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ABSTRACT: Molecular simulation techniques have revealed that the incorporation of
fullerenes within porous aromatic frameworks (PAFs) remarkably enhances methanol
uptake while inhibiting water uptake. The highest selectivity of methanol over water is found
to be 1540 at low pressure (1 kPa) and decreases gradually with increasing pressure. The
adsorption of water is very small compared to methanol, a useful material property for
membrane and adsorbent-based separations. Grand canonical Monte Carlo (GCMC)
simulations are utilized to calculate the pure component and mixture adsorption isotherms.
The water and methanol mixture simulations show that water uptake is further inhibited
above the pure component results because of the dominant methanol adsorption. Molecular
dynamics (MD) simulations confirm that water diffusivity is also inhibited by strong
methanol adsorption in the mixture. Overall, this study reveals profound hydrophobicity in
Ceo@PAF materials and recommends Cg,@PAFs as suitable applicants for adsorbent and
membrane-based separations of methanol/water mixtures and other alcohol/water
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separation applications.

1. INTRODUCTION

The separation of methanol/water (CH;OH/H,O) mixtures is
an important process in many industrial applications. Conversion
of methanol to gasoline produces a large amount of water as a
reaction byproduct which must be removed.! For large-scale
methanol production from natural gas, water is also a byproduct
from which methanol recovery systems are required.' In general,
distillation can be used to remove these organic compounds from
water. But if the organic concentrations are very low or the
organic compounds are thermally sensitive, then distillation is
not economically suitable.” Alternative technologies such as
adsorbent- and membrane-based separations can be more energy
efficient than traditional distillation techniques.’

Pervaporation is a membrane separation process which is
simple and avoids the problems associated with traditional
technologies. It can remove organic solvents from aqueous
solutions by the selective transport of the organic phase.*
Selective transport relies on the difference in diffusivity and
solubility (or adsorption uptake) of the organic and aqueous
components within the pore network of the membrane material.®
Another material-based separation technology is the adsorbent-
based system, whereby large columns are filled with materials
such as zeolites or activated carbons which capture a component
of the mixture as it flows through.> A desorption stage is then
followed with a pressure or temperature swing. Both separation
techniques require material characteristics that are favorable for
the adsorption and diffusion of one component over its
counterpart.6
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Because of their high surface areas, tunable pore sizes, and
stability under pressure-swing and temperature-swing condi-
tions, porous aromatic frameworks (PAFs) have attracted
considerable interest in the past 5 years for the adsorption and
separation of gases.” "' PAFs are organic networks composed of
connected phenyl-based ligands forming diamond-like morphol-
ogies at the nanoscale range. They possess intrinsically high
surface areas and internal volumes, and these factors are known
to enhance gas storage.'”” Most of the experimental and
theoretical studies for the applications of PAFs were focused
on gas storage and separation in recent years.s'm_25 Adsorption
of various gases in PAFs was simulated and compared with
experimental data to test the validity of proposed atomic
models."*"” In addition to high gas storage capacities and
separation factors, it has recently been shown that PAFs interact
strongly within porous polymers providing stability against the
well-known aginég effects that highly porous polymers suffer from
in membranes.”

Membranes are generally diffusion-based while adsorbents are
adsorption-controlled. Zheng and co-workers>” found from their
molecular dynamics simulations that the transport of a mixture of
water and methanol through hydrophobic tubes is faster than
through hydrophilic nanotubes due to a hydrogen network.
Palinkas et al.”® had used a flexible three-site methanol model for
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Figure 1. Schematic of porous aromatic frameworks formed with various ligands and then impregnated with fullerenes.

the calculation of self-diffusivity of bulk methanol at 286 K. In
addition, there are some recent studies that have investigated the
adsorption and diftusion of water and alcohols in metal—organic
frameworks (MOFs).”*™>* Chen et al.>®> have investigated
adsorption and separation of CH;OH/H,0O by integrating
experiment and simulation for Zn(BDC)(TED),s, a highly
hydrophobic MOF. They have reported that H,O adsorption is
vanishingly small compared to the strong adsorption of CH;OH.
The highest selectivity of CH;OH over H,O at 1 kPa is
approximately 20 and decreased with increasing pressure.
Nalaparaju et al.”® have performed MD simulation to calculate
adsorption of water and alcohols in hydrophilic and hydrophobic
zeolitic MOFs (ZMOFs). For hydrophilic Na-rho-ZMOF
framework water adsorption increases continuously with
increasing pressure and replaces alcohols competitively at high
pressures. Again, for hydrophobic ZIF-71, alcohols are selectively
adsorbed at low pressures but exceeded by water with increasing
pressure.

On the basis of these previous studies, we propose that
fullerene-impregnated PAFs are good candidates for the
separation of CH3;OH/H,0 mixtures and other alcohol or
organic/water-based separations, as illustrated in Figure 1. PAFs
and fullerenes are both inherently hydrophobic, and their
combination will offer the further tuning of porosity to enhance
separations. Because of the hydrophobic nature of the composite
and the hydrophobic solvent carbon disulfide, impregnation is
teasible, and the volatility of the solvent means it can be easily
removed under dynamic vacuum and thermal treatment. This
has been experimentally confirmed within our group and will be
subject of a future article.

In this paper we aim to understand the adsorption and
diffusion behavior of methanol and water mixtures within the
composite material using molecular simulation techniques. The
simulation technique to examine the adsorption and separation
of the CH;OH/H,O mixture in fullerene-impregnated PAF-30X
(X =2—4) is investigated in this work. Our main objective is to
present a clear understanding of sorption behavior in these PAFs
at a molecular level. In the spirit of our previous work,>* we also
aim to provide experimental guidelines for the optimal
impregnation amount of fullerenes to maximize separation
performance.

2. SIMULATION MODELS AND METHODS

2.1. Adsorption Model. In this work the PAF structures
were constructed according to Lan et al.® The structures include
PAF-30X (X = 1—4), where 3 means 3D structure and X denotes
the number of phenyl rings used to replace the C—C bond of a
diamond morphology. Each unit cell was constructed using the

Forcite module of the Material Studio package with cubic
periodic boundaries.*® Fullerenes (Cy,) were randomly inserted
within the PAF unit cell followed by geometry optimization,
forming the nC4,@PAF composite. In reality, PAFs are generally
amorphous systems with local order, and therefore the crystal
model is a good approximation of the system. Interpenetration is
likely to occur for long ligands which is likely to exhibit similar
adsorption behavior to impregnation, though the pore shapes
will be quite different.

The prediction of CH;OH and H,O uptake inside the nCy,@
PAF structures was calculated by the grand canonical Monte
Carlo (GCMC) routine. GCMC simulations were carried out for
the adsorption of mixtures and single components in the
framework with modified Dreiding force field (Table S1 in
Supporting Information) within the Material Studio pack-
age.**”” As a widely used technique to simulate adsorption,
GCMC allows us to relate the chemical potentials of adsorbate in
both adsorbed and bulk phases. In this method, the sorbate
structures (CH;OH and H,0) and the sorbent structure (nCgo@
PAF) are treated as rigid. The rigid model has proved accurate in
many MD simulation studies,®®~*' and it is suitable to reproduce
the critical parameters and saturated liquid densities of alcohol.**
Trial addition, deletion, translation, and rotation moves of the
CH;O0H and H,O molecules are repeated and accepted/rejected
based on the grand canonical ensemble at specific temperature
and pressure. 107 trial moves were used for equilibration and
another 107 moves for production steps for ensuring an accurate
average.

For H,0 and CH;OH adsorption simulation in PAFs and
nCq @PAFs, we only considered the electrostatic interactions of
the atoms in the H,O and CH;0H molecules and ignored the
atomic charges of the PAFs and nC60@PAFs which are found to
be negligible. Yang et al.** have investigated the effect of charge
on PAFs for CO, storage and separation in PAFs. They
compared their results with Babarao et al.’s data considering the
atomic charges of the PAFs.'” Their results were close to the
experimental data and Babarao et al’s results, indicating that
charges are negligible. We have also tested the effect of charge for
adsorption data of an equimolar mixture of H,O and CH;0H
and found there is minimal effect (see Figures S1 and S2).
Therefore, it is not necessary to consider the atomic charges for
the nanoporous materials without metal or heavy atoms.

H,O was mimicked by the three-point transferable interaction
potentials (TIP3P) model.>> The O—H bond length was 0.9572
A, and the angle between H and O—H was 104.52°. Previous
research shows that the TIP3P model always offers noble
interaction potentials compared to experimental values of
adsorption.**™*® TIP3P was used here because of its simplicity,
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accuracy, and computational efficiency. The electrostatic
interaction of H,O and CH;OH followed Coulomb’s law, and
the dispersion and repulsion forces were calculated by the
Lennard-Jones potential
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where Uj; is the internal energy, 7, is the distance between two
atoms, 6,5 and g,4 are collision diameter and potential well
depth, respectively, and g, and g are partial charges located at
site & and 3, respectively. The long-range Coloumbic forces were
handled by Ewald summation technique for all of our
calculations. Lorentz—Berthelot rule mixing rules have been
used to calculate the interaction between H,O and CH;OH and
C4o@PAFs.*” The set of parameters for the CH;OH model were
adopted from the transferable potentials for phase equilibria
force field and are summarized in Table 1.** This three-site

Table 1. Force Field Parameters for H,O and CH,;OH>*

LJ and Coulombic potential

bond bending

) e/ky length angle
species site o (A) (K) q (e) (A) (deg)
H,0 0 3151 7647 —0834 rno=  Omon=
0.9527 104.52
H 0 0 +0.417
CH,;0H CH, 3.775 104.17 +0.265 TCH,—0 =
1.4246
o 3071 8585  —0700 roy=  Ocmon=

0.9451 108.53
H 0 0 +0.435

model has been used to predict a range of properties that are in
good agreement with the available experimental values.>>*>*~5!
The classical level of theory is used in this study without the
inclusion of quantum or polarization effects. It is unlikely that
mirror charges will form from polarization effects because the
assigned charges are relatively weak.

2.2. Diffusion Model. Diffusion (or diffusivity) is predicted
using a series of molecular dynamics simulations based on
Newton’s laws of motion. The same modified Dreiding force
field has been implemented as described above. For the H,O
model, we have used the same TIP3P model as described above
for adsorption. The force field for CH;0OH was tested at bulk
phase conditions to compare with experimental bulk diffusivity
values. For nonbonded interactions between molecules a
spherical cutoff radius of 0.9 nm was used in all cases. The
amount of guest molecules and fullerenes within the material was
determined from the previous adsorption simulations. In this
study the fullerenes are considered fixed during the molecular
simulation. Previous studies have suggested that the binding
energy of fullerenes within the material is strong enough to hold
the fullerenes in place.’” In the NVT ensemble, the Nosé—
Hoover thermostat was used with an average temperature of 303
K at fixed cell volume and number of atoms within a fully periodic
system.>® The molecular dynamics time step was 1 fs for a total of
1 ns, and the temperature coupling was iterated at 0.1 ps. The
self-diffusion coefficient was calculated from the mean-square
displacement of the particles using the Einstein relation

D= tl_i)m (x(t) — r(0))*/6t

where r(t) denotes the position vector of a molecule at time t.

3. RESULTS AND DISCUSSION

Figure 2 shows the single-component adsorption of H,O in (a)
PAF-302, (c) PAF-303, and (e) PAF-304 and of CH,OH in (b)
PAF-302, (d) PAF-303, and (f) PAF-304 at 303 K. All materials
adsorb much more CH;OH than H,0. More importantly,
CH;OH uptake increases with fullerene loading while H,O
uptake decreases with fullerene loading. Therefore, the
incorporation of fullerenes will increase the selective ability of
the framework. The highest H,O adsorption is 0.46 mmol/g
within PAF-304 with no fullerenes because of the large amount of
pore volume. In contrast, the highest CH;OH adsorption is 2
mmol/g within PAF-304 along with 104 fullerenes where
organophilicity is maximized by a large amount of hydrophobic
surface area. The key to maximizing separation efliciency is to
increase both selectivity and uptake, as will be explored further
the paper.

Figure 3 shows the equimolar adsorption of CH;OH/H,0
from the simulated mixture (50:50). Once again, CH,;OH
adsorption is much higher than that of H,O. The hydrophobic
structure of PAFs interacts more strongly with CH;OH. Figures
3a—c show that the CH;0H loading increases with fullerene
loading. For 1 C4@PAF-302 the highest CH;OH adsorption is
approximately 0.75 mmol/g. However, when incorporating the
PAF-302 with 17Cg’s, an optimum condition, the uptake
increased to ~0.9 mmol/g. A similar pattern of CH;O0H
adsorption is also observed for PAF-303 and PAF-304, when
impregnated with Cg,. The adsorption of CH;OH in PAF-303
and PAF-304 are 1.56 and 1.65 mmol/g, respectively, when
incorporated with the optimum number of fullerenes, namely
46C¢@PAF-303 and 104C4 @PAF-304, respectively. In these
cases, the optimum amount of fullerenes is the maximum
loading, meaning that there is enough porosity to adsorb
significantly large amounts of methanol.

The mixture adsorption effect has more of a detrimental effect
for H,O adsorption than for CH;OH. CH;OH loading is
approximately 1.94 mmol/g in 104 C4,@PAF-304 compared to
the 1.65 mmol/g in mixture. On the other hand, there was a huge
variation in H,O adsorption for mixture with a ~50% decrease
compared to the single-component adsorption for all PAFs.
Once again, the general trend of CH;OH adsorption is increasing
with fullerene impregnation for all PAFs, while for H,O
adsorption the trend is in reversed order; i.e. fullerene
impregnation inhibits adsorption. The negligible adsorption of
H,O in mixture is due to the relatively large amount CH;0H
adsorption which blocks the available adsorption sites for H,O.

The adsorption separation factor S;; = (x/x;) (yj/ y;), where x;
and y; are the mole fractions of component i in adsorbed phase
and the bulk feed, respectively. In this study, the feed molar
fractions are identical and therefore the separation factor is equal
to the selectivity (= x;/x;). When comparing with other studies,
the separation factors are converted to selectivities using this
relation. As shown in Figure 44, the highest selectivity of CH;OH
over H,O is almost 1540, at 1 kPa for 17 C4 @PAF-302. For 46
Cg@PAF-303 and 104 Cg@PAF-304 the highest selectivities
are 1481 and 1432 at 1 kPa (Figures 4b and 4c, respectively). The
selectivity decreased gradually with increasing pressure. The
reason behind this is the entropic effect.”* The molecular size of
H,O is smaller than CH;OH which allows a more efficient
packing into the structures at high pressures. Meanwhile, a
negligible selectivity is observed for all three bare PAFs with a
highest value of 3.18 for PAF-302 at 1 kPa. This is comparable to
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Figure 2. Total adsorption of single component (a) H,O in PAF-302, (b) CH;OH in PAF-302, (c) H,O in PAF-303, (d) CH;OH in PAF-303, (e) H,O

in PAF-304, and (f) CH,OH in PAF-304 at 303 K.

the theoretical nonselective Knudsen selectivity value of 0.75.
The selectivities showed a more enduring rise upward with the
impregnation of Cy, at low pressure. As a result, we can achieve a
remarkable enhancement of selectivity in PAF-303 for an optimal
number of fullerenes (Cyp).

Figure § illustrates the selectivity vs CH;OH uptake, which is a
good indicator of performance efficiency. The higher the
selectivity, the fewer separation stages are required, and the

higher the CH;OH uptake, the less material is required.
Therefore, an ideal material sits in the high top right corner of
this graph. It can be seen from Figure 3 that for all the three PAFs
CH;OH uptake increases with pressure but at a loss of selectivity.
This phenomenon is also observed in the Robeson trade-off for
polymer membranes,>® where there are decreasing trends of gas
selectivity with gas permeation. Fullerene impregnation,
however, completely breaks this trend and is capable of
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Figure 3. Adsorption of an equimolar mixture of CH;OH/H,O at 303 K in (a) PAF-302, (b) PAF-303, and (c) PAF-304. Closed symbols are for

CH,;0H, and open symbols are for H,O.

increasing selectivity simultaneously with uptake. These results
show that fullerene impregnation of PAFs is a strategy for
enhancing the separation efficiency of an adsorbent-based
system. We have also compared our simulated results with
some of the highest CH;OH/H, O selectivities of 1932 for ZSM-
S zeolite membrane,® 1000 for P84 copolyimide membrane,*®
and 20 for MOF adsorbent,®® from the literature which are
represented by the dashed lines in Figure S. These results show
that our adsorption-selective PAFs are among the highest
performing separation materials.

We take a closer look at the adsorption behavior within the
fullerene—PAF composites during simulation with molecular
snapshots of the CH;OH/H,O mixture density in Figure 6. The
highest performing materials are examined here, namely, (2) 17
Ceo@ PAE-302, (b) 46 Cgo@ PAF-303, and (c) 104 C4,@ PAF-
304. In every case there is a substantially higher uptake of
CH;0H over H,0O, represented by the red and green dots,
respectively. For further clarification we also calculated the
density of CH;OH and H,O within the pore volume. For bare
PAF-304 at 100 kPa the density of CH;OH within the pores is
twice as dense than the bulk phase (0.0854 mmol/cm® within
PAF-304, 0.04 mmol/cm® bulk CH;OH density) while the
density of H,O within the pores is similar as the bulk phase
(0.047 mmol/cm? within PAF-304, 0.033 mmol/cm? bulk H,O
density). These values also indicate that there are weak
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interactions between the H,O and bare PAF. For 104Cg,@
PAF-304 these values are 6.8 and 0.6 mmol/cm?, respectively.
Thus, the hydrophobicity of the PAF framework and the
fullerene surfaces combined ensures an unfavorable environment
for the adsorption of water.

At this point, the impregnated PAFs are excellent candidates
for adsorbent-based separations of methanol and water mixtures
with enhanced selectivity and uptake. To assess the feasibility of
these materials for membrane-based separations, we must
examine their diffusion properties in addition to their adsorption
properties.”” In fact, a good estimate of transport flux
(permeation) is the product of adsorbent loading and diffusivity,
which is defined as the amount of molecules that pass through
the material per time at a given pressure gradient. This means
that if adsorption doubles and diffusivity halves, then the
transport flux will remain constant. Therefore, we aim to
maximize the transport flux of methanol over water, by either
increasing the adsorption selectivity, diffusion selectivity, or both.
Above we have observed an enormous increase in adsorption
selectivity with fullerene impregnation.

Transport properties of liquids within confined pores depend
on the molecule size, the pore size, and the molecular
interactions with the pore surface. Transport of mixtures is
even more complicated because of blocking effects and the mixed
interactions between components. The average number of
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Figure 4. Selectivity of an equimolar mixture of CH;OH/H,O at 303 K in (a) PAF-302, (b) PAF-303, and (c) PAF-304.

hydrogen bonds per molecule for water and liquid methanol is
3.50 and 2, respectively, in bulk phase.**” Within pores, these
hydrogen bonds are disrupted due to the competing interactions
with the pore surface. Hydrophobic pores such as nanotubes
accelerate the diffusion of water because of the disrupted water
orientation and weak water—pore interactions. On the other
hand, ultrasmall pores may confine water and inhibit the
diffusion. The impregnation of PAFs with Cg, increases the
hydrophobicity but also reduces the pore size.

The water and methanol self-diffusivities are calculated at bulk
densities inside the bare PAF structures according to the
methodology outlined earlier. Water and methanol bulk
diffusivities were calculated as 5.21 X 10~ and 197 X 107°
m?/s, respectively, which are consistent with the literature.**%>¢!
PAF-301 was incapable of hosting CH;OH at the required
densities and therefore has been omitted. In Figure 7, simulation
results show that the self-diffusion coefficients of both H,O and
CH;O0H molecules increase with the increasing number of
phenyl rings in the PAF structures. As expected, H,O diffusion is
greater in the PAF structures compared with the bulk diffusivity
because of the hydrophobicity effect within the channels as
discussed earlier. Jei et al.>” have also reported that the transport
of fluids inside the hydrophobic nanotubes is faster than fluids
inside hydrophilic nanotubes. The enhancement in diffusion is
much more dominant for H,O than CH;OH, which agrees with
the principle of fast transport inside hydrophobic structures of
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increasing pore size. To explore the interactions and positions of
CH;0H and H,0O within the PAF structures, the radial
distribution function g(r) between the PAF-302 framework
and the guest molecules is shown in Figure S4 of the Supporting
Information. A high peak in g(r) for CH;OH is observed at r = §
A, indicating a high density of CH;OH close to the PAF surface,
whereas no significant peaks exist for H,O indicating bulklike
behavior. This confirms that CH;OH interacts strongly with the
PAF surface, forming a single adsorbed layer, while H,O
molecules interact weakly with the framework.

The equimolar mixture diffusivity results of CH;OH and H,O
demonstrates more complex behavior. Here we simulate the
mixture diffusivity within the optimized C4,@PAF structures
which exhibited high adsorption performance, namely 17C4,@
PAF-302, 46 C4y@PAF-303, and 104 Coq@PAF-304 in Figure 8.
There is a decrease in both CH;OH and H,O diffusivity in the
mixture system below the self-diffusivity simulated in the bulk
phase and bare PAFs. The CH;OH/H,O diffusion selectivity of
the mixture is 0.06, 0.16, and 1.88 for 17 C4,@PAF-302, 46 C4,@
PAF-303, and 104 C4@PAF-304, respectively. Therefore, the
materials are more adsorption selective than diffusion selective.
With the combined effects of mixed adsorption and diffusion, a
maximum flux selectivity of 2692 could be achieved which is
above any reported membrane selectivity, although higher
pressures would be required for a membrane-based operation.
In summary, our calculations predict that Cg@PAF-based
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adsorbents and membranes would be strongly selective for
CH;0H over H,O as a result of the significant adsorption and

diffusion selectivity.

4. CONCLUSIONS

We have investigated the adsorption and diffusion of the
CH;0H/H,0 mixture by molecular simulation in extensively
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hydrophobic Cg@PAF structures. Despite the lack of
experimental results, the simulated isotherms for pure
components of CH;OH and H,O are in good agreement with
experimental results of MOF and ZIFs from the literature.*>®>
The predicted adsorption selectivity of CH;OH over H,O is
1540 for 17C4@PAF-302 with an additional diffusivity
selectivity of around 3000 due to the dominant CH;0H
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Figure 8. Diftusivity selectivity versus CH;OH diffusivity in the mixture
of CH;0H/H,O at 303 K. Red indicates the error in calculations.

adsorption. The hydrophobic properties of impregnated PAFs
explain the negligible affinity for H,O adsorption. The results
show that the smaller pore volume of PAF-302 has a stronger
interaction with CH;OH compared to the other PAFs when
impregnated with Cgy’s. The high CH;OH adsorption selectivity
at low pressure suggests that C4@PAF could be successfully
used for the purification of CH;OH from H,O within an
adsorbent-based separation system. Our simulations also predict
that C4@PAF may have promising properties for membrane-
based separations that differentiate them in important ways from
other membrane separation technologies. As a result, we can use
less material for larger selectivities (~2500) and higher
production rates (~1 mmol/g), which makes them cost-effective
compared to other materials.
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