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Abstract

The dehydration of bioalcohols is considered one of the major factors contributing to the cost of biofuel
production. In this study, liquid phase separation of water from methanol and ethanol in a siliceous MFI
pervaporation membrane was studied by performing concentration gradient driven molecular dynamic
(CGD-MD) simulations. CGD-MD simulations work by imposing a higher concentration in the feed
side and a lower concentration in the permeate side of the membrane. This creates a concentration
gradient across the membrane that facilitates the diffusion of molecules from the feed to the permeate
side, mimicking the experimental pervaporation membrane set up. Fluxes of methanol, ethanol and
water were cal culated in single component permeation simulations and in equimolar methanol-water and
ethanol-water mixture separation simulations. It was found that water formed hydrogen bonding with the
silanol (Si-OH) groups on the external surface of the MFI and did not enter the membrane in the single
component permeation simulation. While this may suggest that MFI can be used to effectively dehydrate
bioalcohols, our simulations showed that water permeated through the MFI membrane when it wasin a
mixture with either methanol or ethanol. Furthermore, in the acohol-water mixture simulations, the
fluxes of methanol and ethanol were significantly lower than that of expected based on their single
component fluxes. A detailed analysis of hydrogen bonding in the alcohol-water mixture separation
simulations revealed that water preferred making hydrogen bonds with methanol and ethanol rather than
with the silanol groups. This resulted in drifting of water molecules along with permeating alcohol
molecules in to the MFI membrane in mixture simulations, while slowing the permeation of methanol
and ethanol fluxes.
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1. Introduction

The warming of our planet has been closely linked to the anthropogenic release of greenhouse gases to
the atmosphere.[1] To prevent further increase of Earth’s temperature, substitution of fossil fuel based
energy with that of generated from renewable resources, such as solar,[2, 3] wind[4, 5] and biomass,[6,
7] has been considered essential. However, the effectiveness of these aternative energy resources in the
fight against climate change has not been without controversy.[8] In the case of biofuels in particular,
there has been an ongoing debate about how environmentaly friendly they are in reality.[9] For
instance, some studies suggest that production of biofuels consume more energy than they produce.[ 10,
11] One of the maor factors contributing to the cost of biofuel production is the dehydration of
bioal cohols. This process has traditionally employed distillation, which requires large amounts of energy
to achieve sufficient purity for alcohol to be used as fuel. Furthermore, ethanol, for instance, makes an
azeotrope with water. Therefore it is not possible to obtain more than 95 wt % purity ethanol with
distillation only. Such difficulties have led to the development of aternative methods for dehydration of
bioalcohols, such as, extractive digtillation, adsorption and membrane separation, as well as, hybrid
methods which incorporate membrane separation and distillation.[12-14]

Membrane pervaporation has been considered as one of the most effective and energy-saving processes
for separation of acohol-water mixtures, in particular, for the azeotropic ones.[15-17] Hydrophobic and
hydrophilic membranes have been developed for the separation of alcohol and water,[12] athough
making reliable and economical membranes is challenging.[18] For the fabrication of hydrophobic
pervaporation membranes, MFI, a hydrophobic zeolite, has been widely used, either in the form of athin
film membrane deposited on a porous support, [19, 20] or by dispersing MFI crystals in a polymer
matrix,[21, 22] exhibiting high flux and separation factors. Furthermore, severa molecular simulation
studies investigated the adsorption, diffusion and separation of alcohol and water systems in MFI
zeolite.[23-26]

By carrying out configurational bias grand canonical Monte Carlo (CB-GCMC) simulations Xiong et
al.[ 23] reported that the adsorption of water in MFI is negligible due to its hydrophobicity and that larger
alcohols are adsorbed at relatively lower pressures compared to the smaller alcohols. Krishna et al.[24]
employed CB-GCMC and molecular dynamics (MD) methods to show that it is not possible to
accurately estimate adsorption and diffusion characteristics of acohol-water mixture based on single
component data due to the effect of hydrogen bonding between water and alcohol molecules. GOmez-
Alvarez et a.[25] performed GCMC and MD simulations in MFI and showed that the diffusion
coefficients of water, methanol and ethanol in the adsorbed alcohol-water mixtures were greater than
their diffusion coefficients in the adsorbed single component. Studies cited in references 23 to 25 were
conducted in periodic MFI structures. Jiaet a.,[26] on the other hand, carried out MD simulations which
involved the diffusion of acohol-water mixtures through MFI slabs that mimicked pervaporation
separation experiments. They emphasized that the behaviour of mixtures differ considerably from that of
for the single component systems.

In this work, we investigate the dehydration of bioalcohols in an MFI membrane by carrying out
concentration gradient driven molecular dynamics simulations (CGD-MD).[27] CGD-MD is a non-
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equilibrium molecular dynamics simulation method which works by applying bidirectional bias forcesto
maintain the concentration of molecules in designated control volumes. By maintaining a higher
concentration at the inlet of a membrane (feed), and lower concentration at the outlet of a membrane
(permeate) the CGD-MD method creates a concentration gradient which drives the diffusion of
molecules through the membrane. This method was previously used to study multicomponent gas
transport and separation in porous membranes.[27-29] Using the CGD-MD approach allows computing
the steady-state flux of molecules and membrane selectivity directly, which is important, because some
of us previously showed that at conditions where fluid molecules strongly associate, selectivity of a
membrane may not always be computed accurately based on predictions of single component transport
properties.[28] Here, we consider the separation of methanol and ethanol from water in an MFI
pervaporation membrane setting; i.e., vacuum on the permeate side. The simulations are carried out in
the liquid phase and at ambient conditions, and thus useful to understand the potential of porous
membranes for the dehydration of bioalcohols with minimum energy consumption; i.e. without heating
of the feed. Most importantly, our study reveas that water molecules prefers forming hydrogen bonds
with alcohol molecules over the silanol groups that exist on the external surfaces of the MFI membrane.
This leads to a diminishing effect on the acohol-water selectivity and lower than expected alcohol
fluxes.

2. Simulation M ethods

Methanol and ethanol molecules were modelled with the TraPPE-UA force field.[30] In this force field,
bonds are rigid but angles are flexible, and CHx groups are treated as united atoms, i.e.,, single
interaction centres. For the water molecule, a flexible variant of the SPC/E model was used.[31, 32] An
MFI membrane was constructed by using the “Computation-ready 2D Zeolitic Slabs Database” of Knio
et al.*® This database consists of DFT optimized unit cells of zeolites and their model surfaces for
different crystallographic planes terminated with —OH groups. The dimensions of the MFI membrane
used in our simulations were 60.49, 53.17 and 110.83 A in the x, y and z direction, respectively, and the
external surfaces were perpendicular to the straight channels [010]. The membrane was treated as a
flexible structure using the force field developed by Sastre et al.[33] Lorentz-Berthelot mixing rules
were used to calculate the cross term parameters between different atom types for Lennard-Jones (LJ)
potential, which was used to model short range non-bonded interactions. Long range electrostatic
interactions were computed using the Ewald summation method.[34] The cut-off distance for the LJ
potential and the real part of the Ewald sum was set to 12 A. Further details on the force field used and
al parameters are provided in Table S1.

As mentioned in the introduction, we used the CGD-MD method to study the liquid phase transport of
water, methanol and ethanol, and the separation of equimolar methanol-water and ethanol-water
mixtures. The CGD-MD simulation setup isillustrated in Figure 1 and CGD-MD specific parameters are
provided in Table S2. A detailed explanation of how CGD-MD method works can be found in Ozcan et
a.[27] and Perego et a.[35] In our CGD-MD simulations, the MFI membrane was placed in the centre
of the simulation box, which was 311.0 A in the z direction (Figure 1). During the CGD-MD
simulations, the concentration of the water, methanol and ethanol molecules were maintained at their



target densities in the feed control region (FCR) and the permeate control region (PCR), to mimic a
pervaporation membrane separation setup; i.e. higher concentration in FCR (feed) and vacuum in PCR
(permeate). This is achieved by applying bi-directional bias forces on fluid molecules in the feed force
region (FFR) and the permeate force region (PFR). The bias force works in such a way that if the
instantaneous concentration in the control region is less than the target concentration then the bias force
acts in the direction to move more molecules to the control region; and if the instantaneous
concentration in the control region is more than the target concentration then the bias force acts in the
direction to remove molecules from the control region. We emphasize that it is the concentration
gradient that is established across the membrane which facilitates the transport of the molecules, not the
bias forces. Molecules which cross the membrane return to the feed side through the periodic boundary
(see blue arrows in Figurel). This ensures that there are always molecules in the feed side and that the
transport of the molecules through the membrane can reach to steady state.

FFR FCR MFI membrane PCR
ooy Ss——p— e _ rares oo

Figure 1. CGD-MD simulation setup.

All CGD-MD simulations were carried out using the Gromacs MD simulation package (version 2019.2)
patched with an in-house modified version of Plumed 2.4.2. The patch is freely available for
download.[36] Simulations were run in the NVT ensemble and the temperature was kept at 300 K using
a Nose-Hoover thermostat. Leapfrog algorithm[37] was used for integrating the Newton’s equations of
motion with atimestep of 1 fs. A small number of Si atoms (less than 2%) were restrained to their initial
positions in order to avoid the MFI membrane drifting under the concentration gradient. To ensure that
the flux of the molecules through the MFI membrane has achieved steady state, CGD-MD simulations
were first run for 200 million steps, followed by 200 million steps of productions runs, during which
fluxes, z-density profiles and hydrogen bonding characteristics of water, methanol and ethanol were
calculated in single component and mixture settings.

3. Results & Discussion
3.1 Forcefield validation

We first validated the force field by computing the adsorption isotherms of methanol, ethanol and water
in MFI at 300K and comparing them against experimental data. For this purpose, we performed grand
canonica Monte Carlo (GCMC) simulation using the RASPA molecular simulation package.[38]
Further details of the GCMC simulations are provided in the Sl. Figure 2 shows the comparison between
simulated and experimental adsorption isotherms of methanol, ethanol and water in MFI.[23, 39]
Simulated isotherms reproduce the fact that MFI adsorbs methanol and ethanol at a lower pressure

4



compared to

T
0.2

[ 0.010
| 0.008
0.006

0.004

S9N B D
o o o o ©

[ 0.002

| 0.0008 L
107° 107° 1074 107°

i
o

Loading [mol/kg]

methanol = HEE Y

0} ethanol ) 7
water & 'IJJ
. i [ ]
0.0 ;

1

o o O

102

Pressure [kPa]

Figure 2. Comparison of the experimental (solid lines) and simulated (symbols) adsorption isotherms
of methanol, ethanol and water in MFI.

water. It should aso be noted that the amount of water adsorbed within the pressure range investigated
in the GCMC simulations is much lower compared to the amount of water that condenses in the pores of
defect free all-silicaMFI at very high pressures; i.e. > 75 MPa.[40, 41]

3.2 Single component per meation of methanol, ethanol and water in the MFI membrane

After validating the force field, we studied the single component permeation of methanol, ethanol and
water in the MFI membrane by carrying out CGD-MD simulations. Target concentrations of methanol,
ethanol and water in the feed control region were set to their liquid molar densities at 300 K. in the
permeate control region, the target concentrations were set to vacuum to mimic pervaporation conditions
(Table S3). Instantaneous concentrations (Figure S1) and the average concentrations of methanol,
ethanol and water (Table S3) in the control regions in single component simulations show that the
concentration of the molecules were maintained very close to the target values during the production
runs.

Figure 3 shows the z-density profiles of methanol, ethanol and water in the MFI membrane. While both
methanol and ethanol enter the MFI membrane, water does not enter because of the hydrophobicity of
the MFI zeolite. The z-density profiles of methanol and ethanol reflect the structure of MFI, i.e., the z-
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Figure 3. Z-density profiles of a) methanol, b) ethanol and c) water in the MFI membrane in single
component CGD-MD simulations. The MFI membrane is located between z =~ 93 A and 204 A.

The fluxes of methanol, ethanol and water in the MFI membrane were calculated by using the following
formula] 27]

N — N/

]Z: tA

Xy

where J, is the flux in the direction of the flow, N* and N~ are the number of molecules that cross a
geometric plane located at the centre of the membrane in the positive and negative z-directions,
respectively, A,,, isthe cross sectional area of the membrane, and ¢ is the simulation time. In the single
component simulations, methanol flux is about twice that of ethanol, and water has a zero flux (Table 1)
since it does not enter the MFI membrane, which is in agreement with the experimental findings that
water only enters al-silica MFI at very high pressures.[40, 41] This may suggest that MFI can
demonstrate complete selectivity for methanol and ethanol over water; however, as we show in the
mixture simulations below thisis not the case.



Table 1. Methanol, ethanol and water fluxes, expressed in moleculessnm?ns, in MFI from single
component and mixture simulations.

Methanol Ethanol Water
Single component 0.20+0.01 0.09 + 0.02 0
Methanol-water mixture 0.013 + 0.008 - 0.002 + 0.004
Ethanol-water mixture - 0.03+0.01 0.0005 + 0.0004

* Water does not enter the MFI membrane in the single component simulation.

3.3 Dehydration of binary alcohol-water mixturesin the MFI membrane

To study the dehydration of binary alcohol-water mixtures in the MFI membrane, we considered
equimolar mixtures of methanol-water and ethanol-water. For both mixtures, target concentrations of the
components in feed control region were set to reproduce the molar density of equimolar mixtures at 300
K assuming ideal mixing, and the target concentrations were set to zero in the permeate control region to
mimic pervaporation conditions (Table $4). Instantaneous concentrations (Figure S2) and the average
concentrations of methanol, ethanol and water (Table $4) in the control regions in mixture simulations
show that the concentration of the molecules were maintained very close to the target values during the
production runs.

Figure 4 shows the z-density profiles of methanol, ethanol and water in the MFI membrane in the
mixture simulations. Unlike the case in the single component simulation of water, the density of water
within the membrane, although very small, is non-zero in both mixture simulations. That is, water enters
the membrane when it isin a mixture with methanol or ethanol. Indeed, there is a quantifiable water flux
in MFI in the mixture simulations, although it is very small compared to the fluxes of methanol and
ethanol (Table 1). Furthermore, the presence of water appears to be slowing down the permeation of
methanol and ethanol in alcohol-water mixtures (Table 1). One can argue that the slower fluxes of
methanol and ethanol in alcohol-water mixtures compared to their fluxes in the single component
simulations is due to their relatively lower feed concentrations in the mixture simulation compared to
their feed concentrations in the single component simulations. However, the lower feed concentrations
of acohols in the mixture simulations do not alone account for the slower fluxes of methanol and
ethanol in the mixture simulations. For instance, the feed concentration of methanol in the mixture
simulations is about 45% lower than that of its feed concentration in the single component simulation;
i.e. 10.43 vs 14.99 [molecules/nm?], respectively (Tables S3 and S4). The flux of methanol in the
mixture simulation is about an order of magnitude smaller than its single component flux (Table 1).
Likewise, the flux of ethanol in the mixture is three times smaller than its single component flux (Table
1), but the ethanol feed concentration in the mixture simulation is only =30% lower than that of in the
single component; i.e. 7.92 vs 10.16 [molecules/nm?], respectively (Tables S3 and $4).
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Figure 4. Z-density profiles of methanol, ethanol and water as a function of z coordinate in mixture
CGD-MD simulations. The MFI membrane is located between z ~ 93 A and 204 A.

To understand why water enters the MFI membrane in the a cohol-water mixture simulations but not in
the single component water simulation, we analysed the number of hydrogen bonds that form between
the silanol groups located on the feed side of the MFI surface and the methanol, ethanol and water
molecules (Table 2). In single component simulations water molecules form about five times more
hydrogen bonds with the surface silanol groups compared to methanol and ethanol. This may be due to
two reasons; first, water has two —OH groups whereas methanol and ethanol has only one, and second,
the molecular density of water is larger compared to methanol and ethanol, that is, there are relatively
more water molecules present per unit volume in comparison to methanol and ethanol. However, in the
mixture simulations there is a very different scenario. The number of hydrogen bonds that methanol or
ethanol form with the silanol groups are more than the number of hydrogen bonds that form between the
water molecules and silanol groups. The number of hydrogen bonds that water forms with silanol groups
when it is in a mixture with methanol is about 10 times smaller compared to that of in the single
component simulation, and it is 14 times smaller when it is in a mixture with ethanol. This cannot be
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explained only by the lower concentration of water in the mixture ssimulations (10.39 and 7.88
molecules’nm® for methanol and ethanol mixtures, respectively (Table $S4)), compared to its
concentration in the single component simulation, (33.7 moleculessnm?® (Table S3)). It is clear that,
water molecules interact more strongly with the alcohol molecules; i.e. through hydrogen bonding,
compared to the surface silanols. This in turn facilitates the diffusion of water in the MFI membrane,
because thanks to the hydrogen bonding that forms between the water and alcohol molecules, water
molecules are carried in to the MFI with the diffusing methanol and ethanol molecules.[42] The
preferred hydrogen bonding of water with alcohol molecules also explains the lower than expected
fluxes of methanol and ethanol in their mixtures with water. While water enters MFI thanks to the
hydrogen bonds that it forms with alcohol molecules, it dows down the permeation of methanol and
ethanol.

Table 2. Number of hydrogen bonds that methanol, ethanol and water molecules form with the MFI
surface at the feed side in single component and mixture simulations.

Methanol Ethanol Water
Single component 17+4 17+3 767
Methanol -water mixture 12+3 - 8+3
Ethanol-water mixture - 9+3 5%2

The reason for the preference of water molecules for making hydrogen bonding with alcohols rather
than with surface silanols can be due to the difference in the polarity of -OH groups in the silanol
groups and those of in the methanol and ethanol molecules. Partial charges of oxygen atoms in the —OH
groups of alcohol and the silanol are very similar (i.e., qo_,, = —0.7e and q,_,, = —0.725e). However,
the partial charge of the hydrogen atom of the —OH group of acohol is more than twice that of for the
hydrogen atom of the —OH group of the silanol (i.e; gy, = 0.435e and qy_, = 0.2e, respectively).
The larger hydrogen partia charge on the alcohol —OH group leads to a stronger interaction with water
compared to the interaction between the silanol group and water. This suggest that even if defect free
membranes can be manufactured, the hydrogen bonding between water and alcohol molecules will
always result in diffusion of water molecules along with alcohols, thus eliminating the possibility of
complete dehydration of biofuels. Nevertheless, the ethanol/water selectivity based on the ethanol and
water fluxes from the ethanol-water mixture simulation, i.e. 0.03/0.0005 = 60, can still be considered
very high.

4. Conclusions

The purification of bioalcohols using pervaporation membranes based on hydrophobic zeolites
potentially has several advantages in comparison to distillation, including, most importantly, lower
energy requirements. All silica MFI zeolite allows the diffusion of pure methanol and ethanol and




prevents the diffusion of pure water due to its hydrophobic character. Pure water strongly hydrogen
bonds with the silanol groups on the external surface of the MFI. On the other hand, when water isin a
mixture with acohol, the hydrogen bonding of water with silanol groups reduces due to its preferred
hydrogen bonding with alcohols and this leads to water permeation through the MFI membrane along
with acohol molecules. While this may prohibit total selectivity of alcohol over water in a hydrophobic
pervaporation membrane, such as MFl, it also hints at the importance of surface functional groups which
may be modified to retain water outside the membrane. Our findings can aid in developing new
strategies for manufacturing membranes with improved separation performance for the dehydration of
bioalcohols.
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1. Forcefield parametersfor the MFI membrane atoms

Table S1. Atom types (a) and parameters for the non-bonded Lennard-Jones potential (b), bonds (c),
angles (d) and dihedrals.

(a) Atom types, and their corresponding masses and the partial charges

Atom _ Massu _ Chargele
65.380 2.100
01 15.999 -0.725
02 15.999 -1.05
H1 1.008 0.200
CH3_MeOH 15.03452 0.265
CH3_EOH 15.03452 0
CH2_ECH 14.02658 0.265
O_dc 15.9994 -0.7
H_alc 1.008 0.435
O_wat 15.9994 -0.8476
H_wat 1.008 0.4238

(b) Non-Bonded potential

( oy 12 oy 6
o=t (7))
ij ij
Ai Aj g[kJ/mol] o[nm]
Si Si 6.89057-10°" 0.334478
Ol Ol 0.7986 0.3107819
02 02 0.7986 0.3107819
H1 H1 0.0 0.0
Si Ol 0.10153396046 0.247105204426
Si 02 0.00164729035 0.341646346144
CH3 _MeOH CH3 _MeOH 0.815 0.375
CH3_EOH CH3_EOH 0.815 0.375
CH2_EOH CH2_EOH 0.382 0.375
O _ac O _ac 0.773 0.302
H_alc H_alc - -
O _wat O _wat 0.650 0.3166
H_wat H_wat - -




(c) Harmonic Bond Potential

1
Vi = Ekb(rij - bo)z

Ai Aj ko[kJ/mol-nm : bo[nm

O1 H1 4640.07 0.09476
CH3_MeOH O_dc 502416.0 0.1430
CH3_EOH CH2_ EOH 502416.0 0.1540
CH2 EOH O ac 502416.0 0.1430
O dc H_ac 502416.0 0.0945

O wat H_wat 345168.134 0.1000

(d) Harmonic Angle potential

1 2
Vijk(e) = Ek()(eijk - 90)

A _ A _ Ak ~ ke[kJ/mol-rad<] o(°)

o1 Si 02 144.1876 109.47

02 S 02 144.1876 109.47

Si 02 Si 149.6391 142.71
CH3_MeOH O_dc H_alc 460.61833 108.50
CH3_EOH CH2_EOH O_alc 419.04626 109.47
CH3_EOH O_dc H_alc 460.61833 108.50
H_wat O_wat H_wat 383.18666 109.47

(e) Dihedral potential

5
Ve (8y1a) = z C. (cos ()", where P = 8, — 180°
n=0

CH3 EOH CH2 EOH Oadc H. ac 2.822 2943 0485 -625 00 00

*All the coefficients are expressed in kJ/mol

S2. GCMC methodology

To obtain the amount of molecules of alcohol and water inside the structure we performed 2 - 10°
equilibrate cycles, followed by 10° production run cycles in the grand-canonical ensemble (GCMC). In
these simulations, we considered a rigid periodic crystal using the crystallographically determined
position of the atoms, because the flexibility does not affect so much to adsorption. The MFI unit cell
was replicated 2, 2 and 3 times in the X, y and z direction, respectively, to surpass twice the spherical
cut-off used for non-bonded interactions; i.e. 12 A. Trandation, rotation and insertion/deletion moves
were sampled with equal probabilities.



S3. CGD-MD parameters

CGD-MD is asimulation method that provides regions in which the particle concentration is maintained
at a target value. With this am, a bi-directional bias force is applied on the particles to keep the
concentration of the particles constant in the control regions. The expression for the bi-directional force
IS

F(z) = ki(niCR - noi) G(z,Zp)

where k; is a force constant, n¢® is the instantaneous density in the designated control regions (CR)
while ny; is the target density. G(z, Zy) is a bell-shaped function whose value is equal to 1 for z = Z
and it isnull outside of a Z-centered w range, i.e. G(z, Zr) delimits the region where forces are applied.
Mathematical expression of this bell-shaped function is

1 Z_ZF -1
G(Z,ZF)=W[1+cosh< ” )]

Instantaneous particle density is given by

N;

1 1 if z, € CR
CR

net = — 0(z; where 6(z; ={ ]
: VCR Z ( ]) ( ]) 0 otherwise

j=1
where V¢R the volume of the CR.

Table S2. Force constants and width of the control regionsin the inlet and outlet of the membrane

Side : w[nm ~ ki[kd.nm¥mol]  Zg[nm VERINM]/(LxLy) |
Inlet 0.25 500 4.107 25
Outlet 0.25 5000 24.690 2.5




. Supplementary resultsfrom CGD-MD simulations

Table S3. Target concentrations and computed average concentrations of methanol, ethanol and water in
control regionsin single component CGD-MD simulations.

Feed control region (FCR) Permeate control region (PCR)

Target
concentration

[molecules/ nm®]

Average
concentration

[molecules/ nm?]

Target
concentration

[molecules/ nm?]

Average
concentration

[molecules/ nm?]

Methanol 15.23 14.99 + 0.06 0 0.004 + 0.007
Ethanol 10.31 10.16 + 0.05 0 0.028 + 0.007
Water 33.46 33.7+0.1 0 o*

* Water does not enter the MFI membrane in the single component simulation.
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Figure S1. Moving averages of the molecular density (calculated using preceding 100 data points) as a
function of simulation time for methanol (red), ethanol (green) and water (blue) in the FCR (a) and PCR
(b). Note that because pure water does not permeate through the MFI membrane, water density in PCR
is effectively zero. For methanol and ethanol densities in PCR are noisy due to very low statistical
probability of finding a particle in vacuum. Concentrations averaged over the 200ns production runs are
givenin Table S3.




Table $4. Target concentrations and computed average concentrations of methanol, ethanol and water in
control regionsin acohol-water mixture CGD-MD simulations.

Feed control region (FCR)

Permeate control region (PCR)

Target
concentration

[molecules/ nm?]

Average
concentration

[molecules/ nm?]

Target
concentration

[molecules/ nm?]

Average
concentration

[molecules/ nm?]

Alcohol / Water Alcohol / Water
M ethanol - 10.29 10.43 £ 0.07 0 0.002 + 0.004
Water / /
10.39+ 0.09 0.0002 + 0.0008
Ethanol-Water 7.88 7.92+0.06 0 0.002 + 0.004
/ /
7.89+0.09 0.0001 + 0.0006
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Figure S2. Moving averages of the molecular density

(calculated using preceding 100 data points) as a

function of simulation time in the FCR (blue) and PCR (red) in the methanol-water (top) and ethanol-
water (bottom) mixtures. The data for alcohols are shown on left side (methanol (a) and ethanol (c)) and
water on right side ((b) and (d)) Concentrations averaged over the 200 ns production runs are given in

Table $4.



