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Anomalous Effects of Water Flow through Charged
Nanochannel Membranes

Meng Yang, Xiaohai Yang*, Qing Wang, Kemin Wang*, Xin Fan, Wei Liu,
Xizhen Liu, Jianbo Liu, Jin Huang

A nanoscale understanding of water transport is crucial to gaining fundamental insight into the
biological systems and improving the design of engineering systems. Herein, anomalous
effects of water flow were observed in our experiment by measuring the net flux of water
through charged nanochannel membranes that separated pure water from electrolyte solution.
The direction and flux of water transport can be controlled as a function of nanochannel
surface charge, electrolyte concentration and electrolyte type. For some electrolyte types in the
proper concentration range, the net flux of water transport was from electrolyte solution to
pure water, which is an anomalous osmosis phenomenon and violates van’t Hoff’s law. In
order to explain the anomalous effect, a concise model was put forward. According to the
model, the direction and flux of water transport were the results of combining concentration
diffusion with induced electroosmosis under certain electrolyte gradient. In addition, neutral
molecule transport, and ionic species separation through charged nanochannel membranes can
also be modulated by adjusting the electrolyte gradient. These results suggest that
polyelectrolyte modified nanochannel membranes have good potential for application as a kind

of nanovalve under electrolyte gradient.

1 Introduction

Studies of mass transport in nanoscale will contribute to our
understanding of the underlying transport mechanisms and
developing nanofluidic devices.'™ Mass transport in nanoscale
differs greatly from those of bulk-scale, since various surface or
interfacial forces including steric interactions, van der Waals
forces and electrostatic forces become important due to the
large surface-to-volume ratios.5® For example, in nanochannels,
channel dimensions are narrowed to electrical double layer
(EDL) thickness.®® Usually, the overlapping of EDL is very
significant, leading to various unique properties including ion
selectivity,'**® local ion depletion/enrichment,***¢ active gated
control of ions/molecules,*” % ionic current rectification®*2® and
energy conversion from streaming current.?*** Thus, novel
transport properties on the nanoscale are expected to emerge
from the combination of the strong confinement and the unique
surface properties.

In recent years, with the advances in processing technology
of artificial nanochannel preparation, as well as some new
means of detection in experiments, there have been some
interesting reports on mass transport phenomena in nanoscale.
Holt et al. reported fast mass transport through sub-2-
nanometer carbon nanotubes.®> They found that water
permeabilities in carbon nanotubes with diameters of less than
2 nm are several orders of magnitude higher than those of
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commercial polycarbonate membranes, despite having pore
sizes an order of magnitude smaller. Chmiola et al found that
decreasing the pore size to less than 1 nm led to an anomalous
increase in carbon capacitance.® Lee et al observed water flow
enhancement in hydrophilic nanochannels.®* Duan et al.
reported that the mobility of ions restricted in 2 nm hydrophilic
nanochannels was faster than that in bulk phase, and proton
mobility increased four times over the bulk value at low
concentration.® Chinen et al. observed that proton mobility was
enhanced in the extended-nanospace channels from 570 nm to
180 nm by using a pH-sensitive fluorescent probe to monitor
the proton diffusion in the extended-nanospace channels.*® This
phenomenon cannot be explained by the change in the viscosity
of water because water confined in the extended nanospaces
has a higher viscosity compared with bulk water.>” Chen et al.
reported anomalous diffusion of electrically neutral molecules
in charged nanochannels. For the first time, they found that the
diffusion flux of phenol, a neutral molecular, varied with the
ionic strength in 20 nm alumina nanochannels.® These
anomalous transport phenomena mostly stem from interactions
between the transported mass and the nanochannel walls.
Numerical simulation is also contributed to our understanding of
mass transport in the nanoscale. Several recent numerical researches
have showed that anomalous osmosis, i.e. water flow through
charged nanochannels from higher electrolyte concentration to lower
electrolyte concentration, can occur.***! This inference is interesting
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and can offer some basic explanations of the translocation of liquids
across biological membranes, since some phenomena of liquid
transport through biological membranes cannot be explained on the
basis of the concept of normal van’t Hoff osmosis.*>** However, up
to now, experimental investigations based on charged
nanochannels are still scarce. Thus, it is important to investigate
mass transport through charged nanochannels by experiment
for clarifying the anomalous water transport mechanisms in
nanoscale.

Here, we provided an experimental study of anomalous
osmosis phenomenon for artificial charged nanochannel

membranes. The charged nanochannel membranes were
fabricated by  depositing layer-by-layer  assembled
polyelectrolyte multilayers comprising poly (allylamine

hydrochloride) (PAH) and poly (sodium 4-styrenesulfonate)
(PSS) in 100 nm track-etched polycarbonate membranes (TEPC)
(see Figure S1). A concise model was established to describe
the conditions of anomalous osmosis. It pointed out that the
direction and net flux of water transport were decided by
concentration diffusion and induced electroosmosis. When the
direction of concentration diffusion and induced electroosmosis
was opposite, anomalous osmosis could occur under certain
electrolyte gradient. The direction and net flux of water
transport were investigated under different conditions,
including electrolyte concentrations, electrolyte types and the
charge of nanochannel membranes. The results showed that the
inferences of model were consistent with experimental data. In
addition, according to the model, neutral molecular transport
and ionic species separation can be modulated by adjusting the
electrolyte gradient. To demonstrate this, the electrically neutral
molecule (phenol) and ionic species (methylviologen (MV?*)
dichloride and 1, 5-naphthalene disulfonate (NDS*) disodium
salt) were selected as models.

2 Model of Transport

To explore the transport of water through the charged
nanochannel membranes under electrolyte gradient, a transport
model was put forward. As shown in Figure 1, water transport is
composed of concentration diffusion and induced electroosmosis, the
net flux of water transport is the net result of the two parts.
According to difference of nanochannel surface charge and
electrolyte type, the transport model can be divided into four kinds
of situations, which are showed in Figure la-d. To illustrate our
model, we employed Figure la as an example, i.e. a negatively
charged nanochannel membrane connected two half-cells which
contained electrolyte solution and pure water, respectively.

Obviously, according to the van’t Hoff’s law, there would be a
water transportation from the pure water to electrolyte solution,
which is induced by concentration diffusion. Such water transport is
represented by the green arrow pointing left in Figure 1a, marked as
Feg-

In addition, water transport is also caused by induced
electroosmosis. However, the generation of induced
electroosmosis is more complex than F.y. As shown in Figure
la, according to two-region model mentioned by Chen et al,
electrostatic interaction region and free transport region exist in
the nanochannel 38 %

For a negatively charged nanochannel, the channel surface
can attract cations (M"), forming electric double layer (EDL),
and repel anions (A") due to the electrostatic interactions.
Diffusion of anions (A") through the nanochannels mainly
occurs in the free transport region under the electrolyte gradient.
Since the diffusion coefficient of the anion (A") is larger than
that of the cation (M™), the anions can pass channel more
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quickly. This causes anions (A") to accumulate faster in the
pure water half-cell. As a result, a membrane diffusional
potential is formed between the two half-cells. The membrane
diffusional potential, which acting on the cations accumulated
in the EDL, induces water transport referred to as induced
electroosmosis. Such water transport is represented by the
orange arrow pointing right in Figure la, marked as F;. The
direction of induced electroosmosis is towards pure water half-
cell.

As shown in Figure 1a, the direction of F4 and F;. is opposite.
If Fie is larger than F.q4, the net result is that the water transport
from electrolyte solution to pure water, and anomalous osmosis
phenomena may be observed. Therefore, if we change the
electrolyte type and nanochannel surface charge, anomalous
osmosis phenomena can be controlled:

As shown in Figure 1b, for the negatively charged
nanochannel, if the diffusion coefficient of the cation (M™) is
larger than that of the anion (A"), the direction of F.q4 is the same
with the direction of Fjq. Water always transport from pure
water toward electrolyte solution. Anomalous osmosis
phenomena cannot be observed.

As shown in Figure 1c, for the positively charged
nanochannel, if the diffusion coefficient of the anion (A) is
larger than that of the cation (M"), the direction of Fy is the
same with the direction of Fiy. Water always transport from
pure water toward electrolyte solution. Anomalous osmosis
phenomena cannot be observed.

As shown in Figure 1d, for the positively charged
nanochannel, if the diffusion coefficient of the cation (M™) is
larger than that of the anion (A"), the direction of F4 is opposite
to the direction of Fj3. Anomalous osmosis phenomenon may be
observed.

In order to provide evidence to prove the four inferences
from the model, the net flux and direction of water transport
were investigated by experimental approach under different
conditions, including electrolyte concentrations, electrolyte
types and nanochannel surface charge. The setup for water
transport experiment was shown in Figure 2 and Figure S4.

3 Materials and Methods

3.1 Materials

Poly (sodium 4-styrenesulfonate) (PSS) (M,,=70 000) and
poly (allylamine hydrochloride) (PAH) (M,=56 000) were
purchased from Aldrich and used as received. Methylviologen
(MV#) and 1, 5-naphthalene disulfonate (NDS®) were
purchased from TCIl and used as received. Phenol, lithium
chloride, sodium chloride, potassium chloride, calcium chloride,
magnesium chloride, barium chloride, hydrochloric acid, nitrate,
sulfuric acid, and phosphate were purchased from Xilong
reagent company (Guangdong China).  Track-etched
polycarbonate membranes (TEPC, 6 um thickness, 25 mm
diameter) whose pore diameters are 100 nm were purchased
from Osmonics. All solutions were prepared with ultrapure
Milli-Q water (Resistance > 18.2 MQ.cm™).

3.2 Modification of Track-Etched Polycarbonate Membranes
with Polyelectrolyte Multilayers

Polyelectrolyte solutions at a concentration of 1 mg/mL were
prepared in 100 mM acetate buffer (pH~4.7) under conditions
of full protonation of the PAH. All solutions were freshly
prepared before use.*®

This journal is © The Royal Society of Chemistry 2012
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Figure 1. Schematic of water transport across charged nanochannel membranes. MA, M+, A-, D. and D. represent respectively electrolyte, cation,
anion, cation diffusion coefficient and anion diffusion coefficient; Green arrow pointing represents the direction of water transport induced by

electrolyte concentration diffusion, Orange arrow pointing represents the direction of water transport due to induced electroosmosis.
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Figure 2. Schematic representation of setup for water transport experiments. The liquid volume of each half-cell was 2.0 ml at the beginning of the

experiments.
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A track-etched polycarbonate membrane was immersed into
methanol for 5 min and then immersed for 45 min in a solution that
was 25 mM in SnCl, and 70 mM in trifluoroacetic acid. The
membrane was then washed in methanol two consecutive times for
2.5 min each.”® This yields the Sn-sensitized form of the membrane
that was then used for the preparation of charged nanochannel
membrane. This membrane was then placed in a filter holder and
polyelectrolyte multilayers were deposited by filtering the polyanion
(PSS) solution and the polycation (PAH) solution alternately in
vacuum. Each filtration process was repeated three times, and
copious amounts of water were used to remove any unabsorbed
polymer before next filtering a polyelectrolyte solution. In this way,
both negatively and positively charged nanochannels can be
obtained.*

3.3 Electron Microscopy characterization of Multilayer
Nanochannel Membranes

To measure the multilayer growth in pores of track-etched
polycarbonate membranes, scanning electron microscopy (SEM)
and cross-section transmission electron microscopy (TEM)
were performed. SEM images were obtained using a JSM-6700
operated at 5.0 kV. For TEM, the membranes were dissolved in
dichloromethane with subsequent sonication for less than 30 s.
The extracted nanotubes were then collected on TEM carbon
grids and imaged with a JEOL-JEM operated at 100 keV.*

3.4 Measure of Water Flux

To study the transport of water, the membrane was mounted
between two half-cells. The experimental setup is schematically
depicted (Figure S4). Typically, 2.0 mL electrolyte solution
was placed on one half-cell, and 2.0 mL pure water was placed
on the other half-cell, keeping the same liquid level in two half-
cells at the beginning of the experiments.

After 12 h, differences in liquid levels were observed due to
water transport. The liquid levels in two half-cells were
measured using DSA100 Contact Angle Measuring System
(KRUSS) (positioning accuracy=0.1 mm) (Figure S4b).

Then the difference of liquid levels can be converted to net
flux of water transport using the equation:

—AC(AZhjp x10°

w

J = (1)

w

where J,, is the water flux (umol min™ cm?), A, is the cross
sectional area of half-cell (0.25% cm?), 44 is the difference of
liquid level (cm), p is the density of water (1.0 g/mL), M, is the
molar mass of water (18 g/mol), t is the penetration time (min),
An is the area of nanochannel membrane (/16 cm?).

3.5 Measure of Phenol-Diffusion Flux

The phenol flux was determined by monitoring the
concentration change of phenol at the permeation half-cell. This
was accomplished by UV detection of the permeation solution
with a UV/Vis spectrophotometer (UV-1601, SHIMADZU) at
270 nm. The absorbance data were converted to concentration
of phenol.

The phenol flux was calculated from the experimental date
using the equation:

VC

— PhOH XlOG

O]

Jpnon
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where Jpnon is the phenol flux (nmol mint em?), V is the volume of
solution at the permeation half-cell (mL), Cpnon is the phenol
concentration (mol L) at the permeation half-cell, t is the
penetration time (min), A, is the area of nanochannel membrane
(/16 cm?).

3.6 Separation of MV/?* and NDS*

The flux of MV?" and NDS? was determined by monitoring
the concentration change of MV?* and NDS?* at the permeation
half-cell. This was accomplished by UV detection of the
permeation solution with a UV/Vis spectrophotometer (UV-
1601, SHIMADZU) at 225 nm and 257 nm. The absorbance
data were converted to concentration of MV?* and NDS?".

The flux of MV?" and NDS* were calculated using the
equations:

VC ..
J =_—_MVT 10° 3)

MV 2+
and

VC

.
= ToNos” 10

4

J NDS?

where Jy2" and JypsZ are the flux of MV?* and NDS? (nmol
min cm™) respectively, V is the volume of solution at the
permeation half-cell (mL), Cw?" and Cyps® are the
concentration of the MV?" and NDS* (mol L) in permeate
solution after permeating 3 h respectively, t is the penetration
time (min), A,, is the area of nanochannel membrane (/16 cm?).

4 Results and Discussion

4.1 Water Transport through 3.5(PSS/PAH) Coated 100nm
Nanochannel Membranes under Different LiCl Concentration

According to the van’t Hoff’s law, electrolyte concentration
can affect on Fy. The size of electrostatic interaction region and
free transport region in transport model is also related to
electrolyte concentration. This is because the size of the electric
double layer is characterized by the Debye screening length.
The ion concentration # and the Debye screening length Ip
follow the relation IDocll\/; .35 Therefore, electrolyte
concentration is an important factor to water transport.

To study the effect of electrolyte concentration on water
transport, 3.5(PSS/PAH) coated 100 nm nanochannel
membrane, a negatively charged nanochannel membrane, was
used, and LiCl was selected because diffusion coefficient of CI
(2.032>10° cm?™) is bigger than that of Li* (1.029x<10° cm?s”
1. Solutions of LiCl in the concentration range from 0 to 1000
mM were investigated. LiCl solution and pure water were
separated by 3.5(PSS/PAH) coated 100 nm nanochannel
membrane. The net flux and direction of water transport were
determined by measuring the liquid levels in two half-cells after
12 h. The difference of liquid levels was converted to the net
flux of water transport using the relation in Equation 1. Figure 3
showed the net flux and direction of water transport through the
nanochannel membranes as a function of bulk LiCl
concentrations.

When the bulk LiCl concentration was relatively low, the
water transported from the pure water side towards the LiCl
solution side. The net flux of water increased with the increase
of LiCl concentration. This was because electrostatic
interaction region was large and free transport region was small,
even inexistent at a relatively low concentration due to electric

This journal is © The Royal Society of Chemistry 2012
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double layer overlap. It was difficult for CI” ions to pass by the
channels. Water transport was mainly dominated by F.4 from
pure water to LiCl solution.

However, as the bulk LiCl concentration further increased,
the net water flux towards LiCl solution decreased. Once the
bulk LiCl concentration exceeded 10 mM, the direction of the
net flux of water was changed, and anomalous osmosis was
observed. Subsequently, the net water flux towards pure water
increased with the increase of LiCl concentration. When the
LiCl concentration increased to 50 mM, the net flux of water
attained a maximum, and anomalous osmosis was most obvious.
This can be explained as follows: as the bulk LiCl
concentration further increased, the EDL gradually became thin,
and free transport region gradually increased. ClI” ions can
quickly pass channel by free transport region, and form
membrane diffusional potential. The membrane diffusional
potential acting on Li* accumulated in the EDL produced Fie
towards pure water. Although F.4 and F;. increased with the
increase of LiCl concentration, the increase of F;, was faster
than F¢q in this concentration range. As a result of competition
with Fe4 and Fje, the direction of net flux of water changed from
LiCl solution to pure water.

Above this optimal value, the net water flux toward pure
water decreased as the LiCl concentration increased. Finally the
direction of the net flux of water was changed again. This was
because water transport was mainly determined by F.4 with the
increase of LiCl concentration. These results clearly showed
that the net flux and direction of water transport can be
modulated as a function of LiCl concentration.

60

LiCl
solution

Pure
water

40 A

20

-20

-40 -

Net water flux (pmol min-1 cm-2)

-60 T T T T T T T T T T T T T T
0 1 3 5 7 10 30 50 70 100 300 500 7001000

Concentration of LiCl (mM)

Figure 3. The net flux of water transport as a function of LiCl concentration. A
negative value indicates that the direction of the net flux of water is toward pure
water. The data corresponding to water transport through the 3.5(PSS/PAH)

coated 100 nm nanochannel membranes after standing 12 h at 20 °C.

4.2 Effect of Nanochannel Diameter on Water Transport under
50 mM LiCl Concentration

The above results indicated that the nanochannel diameter
has important effect on water transport, since the size of free
transport region was different for the charged nanochannel of
different diameter under the same electrolyte concentration. To
investigate the effect of nanochannel diameter on water
transport, different numbers of (PSS/PAH) multilayers were
deposited onto 100 nm pore TEPC membranes.

SEM images of the pores at various stages of multilayer
deposition showed that the diameter of pores decreased with the

This journal is © The Royal Society of Chemistry 2012
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increasing number of multilayer, and no clogging was observed
up to 4.5(PSS/PAH) (see Figure S2). In order to ascertain that
n(PSS/PAH) multilayers were modified through the full length
of the nanochannels, 3.5(PSS/PAH) coated 100 nm
nanochannel membrane was treated with dichloromethane to
liberate the (PSS/PAH) multilayers. The TEM images of the
liberated (PSS/PAH) multilayer nanostructures clearly showed
that the modified multilayers were assembled in the interior of
the nanochannels (see Figure S3).

Experiments of water transport through n(PSS/PAH)
multilayers (n=0 to 4.5) were conducted under 50 mM LiCl, as
shown in Figure 4. When n=3.5, the net flux of water toward
the direction of pure water was the biggest, and the anomalous
0smosis was most obvious. This was because the proportion of
electrostatic interaction region and free transport region was
different due to the difference of nanochannel diameter. In the
following experiments, the 3.5(PSS/PAH) coated 100 nm
nanochannel membranes was selected as the negatively charged
nanochannel to study the effect of electrolyte type and non-
electrolyte substances on water transport.

0

50mM LiCl
solution

Pure
water

-10

-20 -

-30 4

Net water flux (umol min

-50 T T T T v T T T v T
00 05 10 15 20 25 30 35 40 45 5.0

n(PSS/PAH)

Figure 4. The net flux of water transport as a function of n(PSS/PAH). A

negative value indicates that the direction of the net flux of water is toward pure
water. The data corresponding to water transport through the n(PSS/PAH)
coated 100 nm nanochannel membranes after standing 12 h at 20 °C.

4.3 Water Transport through 3.5(PSS/PAH) Coated 100 nm
Nanochannel Membranes under Different Electrolyte Types

According to our model shown in Figure 1a, the diffusion
coefficient difference of anion (A") and cation (M¥) will also
affect on water transport because the membrane diffusional
potential, as a driving force of Fj, is closely related to the
diffusion coefficient difference of anion (A") and cation (M").

To prove this, electrolyte solutions of 50 mM LiCl, NaCl,
KCI, MgCl,, CaCl,, SrCl, and BaCl, were first used for the
investigation of water transport. As shown in Figure 5, the
water transport towards pure water gradually decreased from
LiCl to NaCl to KCI, and from MgCI, to CaCl, to SrCl, to
BaCl,. Obviously, the tendency was the same as that of
diffusion coefficient difference in Table S1. The results were
consistent with inference of transport model shown in Figure 1a.

Then, electrolyte solutions of 50 mM HCI, HNO3;, H,SO,,
and H3PO, were used for the investigation of water transport.
As shown in Figure 6, for the 3.5(PSS/PAH) coated 100 nm
nanochannel membranes, since the diffusion coefficient of the
cation (H*) was larger than that of the anion (acid radical), the
direction of F,4 was the same with F;y. Water always
transported from pure water toward acid solution. Anomalous
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osmosis phenomena could not be observed. The results were
consistent with inference of the model shown in Figure 1b.
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Figure 5. The net flux of water transport as a function of different electrolyte
types. A negative value indicates that the direction of the net flux of water is
toward pure water. The data corresponding to water transport through the
3.5(PSS/PAH) coated 100 nm nanochannel membranes after standing 12 h at
20 °C.

140

120 A

50mM acid
solution

Pure
water

100 -

80

60

40 -

20

Net water flux (umol min-1 cm'z)

%

6'4, Ao X
Q; éé‘q e.oov

Figure 6. The net flux of water transport as a function of different electrolyte
types. A positive value indicates that the direction of the net flux of water is
toward acid solution. The data corresponding to water transport through the
3.5(PSS/PAH) coated 100 nm nanochannel membranes after standing 12 h at
20 °C.

4.4 Water Transport through 4.0(PSS/PAH) Coated 100 nm
Nanochannel Membranes under Different electrolyte types

According to our model, if positively charged nanochannel
membrane was used for water transport under different
electrolyte, inverse situation should be observed.

To prove this, 4.0(PSS/PAH) coated 100 nm nanochannel
membranes were selected due to the positively charged surface,
and electrolyte solutions of 50 mM LiCl, NaCl, KCI, MgCl,,
CacCl,, SrCl, and BaCl, were used for the investigation of water
transport. As shown in Figure 7, water transported from pure
water to chloride-salt solution. The results were opposite to that

6 | J. Name., 2012, 00, 1-3

of 3.5(PSS/PAH) coated 100 nm nanochannel membrane, and
was consistent with the inference of model shown in Figure 1c.
The same situation also happened when 50 mM HCI, HNO3;,
H,SO,, and H3PO, were used for the investigation of water
transport. As shown in Figure 8, water transported from acid
solution to pure water. The results were also opposite to that of
3.5(PSS/PAH) coated 100 nm nanochannel membrane, and was
consistent with the inference of model shown in Figure 1d.

50

Pure
water

50mM chloride-
salt solution

Net water flux ( pmol min-1 cm'z)

G Mou hes Mgy, Qoo v 85,

Figure 7. The net flux of water transport as a function of different electrolyte
types. A positive value indicates that the direction of the net flux of water is
toward chloride-salt solution. The data corresponding to water transport through
the 4.0(PSS/PAH) coated 100 nm nanochannel membranes after standing 12 h
at 20 °C.
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Figure 8. The net flux of water transport as a function of different electrolyte
types. A negative value indicates that the direction of the net flux of water is
toward pure water. The data corresponding to water transport through the
4.0(PSS/PAH) coated 100 nm nanochannel membranes after standing 12 h at
20 °C.

4.5 Water Transport through 3.5(PSS/PAH) and 4.0(PSS/PAH)
Coated 100 nm Nanochannel Membranes under Non-Electrolyte
Solution

According to our model, non-electrolyte substances, which
could not be ionized in aqueous solution and form membrane

diffusional potential, should not produce F; under
concentration gradient. Regardless of the nanochannel surface

This journal is © The Royal Society of Chemistry 2012
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charge, water transport was determined by F.4 from pure water
to non-electrolyte solution.

To prove this, experiments of water transport through the
3.5(PSS/PAH) and 4.0(PSS/PAH) coated 100 nm nanochannel
membranes were performed using 100 mM solution of glucose
and vy-cyclodextrin. The net flux and direction of water
transport were given in Figure 9. Water transported from pure
water toward non-electrolyte solution. Anomalous o0smosis
phenomena could not be observed.
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Figure 9. The net flux of water transport in the present of non-electrolytes. A

o

positive value indicates that the direction of the net flux of water is toward non-
electrolyte solution The data corresponding to water transport through
3.5(PSS/PAH) and 4.0(PSS/PAH) coated 100 nm nanochannel membranes
after standing 12 h at 20 °C.

4.6 Neutral Molecular Transport through 3.5(PSS/PAH) Coated
100 nm Nanochannel Membranes under Salt Gradient

Modulating and controlling the mass transport across
nanochannels are of great importance for designing novel
molecular devices, machines and sensors. Here F;. as a form of
liquids transport, caused by the interplay of membrane
diffusional potential and EDL, should be useful to modulate
neutral molecular transports.

To demonstrate that it is possible to modulate the transport
of neutral molecule by Fi, phenol, a neutral molecule
commonly used as an indicator in studies of mass-transport
behavior in nanochannels, % was selected as the model
molecule. The flux of phenol was determined by the relation in
Equation 2. Figure 10 showed the distinct diffusion behavior of
phenol through 3.5(PSS/PAH) coated 100 nm nanochannel
membranes under different conditions.

As shown in Figure 10, in the case of no salt gradient, the
diffusion flux of phenol corresponding to condition (b) was
larger than that of the condition (a). The difference of flux can
be explained by the size change of free transport region and
electrostatic interaction region. As 50 mM LiCl was added, the
free transport region expanded while electrostatic interaction
region shrinked. The expansion of free transport region was to
facilitate the diffusion of phenol, since the diffusion of phenol
was slow in electrostatic interaction region due to the
interaction between the inductive dipole of phenol and the
negatively charged surface.®®

When the salt gradient was established under condition (c),
the diffusion flux of phenol further increased compared with
the condition (b). This can be explained by our model as shown
in Figure 1a. Under condition (c), the direction of Fj, was from
feed half-cell to permeation half-cell, and then the direction of
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net water flux was toward permeation half-cell. Therefore, the
direction of phenol diffusion was consistent with the direction
of Fi, which promoted the transport of phenol through the
nanochannel membranes.

These studies clearly demonstrated that the F; could be
utilized to modulate the transport rate of neutral molecule
through the charged nanochannel membranes.

16

D Feed Permeation
|E 14 4 c half-cell half-cell
[&] T

- 12 4
£ b
£ 10 A
©
E 84
5 a 2 OmIT TZ.DmI
X 6
2 a: 1.25mM phenol  H,O
T 4] b: 1.25mM phenol 50mM LiCl
S 50mM LiCl
£ ¢: 1.25mM phenol  H,0

50mM LiCl

Figure 10. The net flux of phenol transport through 3.5 (PSS/PAH) coated 100 nm
nanochannel membranes after stirring 3 h at 20 °C. A positive value indicates that the
direction of the net flux of phenol is toward permeation half-cell.

4.7 Separation of lonic Species Using 3.5(PSS/PAH) Coated 100
nm Nanochannel Membranes under Salt Gradient

The permeation of ionic species through charge nanochannel
membranes is common in many biophysical systems and
biotechnological applications. According to our model, the
membrane diffusional potential, caused by the asymmetric
diffusion between cations and anions, had action on ionic
species leading to induced electrophoresis. The collaboration
between induced electroosmosis and induced electrophoresis
can be further employed to improve the separation selectivity of
different charged molecules.

In order to investigate the effect of the induced
electroosmosis and induced electrophoresis on ionic species
separation, MV?* and NDS? were selected as model cation and
anion, since they were both divalent ion and had similar
molecular volumes.*® This ensured that the separation of MV?*
and NDS* was based on charge difference rather than volume
difference.

Figure 11 showed the separation selectivity of the mixed
solution of MV?* and NDS?* through 3.5(PSS/PAH) coated 100
nm nanochannel membranes under different conditions. The
separation selectivity S was defined as

g Jme (5)

J NDS%

where Jyv?" and Jyps? represent the fluxes of MV?* and NDS*
respectively (see Equation 3 and 4).

As shown in Figure 11, in the case of no salt gradient, the
diffusion flux of MV2* and NDS? corresponding to condition
(b) was larger than that of the condition (a), but the change of S
of MV?" was not obvious. This phenomenon could also be
explained by the size change of free transport region and
electrostatic interaction. Due to adding 50 mM LiCl, the free
transport region expanded, and then the flux of MV?" and
NDS? increased from condition (a) to condition (b).
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When salt gradient was established under condition (c), the
separation selectivity S further increased. The improvement of
separation selectivity could also be explained by our model as
shown in Figure la. Under salt gradient, membrane diffusional
potential was formed due to different diffusion of Li* and CI".
For MV2*, the direction of induced electroosmosis and induced
electrophoresis was the same as that of the diffusion. For NDS?,
only the direction of induced electroosmosis was the same as
that of the diffusion. Therefore, the flux of MV?" was
dramatically higher than that of NDSZ.

The results clearly demonstrated that the membrane
diffusional potential could be utilized to improve the separation
selectivity of ionic species in charged nanochannel membranes.

0.125mM NDS?
50mM LiCl

D Feed Permeation
5 3| | m—y2* c half-cell half-cell
T = NDs2- (2.3)
E
2
£ 1 b Z.Om\T T2_0m|
5 12) a: 0.125mM MVZ*  H,0
. a 0.125mM NDS?
B a4 b: 0.125mM MV2*  50mM LiCl
% ™ 0.125mM NDS?*
° 50mM LiCl
] : 0.125mM MVZ*  H,0
+
o™
>
=

o]

Figure 11. The net flux of MV2* and NDS? through 3.5(PSS/PAH) coated 100 nm
nanochannel membranes after stirring 3 h at 20 °C. A positive value indicates that the
direction of the net flux of MV2* and NDS2 is toward permeation half-cell. The date

above the histogram is correspond to separation selectivity S of MV2+,

5 Conclusions

In summary, we have presented anomalous effects of water flow
through charged nanochannel membranes. A concise model was
established to describe the conditions of anomalous effects.
According to the model, water transport was composed of
concentration diffusion and induced electroosmosis under electrolyte
gradient. The direction and net flux of water transport were sensitive
to nanochannel surface charge, electrolyte concentration and
electrolyte type, which were confirmed by experiments. In addition,
we have also demonstrated that the transport of electrically neutral
molecules and the separation selectivity of ionic species through
charged nanochannel membranes can be modulated by adjusting
electrolyte gradient. These results may deepen our understanding of
mass transport in the nanoscale and may also be helpful in the
development of nanofluidic devices. From a perspective of potential
application, it may be possible for polyelectrolyte modified
nanochannel membranes to develop into a kind of nanovalve under
electrolyte gradient.
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