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Kuhn et al.1 have used a combination of molecular simulations
and experimental data to analyze the permeation characteristics
of water-methanol and water-ethanol mixtures across a DDR
membrane. DDR zeolite consists of cages separated by windows
of 3.6 × 4.4 Å size. The results presented in their Figure 12
deserves more detailed attention and comment. It shows the
influence of mixture composition on the self-diffusivities, Di,self,
of water, methanol, and ethanol in water-methanol and
water-ethanol binary mixtures determined from molecular
dynamics (MD) and transition state theory (TST). With increas-
ing alcohols concentration, the water diffusivities in both binary
mixtures are reduced significantly. With increasing water
concentration, the diffusivity of methanol is also reduced below
the pure component value.

In a different investigation, Hasegawa et al.2 have published
experimental pervaporation data for water-ethanol mixtures
across a CHA membrane. CHA zeolite consists of cages
separated by windows of 3.8 × 4.2 Å size. In Figure 3 of this
paper it is observed that both water and ethanol permeation
fluxes are reduced significantly with increased addition of
partner species.

The primary objective of this note is to show that Figure 12
of Kuhn et al.1 and Figure 3 of Hasegawa et al.2 are both
demonstrations of the mutual slowing-down effects for water-
alcohol mixture diffusion and that this is a generic characteristic
for a wide range of microporous materials.

We begin by demonstrating the mutual slowing-down effects
in CHA, and produce results that are parallel to that of DDR,
presented in Figure 12 of Kuhn et al.1 The force fields used
and simulation details are provided in the Supporting Informa-
tion accompanying this publication. For a constant total loading
of 2 molecules per cage, the self-diffusivity data, normalized
with respect to the corresponding pure component values are
presented in Figure 1a. The data indicate mutual slowing down
for water-methanol mixture diffusion. Also, the reduction in
the water diffusivity is much more significant, by 1 order of
magnitude, than that for methanol. The data presented in Figure
1a provide a rationale for water-alcohol pervaporation data of
Hasegawa et al.,2 validating mutual slowing-down effects.

A different manner of emphasizing the mutual slowing-down
effect is to compare the self-diffusivities in an equimolar mixture
of water and methanol with the corresponding pure component
values, determined at the same mixture occupancy

The data in Figure 1b show that the self-diffusivities in the
mixture are significantly lower than the corresponding values
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Figure 1. (a) Self-diffusivities, Di,self, normalized with respect to the
corresponding pure component value (xi ) 1) in water-methanol
mixtures of varying composition in CHA zeolite at 313 K, and constant
total mixture loading Θt ) 2 molecules per cage, corresponding to ct

) 10.5 kmol m-3. (b) Self-diffusivities, Di,self, in water-methanol
equimolar mixtures (c1 ) c2) in CHA zeolite at 313 K as a function of
the total mixture occupancy. The total occupancy is determined using
the saturation capacities ci,sat ) 60 and 28 for water and methanol
respectively. (c) Radial distribution functions (RDFs) for an equimolar
binary mixture of water and methanol in CHA at 313 K at a total loading
of 2 molecules per cage.
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for the pure components for occupancies θt > 0.05. Put another
way, mutual slowing-down effects are likely to be of importance
for mixture diffusion at finite occupancies.

In recent work3 we had analyzed water-alcohol diffusion in
LTA, DDR, MFI, and FAU zeolites and concluded that the root
cause for the mutual slowing down can be traced to much
stronger hydrogen bonding between water and alcohol molecular
pairs than for water-water and alcohol-alcohol pairs. The same
situation holds for CHA zeolite. For an equimolar mixture of
water and methanol in CHA, the radial distribution function
(RDF) data for distances between O and H atoms provides
confirmation of this conclusion; see Figure 1c. The first peaks
occur at a separation distance of 2 Å, that is characteristic of
hydrogen bonding. The first-peak height for water-methanol
pairs is significantly higher than that for other molecular pairs,
signifying much stronger hydrogen bonding between water and
methanol than for the other two molecule-molecule pairs, as
also concluded earlier for LTA, DDR, MFI, and FAU.3

The corresponding self-diffusivity data for water-methanol
mixtures in DDR, FAU, and LTA zeolites as a function of the
adsorbed phase methanol composition is presented in Figure
2a-c, respectively. These data are parallel to those presented
for CHA in Figure 1a, and also point to mutual slowing-down
in water-methanol mixture diffusion. The data for MFI zeolite
in Figure 2d has a slightly different character due to strong
correlations within the intersecting intersecting channel structure.
The self-diffusivity of methanol is practically unaffected by
water; the NMR experiments of Caro et al.4 provide direct
experimental verification of this trend.

For water-ethanol mixtures, a similar mutual slowing-down
effect manifests, as is illustrated for FAU zeolite in Figure 3a.
For binary mixtures of methanol and ethanol, the more mobile
methanol is slowed-down and the tardier species ethanol is
speeded-up, yielding the “normal” behavior as characterized by
the data for FAU zeolite in Figure 3b. For methanol-ethanol
mixtures all three molecular pairs have similar degrees of
hydrogen bonding and therefore there is no mutual slowing-
down effect.5

From a close examination of the video animations ac-
companying our previous publication,3 it appears that hy-
drogen bonding between water and alcohol molecule pairs
serves to act as a “flexible leash” linking the motion of the
more mobile (water) and tardier (alcohol) species. The net
result is that the motion of both species is retarded because
the motion of an effectively larger agglomerate is to be
reckoned with. During the passage of the agglomerate across
the 8-ring windows of CHA, DDR, and LTA it is possible
that the hydrogen bonds are first broken and then reformed
once the window is crossed.

Mutual slowing-down effects, most likely caused by hydrogen
bonding,6 are also observed for permeation of acetone-methanol
mixtures across an MFI membrane.7,8

For transport across a Nafion membrane in methanol fuel cell
applications, strong hydrogen bonding between water and
methanol is also evidenced in the molecular simulation study
of Chen et al.,9 causing mutual slowing-down in the mixture.
The NMR spectroscopy data of Hallberg et al.10 on self-
diffusivities in water-methanol mixtures across a Nafion

Figure 2. Self-diffusivities, Di,self, normalized with respect to the corresponding pure component value (xi ) 1) in water-methanol mixtures of
varying composition in (a) DDR, (b) FAU, (c) LTA, and (d) MFI zeolite at constant total mixture loading.
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membrane provides direct experimental evidence of mutual
slowing-down effects.

For water-alcohols diffusion, the foregoing evidence implies
that the Maxwell-Stefan diffusivities Ði in the mixture cannot
be identified with the pure component value; the values in the
mixture must be expected to be significantly lower.3,5 Addition-
ally, the influence of mixture composition on the Ði, need to be
accounted for. Furthermore, the strong hydrogen-bonding
between water and alcohol causes the break down of the Vignes
interpolation formula11,12 for estimation of correlation effects
in mixture diffusion.3,5 These aforementioned influences have
been commonly ignored in the published Maxwell-Stefan model
implementations for mixture transport in water-alcohols per-
vaporation across DDR,1 LTA,13 MFI,8 and methylated silica14,15

membranes. The published Maxwell-Stefan descriptions of
transport in methanol fuel cells also ignore slowing-down
effects.16,17

There is a need for improved Maxwell-Stefan descriptions
of water-alcohols diffusion in microporous materials, that
account of mutual slowing-down effects.
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Abbreviations.

Notation

ci concentration of species i, mol m-3

ci,sat saturation capacity of species i, mol m-3

ct total concentration in mixture, mol m-3

Di,self self-diffusivity of species i, m2 s-1

Ði Maxwell-Stefan diffusivity, m2 s-1

xi mole fraction of species i based on loading within
pore, dimensionless

Greek letters

θi fractional occupancy of species i, dimensionless
Θi loading of i, molecules per cage or per unit cell
Θi,sat saturation capacity of i, molecules per cage or per

unit cell
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Figure 3. Self-diffusivities, Di,self, normalized with respect to the
corresponding pure component value (xi ) 1) in (a) water-ethanol,
and (b) methanol-ethanol mixtures in FAU zeolite at 300 K and
constant total mixture loading Θt ) 50 molecules per unit, correspond-
ing to ct ) 13.2 kmol m-3.
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