
rounded by two alcohol molecules, which can be partly
explained because their simulations predict a low water uptake.

In a recent study[26], we made a comparative study of the
adsorption of alcohol/water binary mixtures in silicalite-1 and
silicalite-2 for methanol, ethanol and 1-butanol at 298 K and
323 K, the typical temperatures in sugar fermentation[27,28].
Our intention was to study the different adsorption behaviour
when the zig-zag channels of MFI (which showed the higher affin-
ity for water and alcohol adsorption[6]), were remplazed by
straight channels of MEL. In this work, the alcohols and the zeolites
were modelled using the TraPPE force-field[22,21], but differently
from the work of Bai et al.[6], TIP4P/2005[29] was used for water.
Another key difference with the work of Bai et al.[6] was that we
obtained estimations of the chemical potentials required for the
GCMC simulations from experimental liquid–vapor curves rather
than making explicit calculations for the chosen force-field. Even
though this route is not methodologically consistent, it might par-
tially correct some of the deficiencies of the force-field to predict
the phase equilibria of the mixtures[26]. We found that these dif-
ferences in the simulation protocol, especially the choice of the
force-field, had some impact on the results. On the one hand, the
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chosen water model led to significantly different results on the
amount of water uptake, being significantly larger for TIP4P/2005,
but had a negligible effect on the alcohol adsorption. It is possible
that these differences between both water models might be
reduced by using the chemical potentials calculated for the corre-
sponding force fields instead of from experimental vapor pres-
sures, but the crossed water-alcohol interactions might also play
a significant role. Unfortunately, as most experiments only provide
information about the alcohol uptake[30], it is not presently possi-
ble to knowwhich scenario occurs in reality. On the other hand, we
also found that the choice of the chemical potential seems to shift
the curve of alcohol uptake as a function of the liquid alcohol con-
centration to slightly higher concentrations when compared to the
results of Bai et al.[6] that use the chemical potentials at LVE pre-
dicted by the force-field. Our main conclusion (under these
assumptions) was that the zigzag channels of MFI zeolite induce
slightly higher affinity for alcohols, which leads to higher adsorp-
tion selectivities compared to MEL zeolite.

In this work, we investigate the fluid structure within the pores
of the MFI and MEL zeolites, which is key to understand the sepa-
ration processes from a microscopic level. For aqueous solutions of
alcohols, hydrogen bonding (HB) unquestionably plays a main role.
While experimental techniques such as Raman spectroscopy or IR
can probe the hydrogen bonds formation indirectly, molecular sim-
ulation provides straightforward information to this end, namely
coordinates of all the atoms for a set of the instantaneous configu-
rations, i.e. the most detailed structural information at the molec-
ular scale. HB formation can then be directly computed on the
basis of specific geometric or energetic criteria. Given the signifi-
cantly different water uptake in MFI depending on the water force
field[26,6], this study might also help to understand the origin of
such differences.

The remainder of the paper is organized as follows: In Section 2,
we include descriptions of the considered frameworks and provide
the used models, force fields, and other simulation details. In Sec-
tion 3, we comprehensively expose and discuss the results. Finally,
some concluding remarks are given in Section 4.

2. Methods

2.1. Silicalite structures

Silicalite-1 (MFI-type zeolite, all-silica ZSM-5) possesses a 3D
channel structure with two channel systems: Sinusoidal 10-
membered-ring (MR) channels in the x-direction intersecting with
straight 10-MR channels in the y-direction. Here we adopted the
ortho form of MFI zeolite with Pnma symmetry reported by Kon-
ingsveld et al.[31] Linear channels have an approximately circular
section of dimensions 5:4Å� 5:6Å, whereas sinusoidal channels
adopt a slightly more elliptical shape of size 5:1Å� 5:5Å. The unit
cell parameters are a ¼ 20:022Å; b ¼ 19:899Å, and c ¼ 13:383Å.
Silicalite-2 (MEL-type zeolite, all-silica ZSM-11) has a similar por-
ous network, with the difference that the two sets of intersecting
channels are straight, with nearly circular cross sections of dimen-
sions 5:3Å� 5:4Å[32]. The crystal structure has been obtained
from the International Zeolite Association[23]. Both zeolites also
differ in the way of connecting channels: While MFI exhibits only
one type of intersection, in MEL there are two types, a large and
a small one. A schematic representation of the surface and atomic
structure of both zeolites is depicted in Fig. 1.

2.2. Force fields and simulation details

The non-bonded energy potential consists of Lennard-Jones (LJ)
12–6 and electrostatic interactions, which were truncated at 12Å.



Fig. 1. Schematic representation of the surface and atomic structure of MEL (left)
and MFI (right) zeolites. This view shows how the sinusoidal channels of MFI
convert to straight channels in MEL.
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The number of unit cells was chosen such that the minimum
length of the axes of the simulation box was larger than twice
the interaction cutoff distance. This corresponds to 2� 2� 2 MFI
and MEL unit cells. Periodic boundary conditions[33] were exerted
in the three spatial dimensions. Long-range electrostatic interac-
tions were evaluated using Ewald summation technique[33].

To describe the systems under study, we used models and force
fields available in the literature. The zeolite structures were con-
sidered to be rigid, i.e., with the framework atoms kept at their
crystallographic positions. Host energies are thus neglected. The
alcohols were represented by united-atom flexible models with
CHn groups taken as single-interaction sites with potential param-
eters from the TraPPE force field[22]. Intramolecular interactions
include bond-bending and torsion potentials. The bond bending
between three neighboring beads is modeled by a harmonic cosine
bending potential, and changes in the torsional angle are con-
trolled by TraPPE cosine series potential. Concerning water, we
have selected the TIP4P/2005 model[29,34]. It is a rigid non-
polarizable model that considers four interacting sites placed on
the three atom positions and on an additional site placed in the
bisector of the angle formed by the molecule bonds. The character-
istic parameters of both UA-TraPPE and TIP4P/2005 can be found in
the original papers[22,29,21]. To describe LJ parameters and
charges of the framework atoms, we used TraPPE-zeo,[21] which
was originally developed to use in conjunction with the TraPPE
force field for the adsorbates. Lorentz-Berthelot mixing rules were
used to account for the LJ parameters of crossed interactions.

In order to study the adsorption from the liquid phase for the
aqueous solutions of the short-chain alcohols in silicalites, we con-
sidered a binary mixture three-phase equilibrium: Equilibrium
between liquid and gas (with compositions and densities deter-
mined experimentally or through an EoS), and equilibrium
between gas and zeolite determined by means of GCMC simula-
tions. The required equilibrium conditions between the liquid
phase and the adsorbed phase are calculated using the fugacities
corresponding to the vapor–liquid equilibrium. In this way the
composition (and hence the chemical potential of each species)
of the reservoir in equilibrium with the adsorbed phase are defined
for the GCMC simulations[35,36]. The fugacities corresponding to
different liquid-phase concentrations were taken from VLE data
reported in Pemberton et al.[37] for ethanol/water mixtures and
in Gmehling et al.[38] for methanol/water. The GCMC simulations
were performed at ambient temperature using RASPA code
[39,40]. In this ensemble, the chemical potential is determined
from the fugacity, which is the effective thermodynamic pressure.
We used Peng–Robinson equation of state[41] for fugacity/pres-
sure conversion. We defined a GCMC cycle as N moves, including
molecular swap with the reservoir, rotation, translation, and also
identity change moves, which is highly recommended at high load-
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ings. N denotes the number of adsorbed molecules if it is larger
than 20, and 20 otherwise. Long simulations (one million MC
cycles) were required to ensure good statistics since the strong
intermolecular interactions for polar molecules complicate the
sampling of all possible configurations. Complementary GCMC sim-
ulations were likewise conducted to examine the adsorption
behavior of the pure compounds. For the case of water, adsorption
occurs only at pressure much higher than the condensation pres-
sure. In this case, we used an equation of state taken from Pršlja
et al.[18] to relate the chemical potential with the pressure.

2.3. Hydrogen bonding

Configurations from simulations taken every 1000 cycles were
used to calculate average hydrogen bonding properties and molec-
ular coordination in the unary and binary systems. We compute
the following properties characterizing the structure of the
adsorbed fluids: The fraction of molecules in the monomer or asso-
ciated state, the number of hydrogen bonds per molecule nHB, and
the fraction of molecules with 0 (monomers), 1;2;3, and 4 hydro-
gen bonds f 0; f 1; f 2; f 3; f 4. The number of hydrogen bonds between
each pair of fluid molecules was computed by using a specific cri-
terion to define HB formation. In the geometric definition, two
molecules are considered to be associated via H-bonds if they sat-
isfy some criteria as to their relative position and orientation[42].
Specifically, two water molecules were considered to be hydrogen
bonded if (1) the O � � � O separation is less than 3:6Å, (2) the O � � � H
separation is less than 2:4Å, and (3) the O � � � O� H angle, where H
is the hydrogen atom that forms the bond, is less than 30�[43,44].
For alcohol-alcohol interactions, we considered 3:5Å and 2:6Å as
threshold O � � � O and O � � � H distances, respectively [45,46]. These
geometric criteria for water and alcohols are well-established
[43,44,47,45,46], with threshold distance values corresponding to
the positions of the first minima in the respective radial distribu-
tion functions. We have checked that the positions of the charac-
teristic extrema remain virtually unchanged regardless of the
fugacity and of the zeolite, and equal to the values for the pure bulk
compounds. Hence, a geometric criterion for HB analysis of these
systems, as well as the bulk geometric parameters, seems to be
adequate. In Calero et al.,[48] it was already shown to account
for hydrogen bonding of water in pure silica zeolites. Anyway,
the geometric parameters are not too restrictive[49] and due to
their close values, the same criteria are sometimes used for both
alcohols and water, for the sake of simplicity. Indeed, for the cross
alcohol-water interactions, we considered the same geometric
parameters as those for alcohol-alcohol interactions. Overall, the
error on the H-bond statistics is estimated to be less than 5%.
Finally, it is worth noting that an alternative method based on
energetics is also commonly used in the literature to determine
the number of hydrogen bonds. However, both routes usually pro-
vide consistent results (see Ref.[50] and references therein).

3. Results

Fig. 2 shows the adsorption isotherms of pure water and alco-
hols, taken from our previous work,[26] together with the analysis
of hydrogen bonding along the adsorption process for each com-
pound. Note that the data is plotted as a function of fugacity, which
in the case of water is not equal to the effective thermodynamic
pressure. In our previous work[26], to make this conversion we
used an equation of state fitted to simulation data[18] and found
that water adsorption occurs at pressures of about 108 Pa, in close
agreement to simulation results using TIP4P[51,52,6] and to exper-
imental data measured using zeolite samples with very low defect
concentrations[52]. The adsorption isotherms of the alcohols were



Fig. 2. Upper graph[26]: Pure adsorption isotherms (top) at 298K of methanol (red),
ethanol (green), 1-butanol (blue) and water (black) in pure-silica MFI (dotted lines)
and MEL (continuous lines) zeolites. Lower graphs: The underlying fraction of
associated molecules f ass (bottom left) and average number of hydrogen bonds per
molecule nHB (bottom right) as a function of fugacity.
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compared with experimental data by Dubinin et al.[53] for MFI and
with our own measurements for MEL, finding a fairly good agree-
ment between simulations and experiments. As well, good agree-
ment was found with simulated data from Bai et al.[6] for unary
adsorption of methanol and ethanol in MFI. For a more detailed
comparison, see our previous work[26]. In the bottom two panels
of Fig. 2 we report, as a function of the fugacity, the fraction of
associated molecules f ass and the number of hydrogen bonds per
molecule nHB. We used the above introduced geometric criterion
for HB definition to compute these properties. A clear enhance-
ment of hydrogen bonding occurs as the pressure (and thus load-
ing) increases.

As it is apparent from the fraction of associated molecules, HB
formation gains importance with pressure and associated alcohol
molecules prevail over monomers (f ass above 0:5) from 1Pa (1-
butanol), 100Pa (ethanol) and 1000Pa (methanol), approximately,
which correspond to the pressures at which the adsorption iso-
therms increase. Although at the highest coverages association
dominates, the number of monomers is not negligible at all. The
fraction of associated molecules at saturation decreases with
increasing molecular size of the alcohol, with values of about
0:9;0:8 and 0:7 for methanol, ethanol and 1-butanol, respectively.
Curiously, for 1-butanol, the degree of association slightly
decreases at fugacities betwen 10 and 105 Pa. This is likely due
to steric effects. The increase of loading favors association but
the excessive molecular packing for high fugacities somewhat hin-
ders hydrogen bond formation. In the case of pure water, the rapid
pore filling phenomenon implies the absence of monomers. Virtu-
ally all the molecules are associated (bulk-like behavior) after the
steep condensation.

The average number of hydrogen bonds per molecule nHB is
related to the degree of association. Overall, as the fugacity grows,
so does the nHB values, i.e., more complex hydrogen-bonded clus-
ters are formed. Whereas the rapid intrusion of pure water leads
directly to a dense phase within the pores, the degree of associa-
tion gradually increases with coverage for the alcohols. At satura-
tion, nHB value ranges between 1 and 1:5 (chain-like structure)
for the alcohols, and between 2 and 3 for water. Due to the confine-
ment, these values lie well below those of the bulk using the same
models, namely 1:89 and 3:52, respectively. These data on bulk flu-
ids are consistent with previous works[43,46,48]. Therefore,
although these polar molecules remain highly structured at com-
4

plete filling in these zeolites, they form a weaker HB network com-
pared to the bulk phase. Additionally, the curves of adsorption
isotherms and of nHB vs fugacity display similar shapes, which
denotes strong correlation between these macroscopic and micro-
scopic descriptions. This can be understood as an indication that
pore filling mechanisms are mostly driven by hydrogen bonding.

Next, we compare our results on the structural analysis with
available data for single-component adsorption of water and alco-
hols in MFI zeolite. In the case of water, the average number of
hydrogen bonds per molecule nHB obtained in this work for the
adsorbed phase in MFI zeolite (about 2.7) is quite consistent with
the percentages of molecules engaged in hydrogen bonds reported
in Desbiens et al. [52], which imply a nHB value of about 2.3, taking
into account: (i) the use of different water models: TIP4P/2005[29]
and TIP4P[20], respectively, (ii) the use of different zeolite frame-
works: taken from Koningsveld et al.[31] and Olson et al.[54],
respectively, and (iii) that the value reported by Desbiens et al.
[52] corresponds to complete filling, and the steric effects of the
excessive molecular packing can lead to a decrease of this property,
as commented above for the unary adsorption of 1-butanol. Wang
et al.[24] however reported for adsorbed water in silicalite-1 at
252 MPa a considerably lower nHB value of 1.7. As in Desbiens
et al. [52], they used the TIP4P model [20] for describing water.
The zeolite structure was taken in this case from the IZA data-
base[23], but we believe that the discrepancy is too large to be
ascribed to the source of the zeolite framework. In our opinion, it
can be due to the used software/algorithms for HB analysis. Indeed,
the nHB value for bulk water reported in Wang et al. [24], 2.9, is
likewise lower than that estimated in previous work[55] using
the same force field, of about 3.4, which is consistent with the fact
that the vast majority of molecules are engaged in 4 hydrogen
bonds. Atomistic water models available in the literature (three,
four of five-site) generally provide the number of hydrogen bonds
per molecule at least above 3. This is indicative of likely underesti-
mation of this property in Wang et al. [24], with values for
adsorbed water in MFI that are quite below those predicted by
us and by Desbiens et al.[52], as just commented. In the case of
the alcohols, we obtain nHB values slightly above 1 for saturated
phases in MFI for both methanol and ethanol, whereas Wang
et al. [24] reported values of 0.9 and 0.7, respectively. The discrep-
ancy in this case is lesser than that for water, and likely also
ascribed to the methodology of hydrogen bonding analysis, which
seems to somewhat underestimate this property for both adsorbed
and bulk phases.

To the best of our knowledge, there is not available data for
comparison in MEL zeolite. The comparison of the structural anal-
ysis obtained here for both MFI and MEL zeolites (dotted vs contin-
uous lines, respectively) shows a slightly more complex HB
network for the alcohols in MFI zeolite and for water in MEL zeolite
during the adsorption process, if they are compared at the same
pressure. Results at saturation loadings are almost the same. Since
adsorption in the low-coverage regime is directly related to the
affinity of the molecules with the surface of the adsorbent, we
depict in Fig. 3 the average density plots of ethanol in both sili-
calites at low loadings – 200Pa –. The probability of finding a mole-
cule in a given position of the zeolite is indicated by the color scale
in the left. As it is apparent from these plots, intersections are the
preferential adsorption sites in both zeolites, but also the zig-zag
channels in MFI zeolite, which explains the larger uptakes of alco-
hol in this latter zeolite. Similar behavior was found for methanol
and 1-butanol. In the case of water, an abrupt condensation transi-
tion takes place only by applying hydraulic pressure, due to
hydrophobic nature and small diameter of the zeolite channels.
Consequently, the average density plots of water convey little
information of interest.



Fig. 3. Average density plots of ethanol in pure silica MEL (left) and MFI (right)
zeolites at low loadings (at 200Pa in particular).The relation between colour and
probability density occupation (from blue to red) is shown in the bar colour ramp
situated on the left side of the figure. It is worth noting that similar images were
included in the Graphical Abstract of our previous work[26],but just with the end of
improving its visual aspect; they were not dealt and discussed in the text.
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Further insight on the role played by guest-framework surface
interactions is provided by two quantities plotted in Fig. 4: the
average self-coordination per adsorbate molecule, and the average
coordination with the oxygen atoms of the zeolites. In order to be
consistent with the HB criterion introduced above, self-
coordination is defined in terms of a distance of 3:5Å, and the same
value is used for assessing the coordination with zeolite oxygen
atoms. Since no angular criterion is being used, average coordina-
tion numbers will be larger than the average number of H-bonds
per molecule – see Fig. 2–. Overall, the coordination of the guest
molecules around the oxygen atoms of the framework surface
decreases with increasing the molecular size, which is due to steric
effects. The different trends with fugacity of these curves for alco-
Fig. 4. Average coordination per adsorbate molecule: 3:5Å self-coordination (up)
and coordination with the oxygen atoms of zeolite (down) for methanol (red),
ethanol (green) and water (black) in pure-silica MFI (dotted lines) and MEL
(continuous lines) zeolites as a function of fugacity. Data for 1-butanol is omitted
for the sake of clarity.

5

hol and water molecules support the distinct adsorption mecha-
nisms of these polar molecules in silicalites. Alcohols exhibit the
largest coordination numbers with respect to framework oxygen
atoms at the lowest coverages. This is an indication of adsorption
dominated by alcohol-surface interactions (stronger than alcohol-
alcohol interactions in the bulk). The larger coordination of the
alcohol molecules with MFI surface is consistent with the relatively
higher adsorption affinity of alcohols to the zig-zag channels of this
zeolite, as commented in Fig. 3. As fugacity increases in parallel
with alcohol loading, self-coordination of alcohols increases in
detriment of coordination with the framework surface. In contrast,
both coordination numbers increase for water with growing fugac-
ity. The increasing coordination numbers between zeolite and
water oxygen atoms with fugacity certainly show that adsorption
is accomplished by applying hydraulic pressure. The opposite ten-
dency found for alcohols reflects the energetically driven adsorp-
tion in this case, mainly ascribed to their larger molecular size.
Coordination with the zeolite surface is hence mainly controlled
by energetic factors for alcohols and by entropic and packing fac-
tors for water. After the sudden condensation transition of water,
energetic factors due to water-water interactions obviously also
play a role, as reflects the increase with fugacity of the self-
coordination numbers, as well as of the average number of hydro-
gen bonds per water molecule (in Fig. 2).

In what follows, we address the structural analysis correspond-
ing to the competitive alcohol/water adsorption. We report in
Figs. 5 and 6 the adsorption loading at ambient temperature from
methanol/water and ethanol/water binary mixtures (data replot-
ted from our recent work)[26], respectively, as a function of the
alcohol molar fraction in the liquid mixture, together with the
results for the corresponding HB networks. For these zeolites and
thermodynamic conditions 1-butanol is preferentially adsorbed
over water throughout the composition range. Therefore, the struc-
tural analysis of the 1-butanol/water mixture adsorption is less rel-
evant and is not presented here.
Fig. 5. Upper graph[26]: Adsorption loading of methanol (red)/ water (black)
mixture in pure-silica MFI (dotted lines) and MEL (continuous lines) zeolites as a
function of the feed composition (alcohol molar fraction in the liquid mixture) at
ambient temperature. Lower graphs: Hydrogen bonding analysis as a function of
the feed composition, namely fraction of associated molecules f ass (left) and average
number of hydrogen bonds per molecule nHB (right). Black and red colors denote
self-association for water and methanol, respectively, and blue color represents
cross association referred to water (ie, fraction of water molecules associated with
methanol molecules and average number of bonds per water molecule with
methanol molecules). As commented in Section 2.2, we used experimental data of
vapour-liquid equilibrium[38] from which the chemical potential at coexistence
was inferred.



Fig. 6. Upper graph[26]: Adsorption loading of ethanol (green)/ water (black)
mixture in pure-silica MFI (dotted lines) and MEL (continuous lines) zeolites as a
function of the feed composition (alcohol molar fraction in the liquid mixture) at
ambient temperature. Lower graphs: Hydrogen bonding analysis as a function of
the feed composition, namely fraction of associated molecules f ass (left) and average
number of hydrogen bonds per molecule nHB (right). Black and green colors denote
self-association for water and ethanol, respectively, and blue color represents cross
association referred to water (ie, fraction of water molecules associated with
ethanol molecules and average number of bonds per water molecule with ethanol
molecules). As commented in Section 2.2, we used experimental data of vapour-
liquid equilibrium[37] from which the chemical potential at coexistence was
inferred.
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In our previous work[26], the amount of ethanol adsorbed as a
function of alcohol concentration was compared with available
experimental[56] and simulation results[6]. We found a reasonable
agreement, although our data was slightly shifted to higher alcohol
concentrations, probably due to the different procedure used to
estimate the chemical potential for the GCMC simulations. How-
ever, our simulations predict a much higher water uptake than
the simulations of Bai et al.[6]. In our previous work we showed
that the choice of the water model affects critically to the water
uptake, whereas adsorbed alcohol remains unaffected[26]. In par-
ticular, a small water uptake is predicted when using TIP4P[20],
whereas quite large uptake is predicted by TIP4P/2005[29].
Besides, it is reasonable to think that water-alcohol cross interac-
tions will be also relevant, but previous work has shown that the
use of LB combining rules (which were used both in our work
and in the simulations of Bai et al.[6]) provide a poor description
of the excess properties of the bulk mixtures [57]. Note that exper-
iments do not provide direct access to the amount of adsorbed
water, thus it is not possible to know what scenario is more plau-
sible. The difficulty of experiments to obtain information about the
water uptake is discussed in the recent work of DeJaco et al.[30],
and led them to resort to a combination of experimental and sim-
ulation data to get an estimate of the amount of adsorbed of water
as a function of the concentration of the binary mixture. In partic-
ular, they propose to use the predicted coadsorption by simulation
coupled with the bulk solute (ethanol) concentration measure-
ments, referring this combined approach as ”coadsorption meth-
od”. In that regard, we do not think that these data can be used
as an unambiguous proof of low water uptake in experiments,
since it includes experimental bulk measurements but simulated
solvent loadings, especially at low concentration. As occurs for
the comparison of our results with those from Bai et al.[6], our data
for ethanol adsorption (Fig. 6) agree well with this recent study
[30], but our simulations predict a higher water uptake. We think
that only experiments that have direct access to water uptake can
solve these discrepancies between different force fields. We refer
6

the readers to our previous work[26] for a more extensive discus-
sion on the effects of the choice of the water model and for a more
exhaustive comparison with the literature.

Moving now to the analysis of the hydrogen bond and associa-
tion analysis, consistently with previous work,[17,6,19], we have
found that the presence of adsorbed alcohol molecules promotes
water adsorption through hydrogen bonding interactions, which
in turn enhances water adsorption due to the strong water-water
interactions. This is clearly apparent from the results on cross
and self-association of water in the diluted alcohol concentrations.
Although the presence of adsorbed water molecules is maximum
from liquid mixtures of low alcohol concentrations, a non-
negligible amount of water is adsorbed over a wide range of
solution-phase compositions. In contrast with this, the intrusion
of pure water in the silicalites can only be induced by pressure.

For the water-rich system (alcohol concentrations below 0:1),
the fraction of self-associated adsorbed water molecules is above
0:80, and the average number of hydrogen bonds per molecule is
about 2. As the alcohol concentration of the mixture increases,
cross-association of water with alcohol molecules gains more
importance, as well as self-association of the alcohol. Cross hydro-
gen bonding between the alcohol and water molecules prevails
over self-association of the alcohol throughout the composition
range, even for the alcohol-rich system. However, it is worth
emphasizing in this respect that cross association is referred to
water molecules. Given that for the alcohol-rich systems, a very
small amount of water is adsorbed, it is not surprising that the
few water adsorbed molecules are associated with high probability
to alcohol molecules. It is also interesting to note that the fraction
of associated molecules for the water-water interactions reaches a
plateau at intermediate concentrations for ethanol but decreases
steadily for methanol. On the contrary, the water-alcohol cross
interactions increase with alcohol content in both cases, this raise
being more pronounced for methanol. Water adsorption is initially
induced in both systems by the formation of water-alcohol hydro-
gen bonds, but after some water is adsorbed in the zeolite, more
water can be adsorbed either by forming alcohol-water or water-
water hydrogen bonds. Our results indicate that the relative rele-
vance of these two mechanisms for water adsorption as a function
of composition is different in methanol and ethanol aqueous solu-
tions. For methanol as solute, the water-water hydrogen bonds
lose relevance as the alcohol content in the liquid mixture
increases, whereas in the ethanol solution water-water interac-
tions play a significant role at intermediate concentrations (alcohol
molar fractions of 0.2–0.6).

The average number of hydrogen bonds per molecule nHB for the
adsorbed alcohols in MFI zeolite from the aqueous solution varies
approximately from 1 to 1.2 from the lowest to the highest alcohol
concentration, showing a plateau curve from the dilute regime.
These values and curve shape are quite consistent with those
reported by Bai et al. [6] However, the nHB values as a function of
the composition for adsorbed water obtained in this work and in
Bai et al. [6] disagree. This fact likely arises from the different mod-
els considered for molecular definition: TIP4P/2005 [29] in the pre-
sent work and TIP4P [20] in Bai et al. [6], which results in different
water co-adsorption predictions. Besides, the choice of the water
model slightly affects nHB value even for pure bulk water [55]:
3.39 and 3.52 using TIP4P and TIP4P/2005 models, respectively.

Despite the similarities between MFI and MEL, and those
between methanol and ethanol the adsorption mechanisms of
water are clearly determined by both the zeolite type and the
molecular details of the co-adsorbed alcohol. On the one hand,
the curves corresponding to MFI and MEL zeolites are similarly
shaped, but quantitatively non-coincident, especially for the mix-
ture involving methanol. Adsorption of water is relatively favored
in MEL zeolite, in detriment to alcohol molecules. According to



Table 1
Comparative of the adsorption behaviour from the binary mixture between the two zeolites and between the two alcohols. The ROH-zeolite affinity is estimated from the onset
pressure of the unary adsorption isotherms. Each entry indicates in which of the two compared systems a given property is higher. For example the H2O load is lower in MFI than
in MEL, but the alcohol load is higher in MFI than in MEL. Consequently, the number of water-water hydrogen bonds is lower in MFI but the number of water-alcohols hydrogen
bonds is higher in MFI. Note that the H2O and ROH load are compared in molkg�1 and, thus, the higher ROH load observed in the methanol mixtures simply reflects its smaller
size. Note that these are general conclusions, for some values of the concentration these might not hold.

H2O load ROH load nHB (H2O-H2O) nHB (H2O-ROH) ROH-zeolite affinity

MFI/MEL lower/higher higher/lower lower/higher higher/lower higher/lower
Methanol/Ethanol higher/lower higher/lower higher/lower lower/higher lower/higher

Fig. 8. Degree of self-association: Fraction of water molecules engaged in
ið¼ 1;2;3;4Þ hydrogen bonds for adsorption loadings of methanol/water (left) and
ethanol/water (right) mixtures in pure-silica MFI (dotted lines) and MEL (contin-
uous lines) zeolites at low alcohol molar fractions in the liquid mixture at ambient
temperature.
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the structural results, this larger water uptake in MEL is ascribed to
a relatively more significant self-association of water, whereas
cross-association of water with alcohol molecules is higher in
MFI zeolite. This is likely due to the higher adsorption affinity of
alcohols for MFI zeolite, and because the straight channels of
MEL zeolite are geometrically more suitable for the self-
association of water. On the other hand, if we compare the results
for both mixtures, slightly higher degree of hydrogen bonding for
confined water is observed in the mixture with methanol. The lar-
ger alkyl chain of ethanol is a handicap for HB formation. Associa-
tion of water with ethanol within the pores for low feed
composition is however more significant than with methanol
molecules, which can be rationalized in terms of the larger adsorp-
tion uptakes of ethanol due to size effects. These results are sum-
marized in Table 1.

Figs. 7 and 8 provide additional information concerning the
microscopic behavior of adsorbed water from water-rich liquid
mixtures. Fig. 7 displays the average coordination number per
water molecule with respect to guest and zeolite oxygen atoms.
As we have seen, coordination numbers with adsorbed ethanol
are larger than that with methanol for the same low feed concen-
trations. The almost same coordination numbers of water with the
framework oxygens in both zeolites and the larger self-
coordination of water in MEL reinforce the idea that the larger
water uptakes in this zeolite arises from a more favorable environ-
ment to self-association of water due to the straight channels.

In Fig. 8, we plot the HB populations of the adsorbed water as a
function of the low feed composition of the liquid mixtures. We
analyze the fraction of water molecules with i ¼ 1;2;3, and 4
hydrogen bonds, f i. Again, we can observe that the HB network
of water is considerably sensitive to the type of both the zeolite
and the co-adsorbed alcohol. While bulk liquid water is dominated
by molecules forming 3 or 4 hydrogen bonds, the statistics relative
to confinement in these systems show that the majority of
adsorbed water molecules are involved in 1 or 2 hydrogen bonds.
Therefore the average number of hydrogen bonds per water mole-
cule lies in the range 1:2 � 2 for the studied alcohol concentrations
(Figs. 5 and 6). Confinement prevents the formation of the tetrahe-
Fig. 7. Average coordination per water molecule for adsorption loadings of
methanol/water (left) and ethanol/water (right) mixtures in pure-silica MFI (dotted
lines) and MEL (continuous line) zeolites at low alcohol molar fractions in the liquid
mixture at ambient temperature. Color code: Self-coordination (black), coordina-
tion with oxygen atoms of the alcohol (blue), and coordination with the oxygen
atoms of the zeolites (pink).
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dral H-bonding network of water and molecules tend to build
aggregates. The relatively larger values of f 1 with respect to f 2 –
especially for the ethanol/water mixtures– is an indication that
chain-like aggregates of water prevail over more complex net-
works. Also, the comparison of f 1 and f 2 values for both adsorbents
confirms the higher degree of water clustering in MEL than in MFI
zeolite.
4. Conclusions

The behavior of the adsorption isotherms is closely correlated
with structural changes of the adsorbed fluids. The adsorption iso-
therms of pure water in these pure-silica zeolites evidence an
abrupt condensation transition induced by pressure. Adsorption
of water from alcohols/water mixtures occurs however due to
hydrogen bonding with the adsorbed alcohol molecules. These
are first adsorbed due to the affinity of their alkyl chains for the
hydrophobic zeolite framework, and then act as seeds for water
adsorption. Subsequent self-association further promotes the
adsorption of water molecules. Zig-zag channels of the MFI zeolite
have a larger adsorption affinity for alcohol molecules, and are less
favorable for the self-association of adsorbed water, as compared
to the linear channels of MEL. These microscopic features explain
the relatively more selective adsorption of short chain alcohols into
MFI zeolite.

Although adsorbed water and alcohols are significantly less
structured as compared to bulk fluids, the presence of hydrogen
bonding still plays a crucial role. In fact, molecular association
takes place already at very low coverages.
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