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Concentration-Driven Disruption of Single-File Water

Maria Rezvova, Armin Gélzhduser, and Petr Dementyey*

Strong hydrogen bonding is known to entail some of the spectacular physical
properties of liquid water, including fast diffusion under nanoconfinement.
Similar to biological channels, the single-file or collective motion of inter-
connected water molecules has been observed in nanotubes and laminar
structures, exhibiting tremendous potential for energy-efficient separation
applications. Desalination, breaking azeotropes, and dehumidification have
been all addressed with the membranes enabling selective transport of water
while most attention has been paid to the fabrication and morphological char-
acteristics of the respective microporous materials. However, the performance
of membrane processes also depends on the properties of the chemical
systems to be treated, often facing problems under realistic conditions such
as concentration polarization. In this study, adsorption controlled permeation
is employed to explore the interfacial behavior of water—alcohol mixtures in
nanostructured membranes as a function of concentration. The permeation
rate of water is found to sink manifold as the molar fraction of isopropanol
molecules increases, indicating breakdown of the single-file mechanism. A
phenomenological model is devised to account for intermolecular interactions
in the binary liquid—liquid mixture whereas kinetic simulations agree well with
the experimental data. The results point to the fundamental limitations of

interesting as this abundant nanostruc-
tured material has been widely pursued
for diverse practical applications.l®”) Back
in 2012, Nair et al. discovered fast and
selective permeation of water in GO
membranes which was attributed to the
collective flow of hydrogen-bonded mole-
cules through nanochannels between
graphene layers.®l Condensed water was
speculated to behave in the 2D capillaries
as a single file similar to that in carbon
nanotubes and aquaporins.’! The inter-
layer spacing in GO laminates was found
to shrink upon thermal annealing, and
water transport rate was correlated with the
number of oxygen-containing functional
groups.'! GO nanochannels were demon-
strated to enable filtration of ionic solutes
revealing a clear size cutoff at 4.5 A In
order to allow for controlled ionic sieving,
the pore size in GO membranes was later
shown to be adjusted by both physical and
chemical methods."”) More recently, water-

water-selective conduits for dehydrating organic solvents.

1. Introduction

Microporous materials appear to play one of the key roles in
the emerging clean-energy technologies.! Due to their well-
defined pore architectures, zeolites, metal-organic frameworks
(MOFs), nanocarbons, etc., reveal a promisingly high efficiency
for membrane processes, such as water desalination, fuel cells,
and energy storage.’™ Graphene oxide (GO) is particularly
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selective GO membranes were employed

in pervaporation to dehydrate ethanol, and

the transmembrane flux was measured to

depend on the alcohol fraction dropping
from 1.36 kg m™2 h™! for pure water to 0.3 kg m= h™! for feed
mixtures of 10 wt% water in content.¥! Even though great values
of water/ethanol selectivity were achieved, the reduction of the
membrane permeability observed indicates complex interfacial
phenomena which are likely to differ from those in salt rejection.
While the concentration of solid substances in aqueous solutions
is limited by saturation points, the composition of liquid mix-
tures can be varied continuously.

Water is fully miscible with a wide range of polar organic
solvents, and membrane separation is considered to be advan-
tageous in their recovery and purification.! Unlike ordinary
fractional distillation, vapor permeation and pervaporation pro-
cesses can break azeotropes which is also very important in
the biofuel production. Dehydration of organics is the most
demanded pervaporation technology in industry, and design
of thermally stable membrane materials remains a subject of
immense scientific efforts.l'®! Porous structures capable of the
single-file water transport offer the opportunity to fabricate high-
throughput membranes for removing water from liquids. How-
ever, the production of anhydrous compounds means selective
extraction of water down to ppm levels of the residue, whereas
the mass transfer under these circumstances is not necessarily
the same as for aqueous solutions, exemplified above by GO
membranes. Indeed, bulk properties in the binary water—eth-
anol mixtures are known to change with the molar composition,
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and the structure of hydrogen bonding networks has been pre-
dicted to differ at higher alcohol concentrations.”] As revealed
by molecular dynamics simulations, 3D water transforms into a
nonpercolating phase giving rise to alteration of the dynamical
behavior. In this work, we address fundamental issues under-
lying water permeation in microporous membranes upon
mixing with organic solvents. To this end, adsorption con-
trolled permeation (ACP) is applied to study experimentally the
impact of concentration on water transport in prototypic carbon
nanomembranes (CNMs) with a high density of sub-nanometer
channels. Vaporous mixtures of heavy water and isopropanol
are introduced as a representative model system allowing to
measure the permeation rate in dependence on the molar frac-
tion. The kinetic data obtained with hydrophilic CNMs are
rationalized in terms of the single-file mechanism and confirm
the disruption of hydrogen bonding networks.

2. Results and Discussion

2.1. Adsorption-Controlled Permeation

The novel ACP methodology has emerged as a versatile tool
to probe molecular diffusion at functional interfaces.® It
consists in measuring permeation rates across planar nano-
materials equipped with angstrom-scale openings under well-
defined feed environments. Due to the small internal volume,
the transmembrane passage is governed by entrance kinetics
and depends much on the amount of adsorbed species which
imparts high sensitivity to surface processes. Figure 1a sche-
matically illustrates the principle of the ACP measurements,
while the complete experimental system is detailed else-
where.?%! A nanomembrane is positioned in a freestanding
state between a high-vacuum mass-spectrometric detector and
the upstream compartment that is suitable for preparing gas-
eous and vaporous mixtures of variable composition. Under
isothermal conditions, the coverage of adsorbates is determined
by equilibrium constants, so that steady-state transport rates are
obtained in the ACP experiments. As a rule, the composition of
the condensed phase upon mixing several substances deviates
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from that in the gas phase and obeys thermodynamic relation-
ships. Since vapor-liquid equilibria (VLE) diagrams are usually
very complex for nonideal systems, the most favorable situation
is reached at azeotropic points, when the mixture composition
is maintained constant throughout the feed compartment.

In order to make a vaporous mixture of desirable content,
vapor A is let to the mixing chamber and then isolated in the
coldfinger by means of a liquid nitrogen bath (Figure 1a). This
is done at low relative pressure to exclude vapor condensation
on the chamber walls, and the exact amount of the substance
is measured with the manometer. Similarly, a portion of vapor
B is subsequently dosed to the mixing chamber and collected
in the coldfinger. The percentage of each component as well as
their total quantity are defined precisely in a broad range. The
coldfinger is designed to facilitate intermixing by elevating the
temperature, and after cooling down, the freshly prepared feed
mixture is released to the nanomembrane. The volume ratio
between the sections allows for achieving VLE conditions, when
the liquid mixture in the coldfinger yields saturated vapor phase
in the entire upstream compartment. Figure 1b demonstrates
the evaporation process as recorded by the absolute pressure in
the feed chamber and a simultaneous readout of the mass-spec-
trometer signal in the detection chamber. As evidenced, the total
pressure in the system stabilizes rather quickly meaning the
homogeneity of the mixture. One can also see that the number
of permeating molecules is somewhat delayed from the pres-
sure signal which reflects equilibration of molecular adsorption
at the membrane surface. Once the steady state is established,
the feed compartment is evacuated leading to the abrupt drop of
the mass-spectrometric response. The cross-membrane flux is
quantified upon measuring individual calibration signals for the
mixture components as described before. 2%

2.2. Room-Temperature Azeotropes

Recently, we presented a convenient model system for studying
membrane performance in breaking aqueous azeotropes.!']
The mixture of 60 mol% D,0 and 40 mol% 1-propanol (PA)
was proven to be a positive azeotrope at room temperature, as
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Figure 1. a) Schematic of the ACP measurements with vaporous mixtures. The nanomembrane window is not explicitly denoted as it separates the
membrane cell and the detection chamber. b) Example of the raw experimental data for a binary feed mixture. The QMS output for one component
(water) is aligned with the total pressure measurement. The QMS signal for the other component (isopropanol) is not shown for simplicity.
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expected from H,0-PA VLE.2!l Upon exposing to the feed mix-
ture, CNMs were found to pass water molecules as fast as water
vapor alone indicating unimpeded single-file flow. Previously,
freestanding CNMs were proven to possess an intrinsically
porous structure enabling collective permeation of liquefied
water.?2l In this work, CNMs are used to study the effect of
concentration on water transport with the help of another
room-temperature azeotrope. VLE data for water mixtures with
isopropanol (IPA) suggest the azeotropic point to be shifted
toward less diluted alcohol solutions compared to the PA—water
system.[?3 Similar to the early study, we employed heavy water
for accuracy reasons and prepared the mixture of 32 mol% D,0
and 68 mol% IPA. When CNMs are fed with the vapor of this
composition, the flux of water decreases greatly with respect
to pure D,0 and the PA-water azeotrope (Figure 2). Notably,
the observed effect cannot be attributed to the decrease in the
driving force as the partial pressure of water in the mixture is
about 17 mbar, i.e., only 30% lower than saturation pressure of
D,0. The data rather display that more alcohol in the mixture
suppresses transmembrane diffusion of water molecules which
confirms the theoretical predictions of the concentration-
related structural reorganization. Indeed, the isomeric PA and
IPA molecules are likely to be identical from the chemical view-
point, whereas the increase of their molar fraction from 40%
to 68% means a dramatic shift in the ratio between water and
alcohol in the mixtures. The change from 3:2 in the PA azeo-
trope to roughly 1:2 in the IPA system points to a fundamental
difference in the predominant species: “a solution of alcohol in
water” versus “a solution of water in alcohol.”

In our understanding, this seemingly fictitious transformation
affects the structure of hydrogen bonding networks so as water
molecules become less capable of collective motion. This is con-
sistent with the study of Li et al. who employed terahertz time
domain spectroscopy and nuclear magnetic resonance measure-
ments to explore structural transitions in binary water—alcohol
systems.? They found a critical concentration above which
the solution dynamics of water and alcohol molecules becomes
independent from each other suggesting water clusters in bulk
alcohol. It is 70 mol% for methanol, 60 mol% for ethanol, and
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Figure 2. Transmembrane flux of D,O molecules upon exposing CNMs
to pure water vapor and its azeotropic mixtures with alcohols (60 mol%
water in PA and 32 mol% water in IPA). The experimental data were aver-
aged over 3-5 samples, and the error bars are standard deviations.
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50 mol% for both PA and IPA. Very similar results were obtained
by Lam et al. with X-ray absorption spectroscopy showing weaker
liquid-liquid interactions at IPA concentrations higher than
50 mol%.12°! The mesoscopic structure of aqueous IPA solutions
was also studied by pressure perturbation calorimetry combined
with molecular dynamics simulations which revealed segrega-
tion of water and alcohol molecules.?*l More rigorous molecular
computations were recently performed to analyze the hydrogen
bonding interactions in the IPA—water system, and strong micro-
scopic inhomogeneities were identified.””) It was shown that IPA
molecules tend to be involved into water networks at low alcohol
content, whereas water and IPA form segregated domains when
the molar fraction of the alcohol increases from 0.3 to 0.5. In
concentrated solutions, water molecules were found to interact
with IPA molecules as separate solutes. Thus, the loss of the per-
colating water is likely to be responsible for the permeation slow-
down observed with the alcohol-rich azeotrope.

In order to examine in detail the transition from a water-
dominant phase to a more alcohol-like one, we noticed an
interesting feature of the IPA-water VLE. From the shape of
the respective p-x-y diagrams, it appears that at room tem-
perature, the composition of the liquid and vapor phases is
very similar for IPA molar fractions beyond 0.5.28 On x-y
diagrams, this observation translates to curves that are lying
close to the straight y = x line.”l Accordingly, we under-
took a simple experiment on measuring the vapor pressure
in D,0-IPA mixtures as a function of the total composition
(Figure 3). As detailed earlier, this test allows to determine the
azeotropic composition at a pressure extremum.!' It is evi-
dent that room-temperature mixtures do reveal no clear min-
imum boiling point, and instead, there is a plateau-like region
at high alcohol content. We assume that the molar composi-
tion of the vapor phase in this range can be approximated by
the partial values as defined during the mixtures preparation.
In the following, we show the transmembrane flux of water as
measured upon gradual variation of the feed composition and
rationalize the observed trend by devising a geometrical model
to account for the structural rearrangements in the binary
mixture.
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Figure 3. Saturation vapor pressure in D,O-IPA mixtures as a function
of the total composition. The experiment is detailed elsewhere.”! The

measurements were done at room temperature, and the data points are
mean values over 3-6 runs. The solid line is for guiding the eye.
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2.3. Kinetic Model

The rapid permeation of water vapor in CNMs was recently
elucidated in terms of surface condensation and single-file dif-
fusion.?”) The formalism implemented refers to adsorption
isotherms and heterogeneous reaction kinetics as proposed
in computational studies.?% More specifically, the transmem-
brane flux of water molecules F is described by two rate con-
stants Kpono and kyyg for individual and cooperative passage,
respectively

F= kmono emono no + kmulﬁemulti Mo (1)

where 600, and 6,,; designate surface coverage of separate
adsorbates and their agglomerates, and n, stands for the total
number of adsorption sites per unit area. The equation was
proven to capture the steep humidity dependence and can also be
used to simulate the permeation rate in mixtures with alcohols.
As the ACP experiments with the model azeotropic mixtures are
conducted under saturation conditions, similar to pure water, the
membrane is likely to be fully covered with a condensed multi-
layer film (Figure 4). In this case, both water and alcohol mole-
cules access the membrane proximity, and the amount of water
in the first adsorption layer can be expressed via effective coverage
O.¢ It is clear that 6.5 should depend on the molar fraction x
and span from 0 for anhydrous alcohol up to 1 for water-domi-
nant solutions. More precisely, the coverage is proportional to the
number concentration ¢ as the number of molecules at the surface
is nothing else than a number of molecules in a very thin volume.
To derive the concentration as a function of x, we consider van
der Waals volumes of molecules and neglect intermolecular voids.
For simplicity, PA and IPA molecules are both assumed to be
rods with the diameter of 0.29 nm.B3! In this representation, water
molecules appear to be roughly three times as small as the alcohol
ones," and their concentration is expressed as follows

e ¥
_(3—2x)v )

where v is the volume occupied by one D,O molecule (unit
volume in the model). On the basis of the experiments with PA

Upstream .
® ’ o

Downstream

Figure 4. Adsorption model for kinetic simulations of water permeation
in nanomembranes. Blue balls are for water molecules, red rods are for
propanol molecules.
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(Figure 2) and in accordance with the above reviewed literature
data, we set the boundary condition 0.4 = 1 at x 2 0.6 which
yields the linear equation

3x

O = 3
= ©)

The next step is to understand how the rate constant for
crossing the membrane is affected by mixing with alcohols. As
dilution affects not only the number of water molecules, but
also their dynamic behavior, Equation (1) transforms to

F= keff 9eﬁcn0 (4)

where k.g accounts for the transition from cooperative to indi-
vidual motion. Clearly, the effective rate constant is also a
function of the molar fraction, and the following boundary con-
ditions apply

ket = Kinono ,0er =0 (5)

keff - kmu.lti ’ eeff -1 (6)

To obtain an analytical form for k.g= f{x), one can deepen the
analogy between permeation through nanopores and chemical
reactions by appealing to molecularity. If the single-file trans-
port requires many molecules to be involved, it is reasonable to
represent the rate constant as a power law of the molar fraction

keff = (kmu.lti - kmono ) {i) + kmono (7)

Xo

where x; is the above critical molar fraction, and m is the kinetic
order of the transmembrane passage. Under these circum-
stances, Equation (7) meets all the boundary conditions, and
it can be plugged along with Equation (3) into Equation (4) to
simulate water flux. As k000 and ky,,; were determined in the
previous experiments,?% the only model parameter is the order
m whose physical meaning consists in the number of molecules
taking part in a permeation event. Figure 5 shows the results of
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Figure 5. Experimental and theoretical flux of D,O molecules in mixtures
with propanol as a function of the molar fraction. The data points are
mean values over 3—4 measurements. The calculations were performed
With Kmono = 2.0 X 103 s77; ki = 2.6 X 104 s7'; and ng = 2.0 x 107> mol m=2.
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the ACP measurements with IPA-water system at various x as
well as the calculated curves for different values of m.

The mixtures of D,0 with IPA do appear to be suitable for
adjusting the composition of the condensed phase, and the
flux measured goes further down as the alcohol molar frac-
tion increases. There is a pronounced nonlinear transition
whereas the difference between 40% and 80% solutions com-
prises almost two orders of magnitude. It is noteworthy that the
kinetic model reproduces the observed behavior quite well at
m > 3. The agreement reflects that our simple notion on the
role of 3D networks in collective transport is correct, and the
single file does need multiple species to take part. The results
also shed light on the mechanism of concentration polariza-
tion in pervaporation and vapor permeation processes because
separation leads to the change of the molar composition at the
membrane exterior. The recently discovered “molecular jam-
ming” effect is essentially of the same origin as steric reasons
cause the growth of alcohol concentration inside narrow nano-
channels.'] In that sense, a combination of water- and organic-
selective membranes might be reasonable for different stages
of the solvents recovery.

Figure 6 is the final demonstration of the phenomenon
under investigation which consists in a nonstationary ACP
measurement. Namely, it illustrates in real time how water
flux sinks upon mixing with IPA. In this experiment, a portion
of IPA was preliminary stored in the coldfinger, and then the
feed compartment was saturated with D,0 vapor. As shown in
the graph, the QMS signal was initially reaching a stable value
while the pressure in the chamber was constant. Afterward,
IPA was released from the small-volume coldfinger, and the
pressure quickly rose up to around 50 mbar. Simultaneously,
water vapor experienced a hydraulic shock as evidenced by a
sharp spike in the transmembrane flux. This means water was
forced to liquefy on the chamber walls and the membrane, so
as its partial pressure dropped. What happened next was inter-
mixing of the two substances and restoration of the saturated
vapor. The total pressure in the system was monitored to slowly
grow due to both evaporation of the compressed water and
temperature fluctuations. However, the number of permeating
molecules was found to decline steadily until the mixture was
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Figure 6. Transient ACP experiment with D,O and IPA mixed during the
measurement. The feed compartment was first saturated with D,0O vapor,
and then IPA was let in. The QMS output for water molecules is aligned
with the total pressure recording.
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pumped away. Our interpretation of the effect observed is that
the IPA molecules equilibrated with water not only in the gas
phase, but also penetrated into the adsorbed layer. The alcohol
was gradually diffusing through condensed water and thereby
diminishing its concentration. Please note that the amount
of IPA collected in the coldfinger was insufficient to create a
liquid solution inside the vessel, and therefore, desorption of
water from the membrane surface and its redistribution over
the upstream chamber are excluded. Conversely, the addition
of IPA would induce further condensation of water vapor as its
partial pressure should be reduced in accordance with the VLE.

3. Conclusion

The ACP methodology was applied to investigate the trans-
port of water molecules in model microporous membranes
upon mixing with propanol. At room temperature, the flow
rate was found to drop by orders of magnitude as the molar
fraction of the alcohol increased from 0.4 to 0.8. The findings
disclosed disruption of the single-file flow as a result of the
structural changes in hydrogen bonding networks. The phe-
nomenological model was proposed to explain the intermolec-
ular rearrangements, and the kinetic simulations matched well
the experimental data. Our study confirms previous theoretical
predictions and reveals that the less water in the solution, the
much slower its permeation. This observation may have impli-
cations for the engineering of membrane processes in sepa-
ration of water—organic mixtures. Thus, the results obtained
foresee challenges in applying nanostructured materials to
dehydration of solvents. On the other hand, water-selective
membranes can be effectively used to concentrate bioalcohols,
although alcohol-selective membranes might be more practical
at the final stages of upgrading.

4. Experimental Section

The ACP measurements were carried out at room temperature in a
custom-made permeation setup with a mass spectrometer as detailed
previously.?’l The nanomembrane windows used were ordinary CNMs
suspended over S3N,/Si chips with 7 um apertures. Terphenylthiol
(Sigma-Aldrich, 97%) and Au(111) substrates (Georg Albert PVD)
were used to prepare self-assembled monolayers followed by electron-
induced conversion to CNMSs.[?2 Prior to experiments, D,O (Sigma-
Aldrich, 99.9% atom D) and isopropanol (Fisher Chemical, >99.8%)
were degassed and stored in vacuum-sealed containers.
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