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Using Aliphatic Alcohols to Tune Benzene Adsorption in

MAF-6

Ana Martin-Calvo, Juan Jose Gutierrez-Sevillano, David Dubbeldam, and Sofia Calero*

This simulation study deals with benzene adsorption in the metal azolate
framework, MAF-6, and on the inversion of the adsorption behavior in
presence of aliphatic alcohols with varying chain length. To this aim, a new set
of Lennard-Jones interacting parameters for the MAF structure with benzene,
methanol, ethanol, and 1-propanol is developed in order to reproduce
experimental adsorption. Pure component and binary benzene/alcohol
mixtures are analyzed using Monte Carlo simulations. The distribution of the
molecules inside the structure is studied in terms of radial distribution
functions, calculated to understand the adsorption mechanisms. Adsorption
selectivity provides a better understanding of the effect exerted by the
adsorption of alcohols. It is found that the adsorption of benzene from
benzene/methanol mixtures is similar to its pure component isotherm.
However, for increasing length of the aliphatic chain of the alcohols the
adsorption behavior is reversed preventing benzene to be adsorbed. The effect
of open metal sites is discarded as main responsible for the preferential
adsorption of alcohols, while the entropy and the molecular packing of
alcohols are revealed as the reason for the different adsorption behavior of

benzene.

1. Introduction

Benzene is a natural constituent of crude oil and it is also
the most representative component from gasoline.l'l However,
restrictions imposed to gasoline in order to enhance fuels
quality, force to reduce the benzene content decreasing the
impact on human health and environment.*l Besides gasoline,
benzene is one of the most common aromatic petrochemi-
cals in the chemical industry, with diverse applications and
a large commercial value. Among its uses, benzene plays an
important role as solvent in paints or as intermediate chemical
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product in the manufacture of plastics,
drugs, dyes, detergents, and insecti-
cides. About 55% of produced benzene
is converted to ethylbenzene and used
as an intermediate product on the pro-
duction of synthetic rubber or plastic
materials.! On the other hand, benzene
has been extensively used as entrainer on
azeotropic distillation processes to break
alcohol/water azeotropes. The separation
of alcohol/water, benzene/water, and ben-
zene/alcohols mixtures resulting from this
particular process is still challenging.

Nevertheless, the carcinogenic nature
of benzene limits its use and increases
the interest of its removal. Therefore, ad-
sorption and capture of benzene have
been widely studied. Most studies deal
with adsorption of benzene on transi-
tion metals surfaces,*® graphene,*# car-
bon nanotubes,®* 1 activated carbons, 214
zeolites,>77] MOFs,[*2% or mesoporous
materials.’=? However, a recently de-
veloped material, MAF-6, appears as a
promising candidate for the capture of
benzene from industrial processes.?*! This metal azolate frame-
work (MAF) is a large-pore metal-organic zeolite with an ex-
ceptional hydrophobicity. This property confers to the ma-
terial special capabilities for oil/water separation, organic-
pollutant enrichment, or chromatography analysis, among
others.

To the best of our knowledge, most studies on MAF-6 deal
with water adsorption®! and the separation of mixtures with
industrial relevance such as 1-butanol from ABE fermentation
broth, n-alkanes,?’! or spilled 0il?®! and phtalic acid?” from
water as cleaning contaminated water agent. Some studies use
the structure of MAF-6 as template and carbon precursor of
porous carbons applied for the removal of aromatic hydrocar-
bons, sweeteners, pharmaceutical, and personal care products
from water.B%3* The most recent study on this material, shows a
phase transition of the structure due to a combination of high
pressure and non-wetting liquids during intrusion-extrusion
experiments.’® We could not find reported studies exploring
the adsorption mechanism of benzene in MAF-6 or its perfor-
mance on the capture/separation of benzene/alcohol mixtures.
The aim of this work is to fill this gap by studing at a molec-
ular level the interactions between MAF-6 and benzene and to
figure out the effect that aliphatic alcohols exert on benzene
adsorption.
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2. Simulation Details

Molecular simulations are performed using the software package
RASPA. %371 Adsorption isotherms are computed using Grand
Canonical Monte Carlo simulations, where the number of ad-
sorbed molecules is obtained for a given chemical potential, vol-
ume, and temperature. The chemical potential is converted to
pressure using the Peng—Robinson equation and the fugacity
coefficient. To reach equilibrium, the molecules are allowed to
move by using random moves: rotations, translation, regrow, in-
sertion/deletion, and identity change (for mixtures). The accep-
tance probability of these moves is determined by the Boltzman
factor as described by Dubbeldam et al.l*”! Tt is important to note
that these simulations, especially for alcohols, need to be long
enough to ensure internal equilibrium (at least 10° equilibration
and 2-107 production steps). To validate the interaction parame-
ters, we compare the pure component isotherms resulting from
simulation with experimental data. Experiments measure the dif-
ference between the amount of gas in the system and the amount
that would be present at the same temperature and pressure in
absence of adsorption (excess loading). Simulations calculate the
total amount of molecules that could fit within the pores of the
structure (absolute adsorption). To compare our simulated re-
sults with experimental values, the absolute loading needs to be
converted to excess adsorption.*®! To quantify the strength of the
gas-structure interaction, heats of adsorption, and Henry coeffi-
cients are calculated with MC simulations in the NVT ensemble
and using the Widom test-particle method.*”

Interactions within the system are defined by Lennard—Jones
(L-J) and Coulombic potentials. Lorentz—Berthelot mixing rules
are applied to guest—guest L-] interactions, while host-guest in-
teractions are defined independently. A new set of L-] parameters
between the structure with benzene and alcohols is provided in
this work. To calculate the Coulombic interactions, we use the
Ewald summation method with a relative precision of 1076, A
cutoff of 12 A is set. This is the distance at which the -] and
Coulombic potentials are cut and shifted.

Benzene is defined as a full atom rigid model where carbon
and hydrogen atoms are considered as single Lennard—Jones in-
teraction centers with point charges.l*¥) Methanol, ethanol, and
1-propanol are modeled using TraPPE.*!l This model defines
CHx groups as single interaction centers. The hydrogen and oxy-
gen atoms of the hydroxyl group are defined independently. CHx
groups and OH atoms have Lennard—Jones and point charges ap-
plied, except for hydrogen atoms (from OH) that only have point
charges assigned.

MAEF-6 is modeled as a rigid framework, using the crystal-
lographic position of the atoms.*? Lennard-Jones and point
charges are applied to all atoms of the structure. L-] parameters
are taken from DREIDING* except for the metal atoms which
are taken from UFF."*¥ Point charges are obtained from a trans-
ferable set of charges developed for Zeolitic Imidazolate Frame-
works (ZIFs), multiplying these of the 2-ethylimidazole (eim)
linker by a factor of 1.3.] Force field parameters for the struc-
ture and the adsorbates are collected in Table 1, and the specific
interactions developed in this work can be found in Table 2.

The structure of MAF-6 contains Zn metal atoms connected by
2-ethylimidazole linkers. This structure has big cavities of about
18 A, communicated to each other forming a 3D network. A view
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Table 1. Lennard—Jones parameters and point charges of the molecules
and the structure.

Molecules
Atom € [K /kg] o [A] Charge [e”]
Chenz 30.7 3.6 —0.095
Hyenz 25.45 2.36 0.095
C H; metOH 98 3.75 0.265
C H; etOH 98 3.75 -
C H, etOH 46 3.95 0.265
C H; 1propOH 98 3.75 -
C Hay, 1propOH 46 3.95 -
C Hayp TpropOH 46 3.95 0.265
OoH 93 2.9596 -0.7
Hown - - 0.437
Structure
Atom € [K/kg] o [A] Charge [e7]
N 38.95 3.26 —0.7683
Zn 62.4 2.46 2.6
G 47.86 3.47 —0.1872
G, 47.86 3.47 0.3068
Cs 47.86 3.47 —0.4654
Cs 47.86 3.47 —0.6812
Hy 7.65 2.85 0.1768
Hs 7.65 2.85 0.2184
Hy 7.65 2.85 0.2201

Table 2. Lennard—Jones parameters of the host—guest interactions.

Molecule-Structure

Atom1 Atom2 € [K /kg] o [A]
N Chenz 48.411776 3.1899
N Hbenz 44.078384 2.6133
Zn Chenz 61.275872 2.8179
Zn Hbenz 55.7910084 2.2413
Ciyzp3/a Chenz 53.664072 3.28755
Ci2p3/a Hbenz 48.860546 2.71095
Hiysya Chenz 21.454972 2.99925
Hhyaja Hbenz 19.534522 2.42265
N CH; OH 69.8144284 3.417375
Zn CH; OH 88.3657062 3.027375
Cryapaya CH; OH 77.3887506 3.51975
Hiysja CH; OH 30.9401345 3.2175
N CH, OH 55.027 3.42475
Zn CH, OH 69.6489 3.04475
Crpapaa CH, OH 60.997 3.5245
Hhysa CH, OH 243867 3.23
N Oon 68.0101348 3.0615
Zn OoH 61.275872 2.6715
Crpapsa Oon 48.360546 2.71095
Hyaya Oon 21.454972 2.99925

1900112 (2 of 8)
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Figure 1. Schematic view of the structurel*? (left) and description of the organic linker. Zn, N, C, and H atoms are represented in indigo, blue, grey, and

white, respectively.

Table 3. Experimental and calculated Pore Size Distribution (PSD), Pore
Volume (PV), and Surface Area (SSA).

Property Experimental Calculated
PSD [A] 18.1and 7.6 17and7
PV [emPg ] 0.63 0.59
SSA [m2g ] 1695 1664

of the structure and a description of the organic linker with the
atom labels used in this work are shown in Figure 1.

We analyze the structural properties of the material (Table 3).
To this purpose, Pore Size Distribution (PSD), Pore Volume (PV),
and Surface Area (SSA) are calculated and compared to experi-
mental data.?! As observed from the table, small differences can
be found between the pores of the experimental and the simu-
lated materials. These differences are explained by the fact that
the simulated structure*? is saturated with hydrogen while the
experimental material?! (reported in the Cambridge Crystallo-
graphic Data Center as MECWOH) does not contain the H atoms
from the ethyl groups. These small alterations are translated on
slight PV and SSA deviations. However, differences are within
reasonable errors.

3. Results and Discussion

Molecular simulation is a powerful tool to study static and dy-
namical properties of materials. However, the reliability of sim-
ulations depends on the models and force fields used. For this
reason, the first step on simulation studies should be the force
field validation. Generic mixing rules are commonly used to de-
scribe the interactions between the components of the system.
Nonetheless, as shown for most zeolites and some MOFs, they do
not always lead to accurate results.*d) As in this work we use re-
ported models for the adsorbates (TraPPE“**!) and for the struc-
ture (Dreiding!*}l and UFF*¥)), we only need to check the accuracy

Adv. Theory Simul. 2019, 2, 1900112
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of the cross-interactions to reproduce experimental results, with
Lorentz—Bertheloth mixing rules. Figure 2, shows the adsorption
isotherms of benzene, methanol, ethanol, and 1-propanol at 298
K. The comparison with experimental data from the literature,**
shows the need of fitting the interaction parameters obtained by
mixing rules. The figure shows that the isotherms obtained using
mixing rules are shifted to higher values of pressure. This shift is
larger for the longer alcohols, and specially remarkable for ben-
zene, proving that mixing rules cannot be applied to this partic-
ular structure. Therefore, we defined specific values for the L-]
parameters for the interactions of benzene and alcohols with the
MAF-6 structure. With these new values, the saturation capacity
is still slightly larger than in reported experiments, but the shape
of the isotherms matches perfectly with the rise on adsorption at
the same range of pressure. Focusing on the values of pressure at
which the adsorption loading increases, we found similar values
of pressure (about 10* Pa), for benzene and 1-propanol. The value
of pressure increases for ethanol at 10* and methanol at 3-10° Pa.
From these values we can deduce that the competition of benzene
will be stronger with 1-propanol than with short alcohols.
Calculated isosteric heats of adsorption and Henry coefficients
of the molecules at low coverage are shown in Figure 3. These
properties provide molecular insights on the interaction of the
molecules with the structure. Henry coefficients are related to
the pressure at which the adsorbed molecules start entering the
structure. As observed from the figure, Henry coefficients of
methanol and ethanol are lower than these of 1-propanol, ex-
plaining the need of increasing pressure for the molecules to be
adsorbed. On the other hand, 1-propanol and benzene show the
highest Henry coefficients, confirming the previous statement on
the competition between these two molecules. Based on the heats
of adsorption, 1-propanol is the molecule with the strongest inter-
action with the MAF-6 structure, followed by ethanol, methanol,
and finally by benzene. This is mainly due to the polarity of the
alcohol molecules. The fact that the heat of adsorption increases
with the length of the chain indicates that the shape and vol-
ume of the molecules are important too. A similar behavior was
observed for alkanes up to C12 by Bhadra et al. on a previous

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Adsorption isotherms of methanol (red triangles), ethanol (green squares), 1-propanol (pink diamonds), and benzene (blue circles) at 298
K. Comparison of experimental datal?*l (crosses), with calculated isotherms using generic mixing rules (empty symbols), and the new values for the

cross-interactions parameters (full symbols).
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Figure 3. Heats of adsorption (crossed) and Henry coefficients (solid) of
benzene (blue), methanol (red), ethanol (green), and 1-propanol (pink) in
MAF-6 at 298 K.

work?]; however, different trends were found for MOFs other
than MAF-6. The large difference between the heat of adsorption
of benzene and 1-propanol confirms once more that 1-propanol is
the molecule that will mostly interfere with benzene adsorption.
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As observed, there is a clear relation between the heat of
adsorption of alcohols and their chain length; therefore, we
now evaluate the effect exerted by the chain length on the ad-
sorption of benzene from the equimolar binary mixtures of
benzene/methanol, benzene/ethanol, and benzene/1-propanol
(Figure 4).

It is interesting to note that, up to 10* Pa, benzene adsorption
from the benzene/methanol mixture is almost identical to its ad-
sorption as pure component. The adsorption of methanol (below
1 mol kg~1) is almost negligible compared to the adsorption of
benzene. Although the interaction of methanol with the struc-
ture is stronger than the interaction benzene-structure, the latter
is preferentially adsorbed. Benzene starts adsorbing at lower val-
ues of pressure than methanol, filling the structure and impeding
the adsorption of methanol. Therefore, the stronger interaction
of methanol with the atoms of the MAF is not enough to com-
pete with the molecules of benzene. Above 10* Pa excess adsorp-
tion of benzene and methanol cannot be computed, therefore,
only absolute adsorption values can be used, showing an inver-
sion on the adsorption behavior in favor of methanol over ben-
zene. Benzene adsorption at low and medium pressure is mod-
ified by alcohol molecules with more than one carbon atom. In
the mixture with ethanol, the adsorption of benzene is about 1
mol kg~! lower at saturation than in the mixture with methanol.
Though, the adsorption of benzene is higher than the adsorption
of ethanol, the isotherms exhibit similar trends up to 10° Pa. It is
precisely at this value of pressure when the adsorption of benzene
decreases compared to the pure and benzene/methanol mixture
isotherms. The adsorption of ethanol increases with pressure
up to 3 mol kg~! at 8-10° Pa. From this value of pressure only

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Equimolar binary mixtures of benzene (blue circles) with
methanol (red triangles), ethanol (green squares), and 1-propanol (pink
diamonds) at 298 K. Full symbols correspond to excess adsorption while
empty symbols are used for absolute adsorption.

absolute adsorption data are shown. The trend of the adsorp-
tion isotherms at the highest values of pressure indicates that
the adsorption could be larger for ethanol than for benzene. The
adsorption isotherms of the mixture formed by benzene and 1-
propanol show similar adsorption of the two components at low
and medium values of pressure. The two gases start adsorbing
at almost the same pressure and with similar strength. However,
benzene reaches saturation at about 3 mol kg~! while the adsorp-
tion of 1-propanol increases up to 4 mol kg~!. At low loading, the
competition of these two molecules can be explained by the com-
bination of the higher heat of adsorption and lower Henry co-
efficient of 1-propanol compared to these of benzene (enthalpic
effect), while at saturation pressure length and size entropies be-
come important.”]
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distance (A)

Figure 5. Radial Distribution Functions of the O atom from the hydroxyl
group of the alcohols and the C atom from benzene with the Zn (dotted
lines) and the Cy (solid lines) atoms of the framework. Methanol, ethanol,
1-propanol, and benzene are represented in red, green, pink, and blue, re-
spectively. Data are taken from the pure component isotherms at the val-
ues of pressure at which the molecules start adsorbing in the structure (20,
24,17, and 12 molec/u.c. of methanol, ethanol, 1-propanol, and benzene,
respectively.

For a deepest understanding of the adsorption mechanism, we
analyze the preferential position of the hydroxyl groups of the al-
cohols in the structure. As it happens with many metal-organic
frameworks, the open metal sites in the structure could act as
preferential adsorption sites for polar molecules, affecting there-
fore the adsorption of non-polar molecules as benzene. If this
would be the case, the distance of the OH groups of the alcohol
to the metal atoms of the structure (Zn) should be shorter than to
any other atom of the structure. However, the Radial Distribution
Functions (RDFs) of the oxygen atoms from the hydroxyl group
to the atoms of the structure do not show this behavior. As shown
in Figure 5 the oxygen atoms of the hydroxyl groups are closed to
the linker (C;), discarding the open metal centres as preferential
adsorption sites. The RDFs were calculated from the pure compo-
nent isotherms at the values of pressure at which the molecules
start adsorbing in the structure. Besides, we found similar peaks
for the three alcohols with a peak at about 3 A from C; atoms
against 4.5 A from Zn atoms. RDF between the Zn and C; atoms
from the structure and the O atom from the hydroxyl group of
alcohols obtained for pure components and mixtures with sim-
ilar loading show identical peaks distribution. There is a lack of
preferential adsorption sites for benzene in the structure at low
loading. Nevertheless, as can be observed in Figure 6 (left), for in-
creasing pressure, benzene adsorbs closer to C; (peak at about 4
A). To determine if the presence of alcohols modifies this behav-
ior, we computed RDFs in the mixtures at similar total loading
(Figure 6, right). As shown, the adsorption of benzene close to
C, is independent of the type of alcohol. We can conclude that
the packing of benzene is due to the total density of molecules
inside the structure.

The previous results indicate that the effect of the metal atoms
is not responsible of the difference on benzene adsorption. Keep-
ing in mind the competition between the molecules of benzene
and the molecules of alcohols already discussed, we check if the
packing of the alcohol molecules in the structure could be the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. RDF of the C atom from benzene with the Zn (dotted lines) and the Cy (solid lines) atoms of the framework from (left) the pure component
isotherm as a function of pressure 100 Pa (red), 400 Pa (green), 500 Pa (blue), and 3000 Pa (pink) and (right) from the binary mixture with methanol

(red), ethanol (green), and 1-propanol (pink), at similar total loading.
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distance (A)
Figure 7. Radial Distribution Functions between the O atom from the hy-
droxyl groups (dotted line) and between the C Hz group from the aliphatic
chains (solid line) of methanol (red), ethanol (green), and 1-propanol
(pink). Intra-molecular distances are excluded. Data are taken at satura-
tion pressure.

reason of the variations on the loading of benzene. Figure 7
shows the RDFs between oxygen atoms from the hydroxyl group
and between the C H; groups from the aliphatic chain of the three
alcohols under study at saturation pressure.

As seen in the figure, the distribution of OH groups is the
same for the three alcohols and the peaks appear at about 2.6
A. However, differences are observed at the end of the aliphatic
chains, with larger distances between the C H; group of methanol
(about 4.2 A) than between the C H; group of ethanol and 1-
propanol (at 3.9 A, approx.). The fact that the distance is the same
between hydroxyl groups but different between C H; groups indi-
cates that the molecules of alcohol nucleate around the hydroxyl
groups, probably due to the formation of hydrogen bonds. As
shown in Figure 7, despite the larger chain of 1-propanol and
ethanol compared to methanol, the peak of the latter appears at

Adv. Theory Simul. 2019, 2, 1900112
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Figure 8. Adsorption selectivity of benzene over methanol (red triangles),
ethanol (green squares), and 1-propanol (pink diamonds) at 298 K, calcu-
lated from the equimolar binary mixtures. Blue line at 1 indicates a lack of
selectivity.

the longest distance. In other words, the packing of the molecules
of methanol in the structure is worse than the packing of ethanol
and 1-propanol molecules. Among the last two molecules (with
almost identical peaks in the RDFs), the later packs better in
the MAF-6 structure for being longer (length entropy).This bet-
ter packing may favor its adsorption, hindering the adsorption
of benzene.

The packing of the alcohols and the interactions of these
molecules with the structure based on shape and size directly
affect the adsorption of benzene. The influence can be also an-
alyzed in terms of adsorption selectivity of benzene over the al-
cohol from the binary mixtures.

As shown in Figure 8, the selectivity of benzene over methanol
is quite high, oscillating between 20 and 40. Note that as the
adsorption of methanol at low pressure is almost zero, the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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selectivity at this range of pressure seems high (larger than 100);
however, this is nothing but an artifact. Besides, as the loading
of methanol is low even at high pressure, any variation on the
adsorption lead to large fluctuations on the selectivity. Between
10° and 5-10° Pa the selectivity is more or less constant (about
40), indicating that this structure preferentially adsorbs benzene.
The selectivity of benzene over ethanol is much lower than over
methanol. In this case the highest values of selectivity are around
10 and there is a change in the trend at 10° Pa, where the selec-
tivity increases reaching values of about 6. At this value of pres-
sure, the adsorption of ethanol increases smoothly while benzene
reaches saturation. At 5-10° Pa the selectivity starts decreasing
due to the rising adsorption of ethanol, thus preventing the ad-
sorption of benzene from the structure. The selectivity of ben-
zene over 1-propanol in MAF-6 is lower than 3 at low values of
pressure. A twist on the selectivity can be seen above 10° Pa,
with values below 1. This means that 1-propanol is preferably ad-
sorbed over benzene, supporting the idea of tuning the adsorp-
tion of benzene by the addition of certain alcohols.

4, Conclusions

The effect of alcohols with increasing chain length (methanol,
ethanol, and 1-propanol) on the adsorption of benzene in MAF-6
was evaluated using molecular simulations. The adsorption
results of benzene in MAF-6 are similar as pure component
than from equimolar binary mixture with methanol. However,
this adsorption decreases when the mixture contains ethanol
or 1-propanol instead of methanol. Contrary to the observed
for other MOFs, there are not preferential adsorption sites for
the polar molecules due to metal centers, and differences on
benzene adsorption are due to size entropy, and in particular
to the molecular packing of the alcohols (length entropy). The
molecules of 1-propanol pack better than these of ethanol
and methanol, and compete with benzene. Hence, the MAF-6
structure favors benzene over methanol and also over ethanol,
but not over 1-propanol. Besides, at high pressure, the selectivity
reverses in favor of 1-propanol. This fact might be used to modify
ad hoc the adsorption and separation performance of benzene
in MAF-6 by varying the alcohol of the adsorbed mixture.
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