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Abstract—Osmotic flows through track-etched membranes with pore radii of 10—50 nm have been measured
in a water/membrane/salt solution system at a salt concentration on the order of several millimoles per liter.
It has been found that water is intensely transported through the pores only when a solute dissociates into ions
(KCl, K2S04, sodium dodecyl sulfate, etc.). Molecules of low-molecular-mass nonelectrolytes induce actu-
ally no osmotic flows at these capillary radii, thereby indicating the key role of an electrical double layer in
the mechanism of the osmotic transport. It has been shown that the transport through the pores under the
action of the osmotic pressure is of a convective nature; i.e., the Poiseuille law for a viscous flow through a
cylindrical capillary is fulfilled. The values of the osmotic pressure have been determined at different salt con-
centrations, and reflection coefficients have been calculated. The reflection coefficients correlate with the
values of apparent diffusion coefficients of salts in nanopores, and these diffusion coefficients are markedly
smaller than bulk values. The sorption of an anionic surfactant increases the membrane surface charge and

enhances the osmotic effect.

DOI: 10.1134/S1061933X19010162

1. INTRODUCTION

Osmosis is the flow of a solvent, e.g., water,
through a semipermeable membrane from a region
with a low concentration of a solute to the region of its
higher concentration. In the nature, this phenomenon
is of great importance for transport processes occur-
ring in plants and living organisms, and, in modern
technologies, it is used for, e.g., separation of mixtures
or the generation of “green” electric energy [1, 2]. In
spite of the fact that osmosis has been known for a long
time and studied since the 19th century [3—10], its
nature remains to be completely understood. Several
models are employed for explaining osmosis mecha-
nism, including erroneous ones, which, nevertheless,
pass from one communication to another. The histor-
ical review of this phenomenon and the analysis of the
contemporary notions are presented in, e.g., [11—13].
It is traditionally believed that osmosis is characteristic
of semipermeable membranes, i.e., membranes which
almost completely reject molecules of a solute. There-
fore, in the case of porous (“capillary”) membranes,
experiments on osmosis have been carried out only
with solutions of high-molecular-mass compounds [7,
14, 15]. This situation has resulted from the
entrenched opinion that “the osmotic pressures of
lipid-insoluble solutes are effective across cell mem-
branes, whereas only osmotic pressures of macromo-

lecular solutes are effective across capillary mem-
branes” [7].

However, experiments recently performed with
asymmetric track-etched membranes (TMs) have
shown that the strongly pronounced osmotic effects
may be observed for solutions of low-molecular-mass
salts in pores with radii of a few nanometers to several
tens of nanometers [16, 17]. It has been found that
conical pores resulting from asymmetric etching [18]
generate easily recorded osmotic flows at high electro-
lyte concentration gradients. Such pores have greatly
different radii at their opposite ends (5—10 and 150—
300 nm, respectively) and, therefore, exhibit a sub-
stantially lower resistance to viscous flow than cylin-
drical channels do [19]. This circumstance has made it
possible to reveal the effect; however, it complicates
in-depth study of the process, because the geometric
parameters of such pores, especially of their narrow
parts, have not been reliably determined.

The goal of this work was to study the basic aspects
of osmosis in submicrometer channels. For this pur-
pose, we used “conventional” TMs with cylindrical
pores, which had been thoroughly characterized by
several methods. Osmotic flows of water caused by
solutions of both electrolytes and substances nondis-
sociable in water were measured. In parallel, the rate
of opposite solute diffusion was measured. The data
obtained have made it possible to understand the main
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Table 1. Basic characteristics of the track-etched membranes under investigation

793

Average Pore density, 0w Effectwe pore 0., Effectlve pore
Membrane . diameter dy;,, diameter d,,
thickness, um cm™2 mL cm~2 min~! mL cm 2 min~!
nm nm

TM-25 10.8 8 x 10° 8.7 26+2 3.7x1073 24+ 1
at 10 kPa at 10 kPa

TM-40 11.9 2.9 x 10° 5.8 41 +2 1.0 x 102 41 =1
at 5 kPa at 10 kPa

TM-100 9.6 1.1 x 10° 120 111 £5 8.4 %1072 100+ 3
at 10 kPa at 5 kPa

TM-2000 17.8 2.0 x 10° 34x10° |(21%0.1) x 10° — -
at 10 kPa

(1) Q,;; and Qy, are the volume flow rates of air and deionized water, respectively, at pressure drops denoted in the table. (2) The errors
in the determination of the effective diameters result from the random errors in the determination of pore density, thickness and area of

a membrane, and the measurement of the flow rates.

features of the osmotic process induced by the electri-
cal double layers (EDLSs) in the pores of TMs.

2. EXPERIMENTAL
2.1. Membranes

Poly(ethylene terephthalate) (PET) TMs with dif-
ferent pore radii were used. The membranes were
obtained by irradiating PET films with heavy ions in
accelerators of the Flerov Laboratory of Nuclear
Reactions, Joint Institute for Nuclear Research, fol-
lowed by a physicochemical treatment leading to the
formation of cylindrical pores [20]. The physicochem-
ical treatment comprised the UV irradiation (wave-
length of >285 nm) followed by chemical etching in a
sodium hydroxide solution. Depending on a required
pore diameter, sodium hydroxide concentration and
temperature were varied within ranges of 0.5—3 mol/L
and 80—90°C, respectively. The membrane had the
shape of a tape 320 mm wide, from which circles were
cut with a diameter of 30 mm, which corresponded to
the size of the sample seat in a measuring cell.

The characteristics of the membranes are presented
in Table 1. The density of pores calculated per unit
surface area was determined from micrographs taken
with a scanning electron microscope (SEM). Irre-
spective of the number of counted pores (no less than
700), the average pore density in the samples was char-
acterized by a confidence interval of nearly £10%,
because the conditions of the irradiation by ions did
not ensure a more uniform distribution. Typical
micrographs taken from the surfaces of the TMs used
in the experiments are presented in Figs. la—1d. It
should be emphasized that the size of an pore entrance
does not accurately reflect the diameter of a channel,
because small pores have funnel-shaped ends as a
result of the action of UV radiation on the surface layer
of PET. This feature may be exhibited by comparing
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the SEM micrographs of the surfaces and the sections
of the membranes, which should be low-porosity to
make the membrane internal structure distinctly evi-

dent [17].! Figure le exemplifies a membrane frag-
ment, in which the pore channels inside of the mem-
brane and the holes on its surface are seen simultane-
ously. Therefore, the effective pore diameter
calculated from the data on gas or water permeability
through a membrane at a low pressure drop is a more
objective characteristic. Accurate measurements by
this method yield very good agreement in the case of
nanoporous TMs [21, 22].

Ultra- and microfiltration TMs, including in fact
all of those represented on the contemporary market,
are distinguished by nonparallel pore channels [22]. In
our samples, the axes of the pore channels were uni-
formly distributed within a range of angles ¢ from 0° to
30° with respect to the normal. Hence, for both the
diffusion transport and the viscous flow, the effective
pore length was unequal to the membrane thickness.
Easy calculation shows that, for the aforementioned
angle range, the average cosine of the pore tilt angle is
(cos@) = 0.956; hence, effective length / of pore chan-
nels in the membranes is /,/0.956, where /; is the
membrane thickness. This circumstance was taken
into account when calculating the effective pore diam-
eters and the diffusion permeability of the TMs.

2.2. Measurements of Osmotic Flows
and Diffusion Fluxes

The experiments were carried out in a transparent
Plexiglas cell divided in the center by a partition (see
Fig. 2). The left-hand part of the cell was filled with a

! Note that commercial polycarbonate TMs have an opposite
property: the inlet diameter of the pores is commonly smaller
than their internal diameter [7, 22, 23] because of specific fea-
tures of their production technology.
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Fig. 1. Electron micrographs taken from the surfaces of different track-etched membranes: (a) TM-25, (b) TM-40, (c) TM-100,
and (d) TM-2000 and (e) electron micrograph taken from a cleavage fragment of TM with an effective pore diameter of 33 nm

and a pore density of 10° cm™~.

solution having a known concentration, while the
right-hand part was filled with ultrapure water pre-
pared using an Arium system (Vladisart, Russia). A
TM sample into a seat located in the partition between
the parts of the cell, with the seat having a diameter of
30 mm and containing an orifice with an area of
3.14 cm?. A new sample was taken for each experi-
ment. The left- and right-hand parts of the cell con-
tained a solution (300 mL) and water (250 mL),
respectively. The left-hand part of the cell was
equipped with a polysulfone capillary having an inter-
nal diameter of 1.00 £ 0.02 mm. Its diameter was

determined from the difference between the weights of
the dry and water-filled capillary 1500 mm long. The
solution was intensely stirred with a Teflon-coated
magnetic stirrer. The content of the right-hand part of
the cell was stirred with a propeller stirrer.

After the assembly of the cell, its filling, and the
onset of the stirring, the initial level of the liquid in the
capillary was, as a rule, nonzero, which, however, did
not hinder the monitoring of the osmotic flows. The
height of the solution rise in the capillary was mea-
sured as time function A(f). Maximum height 4,
yielded the value of osmotic pressure for a given solu-
No. 6
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R

—+—— Osmotic flow

Fig. 2. Cell used for measuring osmotic flows and diffusion
fluxes: (/) membrane, (2) measuring capillary, (3) mag-
netic stirrer, (4) propeller stirrer, and (5) sensor of conduc-
tometer.

tion. To measure the solution flow rate through a
membrane under the action of hydrostatic pressure,
water in the right-hand part of the cell was replaced by
an equiconcentrated working solution, thereby equat-
ing the osmosis characteristics on both sides of the
membrane. The level of the solution in the capillary
began to decrease, thereby offering opportunity to
measure descending function 4'(#). The experiments
were performed at room temperature of 22 = 1°C.

The specific conductivity in the right-hand part of
the cell was monitored with a ProfLine Cond 3110
conductometer, and the concentration of the salt dif-
fusing through the membrane was calculated. An
almost linear dependence of the electrical conductiv-
ity on the salt concentration was observed under the
experimental conditions (low concentrations of
<4 mmol/L). The -coefficients used to calculate
the concentration from the values of the specific
conductivity were 1.46 x 107>, 3.37 X 10~%, and 6.83 x
10=° (mol/L)/(uS/cm) for sodium dodecyl sulfate
(SDS), K,SO,, and KClI, respectively. The error in
concentration measurement was mainly governed by
temperature fluctuations, which amounted to £1°C.
Diffusion of a nonionic surfactant, polyoxyethylene-
4-nonylphenyl ether with 10 ethylene oxide units
(PONPE10), was measured by periodically recording
the optical absorption of the solution in the right-hand
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part of the cell [24]. The solutions were equilibrated
with ambient air and had pH values in a range of 5.6—
6.5. Membrane diffusion permeability was calculated
under the assumption that stagnant layers were absent.
To verify the results, several experiments on diffusion
were carried out with a coarse-pore membrane (TM-
2000), whose pore radius was incommensurably larger
than EDL thickness. Values close to the reference vol-
ume diffusion coefficients, which are presented in the
lower part of Table 4, were obtained. It should be
emphasized that the procedure does not provide an
error in the determination of the diffusion permeabil-
ity smaller than £10%, because variations in the mem-
brane porosity make the decisive contribution to the
total error.

3. RESULTS AND DISCUSSION

Figure 3a presents the diagrams for a rise in the
solution level caused by the osmotic flow through the
TM-25 membrane. Over nearly 7 h, the level reaches
its maximum value h,,,, which corresponds to
osmotic pressure AIl,,.,; characteristic of an examined
solution and a membrane. Figure 3b shows the time
dependence of electrolyte concentration in the right-
hand part of the cell, with this dependence linearly
increasing throughout the period under consideration.
A change in the solution volume in the left-hand part
of the cell is no larger than 1 mL, while the growth of
the electrolyte concentration in the right-hand part of
the cell by the moment, at which #,,,, is reached, is
nearly 1% of the concentration in the left-hand part of
the cell. Thus, both processes—osmotic flow of water
and opposite electrolyte diffusion—occur at an almost
constant driving force. Such diagrams were recorded
for different electrolytes taken in several concentra-
tions and three TMs with different pore diameters.
The measured values of osmotic pressure are summa-
rized in Tables 2—4. Reflection coefficients [1—7]
were calculated as the ratios between measured
osmotic pressure All, .. and ideal pressure AIl =
icRT:

G — AHmeas (1)
icRT ~
where i is a coefficient that takes into account salt dis-
sociation, ¢ is the molar concentration, R is the gas
constant, and 7'is the absolute temperature.

Simultaneously with the osmotic water flow from
the right-hand part of the cell to the left-hand one, an
opposite diffusion transport of an electrolyte takes
place. The difference between the slopes of straight
lines 7 and 2 in Fig 3b substantially exceeds a factor of
2 because of different values of diffusion permeability.
The tendency to a decrease in the apparent diffusion
coefficient with a reduction in the concentration is
observed for all three TMs with pore sizes of <100 nm
and for all studied electrolytes (see the last columns in
Tables 2—4). This regularity is due to the well known
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effect of exclusion of coions from pores under the
action of electric field [25]. The rupture of ester bonds
in a PET film during the chemical etching of tracks
leads to the formation of terminal carboxyl groups
[26]. At pH > 4, carboxyl groups are dissociated;
therefore, the front surface of a TM and the walls of a
pore are coated with a “network” of negative elemen-
tary charges. According to the data obtained by differ-
ent methods, the surface charge density in PET TMs
is in a range of 0.1—1 elementary charge per 1 nm?
[27—-33].

It is obvious that EDL induces the observed
osmotic effect. As follows from the experimental data,
at low electrolyte concentrations, the TM with the
smallest pores generates an osmotic pressure close to
the ideal one (see Table 2). For example, in the case of
a 1 mmol/L K,SO, solution and the TM-25 mem-
brane, the reflection coefficient is 0.87. Here, the val-
ues of the pore radius and Debye length are close to
each other. As the electrolyte concentration increases,
the reflection coefficient decreases due to the com-
pression of the EDL in the membrane pores. The
decisive role of the electrostatic mechanism in the
osmotic effect is also evident from the finding that, at
the same molar concentration of a 1 : 1 electrolyte
(KCl) and a 1 : 2 electrolyte (K,SO,), the reflection
coefficient is higher in the latter case. At the same con-
centrations, solutions of nonelectrolytes—saccharose
and PONPEI0—insubstantially change the liquid
level in the measuring capillary.

It is also of interest to compare the osmotic effects
caused by sorbable and nonsorbable (low-sorbable)
electrolytes. Figure 4a presents the concentration
dependences of the osmotic pressures measured for
KCl and SDS solutions. At low concentrations
(£1 mmol/L), the osmotic pressure is the same for
both electrolytes and close to the ideal osmotic pres-
sure. When the concentration is increased to
4 mmol/L, a substantial difference arises, and the
osmotic pressure of the SDS solution becomes higher.
Most probably, the sorption of dodecyl sulfate anions
on the TM surface increases the electric charge den-
sity. It is known that, at concentrations of about
1 mmol/L and above, dodecyl sulfate ions can be
sorbed due to hydrophobic interactions [34, 35],
although they are coions with respect to the negatively
charged polymer surface. The sorption markedly
increases when approaching the critical micelle con-
centration, which is equal to 8 mmol/L [35]. A rise in
the surface charge density leads to an increase in the
membrane selectivity according to the theoretical pre-
dictions [10]. A similar effect may be observed for 1 : 2
electrolytes and larger pores (Fig. 4b). Solutions of
another surfactant, sodium dodecyl diphenyloxide
disulfonate (SDDD), generate osmotic pressure dou-
ble that of potassium sulfate solutions, with the maxi-
mum value being reached already at concentrations of
1—-2 mmol/L. Note that, at c = 1 mmol/L, the Debye
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Fig. 3. Panel (a): time dependences of solution level in the
left-hand part of the measuring cell for K,SO, solutions
with concentrations of (/) 1 and (2) 2 mmol/L and panel
(b): dependences measured in parallel for K,SO,4 concen-
tration in the right-hand part of the cell. TM-25 mem-
brane is under examination.

length for a 1 : 2 electrolyte is 5.6 nm, which is only
~11% of the pore radius in the TM-100 membrane.
Nevertheless, the effect of anion exclusion from the
pores leads to the generation of a noticeable osmotic
flow. This result could be expected on the basis of the
regularities for SDDD sorption in TM pores [36]. As
has been established in [36], under the conditions of
surfactant concentrations equal to ~0.1 mmol/L and
the absence of a background electrolyte, the sorption
of this surfactant in pores with an effective radius of
~130 nm is negligible.

Let us consider the dynamics of solution column
rise in the measuring capillary upon osmosis. Accord-
ing to the theoretical notions [1—4], volume flow rate
J, of a liquid through a membrane is determined as

J, =L,[GATI - AP], )

COLLOID JOURNAL  Vol. 80 No.6 2018
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Table 2. Osmotic pressure, reflection coefficient, and diffusion permeability of the TM-25 membrane
Solute Concentration, | Column height g:;?:rlg Ideal osmotic Reﬂe?tion peIr)rllfte;L;Sl)li(iﬁy,
mmol/L N ey M AT, kPa pressure, kPa | coefficient, ¢ em?s-!
SDDD 1.00 0.636 6.21 7.38 0.84 —
2.00 1.13 11.1 14.8 0.75 —
4.00 1.94 18.9 29.5 0.64 —
K,SO, 1.00 0.661 6.45 7.38 0.87 7.0E-07
2.00 1.14 11.2 14.8 0.76 1.3E-06
3.95 1.70 16.6 29.2 0.57 2.6E-06
SDS 1.00 0.384 3.75 4.92 0.76 1.0E-06
2.00 0.726 7.09 9.84 0.72 1.2E-06
4.00 1.24 12.1 19.7 0.62 1.7E-06
KC1 1.00 0.378 3.69 4.92 0.75 2.1E-06
2.00 0.606 5.92 9.84 0.60 4.0E-06
4.00 0.872 8.52 19.7 0.43 5.0E-06
PONPEI10 3.00 <0.03 <0.3 7.38 — 2.40E-07
Table 3. Osmotic pressure, reflection coefficient, and diffusion permeability of the TM-40 membrane
Solute Concentration, | Column height grsgs?ltrls Ideal osmotic Refl'ec.tion pe?;f;;i)]i(;il}[y,
mmol/L Aoy, M ATl,..., kPa pressure, kPa coefficient ¢ om? 5!
K,S0, 0.50 0.322 3.15 3.69 0.85 1.2E-06
1.00 0.539 5.26 7.38 0.71 2.2E-06
2.00 0.803 7.84 14.8 0.53 3.7E-06
4.00 0.939 9.17 29.5 0.31 6.0E-06
SDS 1.00 0.341 3.33 4.92 0.68 1.8E-06
4.00 0.889 8.68 19.7 0.44 3.0E-06
8.20 1.27 12.4 40.3 0.31 3.7E-06
KC1 2.00 0.405 3.96 9.84 0.40 6.4E-06
4.00 0.611 5.97 19.7 0.30 8.0E-06
Saccharose 2.00 <0.1 <1 4.92 — -
PONPEI0 2.77 <0.04 <0.4 6.81 — -
where L, is the hydraulic permeability of a membrane AP = hgp, (3)

and AP is the hydrostatic pressure drop across the
membrane, this drop increasing with the height of the
liquid rise in the capillary. Here J, and L, are not nor-
malized to the unit pore area. The authors of [4] have
emphasized that is a thermodynamic parameter,
which is not the pressure as such; therefore, the com-
mon term “osmotic pressure” may lead to a miscon-
ception. Nevertheless, this term is generally accepted,
and we use it in this article with the aforementioned
stipulation.

At column height / of a liquid with density p, the
hydrostatic pressure drop across a membrane is
COLLOID JOURNAL Vol. 80
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where g is the freefall acceleration. Introducing liquid
volume Q, in the measuring capillary and capillary
cross-sectional area S,, we express the hydrostatic
pressure via these values as follows:

Ap =PEQ (4)

C

Taking into account that cAIl = All, ..s = /ma8P>
and J, = dQ,/dt, we easily arrive at the following equa-
tion that describes the temporal change of the solution
column height in the capillary under the action of
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Table 4. Osmotic pressure, reflection coefficient, and diffusion permeability of TMs with pore diameters of 100 and 2000 nm

. Column Osmotic . ) Diffusion
Membrane|  Solute Concentration, height pressure Ideal osmotic Ref’ lie(.:tlon permeability,
mmol/L hyoom AT, kPa pressure, kPa | coefficient em? s
TM-100 | K,SO, 0.25 0.050 0.48 1.84 0.26 2.3E-06
0.50 0.108 1.06 3.69 0.29 2.9E-06
1.00 0.124 1.21 7.38 0.16 3.6E-06
2.00 0.111 1.09 14.8 0.07 4.4E-06
4.00 0.115 1.12 29.5 0.04 4.5E-06
SDS 0.26 0.036 0.35 1.26 0.28 3.1E-06
0.51 0.081 0.79 2.52 0.31 2.9E-06
1.03 0.088 0.86 5.04 0.17 2.5E-06
2.05 0.111 1.08 10.1 0.11 3.0E-06
3.08 0.165 1.61 15.1 0.11 2.9E-06
4.10 0.190 1.86 20.2 0.09 2.8E-06
8.20 0.193 1.88 40.3 0.05 3.0E-06
14.50 0.192 1.88 71.3 0.03 2.5E-06
KC1 2.00 0.087 0.85 9.84 0.09 5.4E-06
Saccharose 2.00 <0.01 <0.1 4.92 — —
PONPEI10 4.00 <0.01 <0.1 9.84 — 1.3E-07
TM-2000 |KCl 2.00 — — — — 1.3E-05
4.00 — - — - 1.7E-05
8.00 - — — - 2.1E-05
PONPEI10 4.00 — — — - 7.1E-06

osmotic pressure, which is compensated by the hydro-
static pressure varying with time:

h(1) = By [1-¢7"). )

Here, A,,,, is the maximum liquid column height, 7 is
the time, and T is a parameter that depends on the
membrane hydraulic permeability:

. (6)

Fitting the experimental /4(f) curves has shown that
the growth of the solution column height with time is
rather adequately described by Eq. (5). Approximation
of the experimental data by an exponential function
yields the numerical value of hydraulic permeability
coefficient L,, which characterizes the membrane
upon the osmotic flow of water through its pores. To
study the behavior of L, in different regimes, the pro-
cedure of further experiments was modified as follows.
At the first stage of the experiment, the varying solu-
tion column height A(f) in the measuring capillary was
monitored, when the left- and right-hand parts of the
cell were filled with a studied solution and water,
respectively. After the solution reached a level of 4,,,,
water in the right-hand part of the cell was replaced by

a solution equivalent to that located in the left-hand
part, thereby equating the osmosity on both sides of
the TM. At the second stage of the experiment, level
h'(t), which decreased under the action of the hydro-
static pressure, was measured. Typical results of such
two-stage experiments are presented in Fig. 5 and
Table 5. The decrease of the solution level in the
descending branch of the curve obeys the following
equation:

B () =hyee ™, ()

where Tl characterizes the hydraulic permeability of
the membrane under the conditions of a viscous flow
under the action of a hydrostatic pressure. The last
column of Table 5 lists the values of pore radius » cal-
culated from the L, values by the Poiseuille equation

4
L= Nar '
8ul

Here, Nisthe number of pores in a sample and p is the
dynamic viscosity coefficient. The viscosities of the
solutions were taken equal to the viscosity of water at
the experiment temperature. The difference between
the viscosities was negligible because of the low con-

®)
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Fig. 4. Panel (a): dependences of measured osmotic pres-
sure on concentration of 1 : 1 electrolytes (2) SDS and
(3) KCl, straight line / corresponds to the ideal osmotic
pressure of a 1 : 1 electrolyte. The TM-25 membrane is
under examination. Panel (b): the same as in panel (a) for
1 : 2 electrolytes (2) SDDD and (3) K,SO,4. The TM-100
membrane is under examination.

centrations of the solutions, including surfactant solu-
tions [37].

As can be seen in Table 5, the hydraulic permeabil -
ity of the membranes is almost the same at both stages
of the experiment and corresponds to the viscous flow
regime. Thus, the osmotic flow through TM pore
channels is convective rather than diffusion. On the
contrary, the authors of [15], using a set of Nuclepore
TMs and a solution of a high-molecular-mass com-
pound, which did not penetrate into the pores,
revealed that the hydraulic permeability upon the
osmotic flow is directly proportional to the effective
area of the pores, i.e., to factor Nm/2. It was inferred
from this finding that water transport through the
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Fig. 5. Results of measuring TM permeability upon the
osmotic flow (ascending branch of the A(?) function, curve
1) and under the action of hydrostatic pressure (descend-
ing branch of the 4'(f) function, curve 2). Points and solid
lines refer to experimental data and approximations by
Egs. (5) and (7), respectively: (a) 4 mmol/L K,SO4 solu-
tion and the TM-25 membrane and (b) 4 mmol/L KCI
solution and the TM-40 membrane.

pores corresponded to the diffusion mechanism. Our
results evidently indicate the opposite situation; i.e.,
the osmotic pressure generated at a membrane/salt
solution interface causes a viscous flow, for which the
hydraulic permeability is proportional to N/, Note
that, in our experiments, no electroviscous effect was
revealed; the Poiseuille pore radius determined for
water and salt solution flows under both symmetric
and asymmetric conditions was the same within the
measurement error. If the apparent change in the vis-
cosity was as small as a few percent, it could not be
reliably detected in these experiments.

The effective pore radii calculated for the TM-25
and TM-40 membranes from the hydraulic permea-
bility are, on average, approximately 1.8 nm smaller,
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Table 5. Hydraulic permeability of TMs and effective pore radii upon flows induced by osmotic and hydrostatic pressures

Membrane Phase compositions 1,8 Tl,s Ly, r, nm
on different sides of a membrane ’ ’ 107" m*s kg™! ’
TM-25 4 mM KCI/H,0 4298 + 54 1.87 12.0
4 mM KCl/4 mM KCI 4387 £+ 32 1.83 11.9
4 mM SDS/H,0 8116 £ 48 0.99 10.1
4 mM SDS/4 mM SDS 9141 + 96 0.88 9.8
4 mM K,SO,/H,0 4605 + 84 1.74 11.8
4 mM K,S0O,/4 mM K,SO, 4989 + 27 1.61 11.6
TM-40 4 mM K,SO,/H,0 1245 + 24 6.45 215
4 mM K,S0O,/4 mM K,SO, 1265 = 12 6.35 21.4
4 mM SDS/H,0 2012 £ 86 3.99 19.2
4 mM SDS/4 mM SDS 1853 £ 46 4.33 19.6
4 mM KCI/H,0 1451 + 8 5.53 21.0
4 mM KCl/4 mM KCI 1438 + 27 5.58 21.0
TM-100 4 mM SDS/H,0 100.0 £ 2.0 80.2 49.4
4 mM SDS/4 mM SDS 919+ 5.6 87.3 50.5

Errors resulting from dispersions of experimental points for T and t1 values are shown in the table. Other sources of the errors (pore den-
sity, sample area, and membrane thickness) are the same for each pair of T and 11 values and, therefore, are ignored.

when SDS is used as an electrolyte (see the last col-
umn in Table 5). This may indicate that the layer of
SDS adsorbed on the walls narrows the flow section of
a pore.

It is of interest to compare the absolute values of
water flow and salt counter flux under the conditions
of osmosis. For example, in the case of the TM-25
membrane and a 2 mmol/L K,SO, solution, the
osmotic flow of water has, during initial several min-
utes of an experiment, a value of 5 X 10~® mol/s,
while the counter diffusion flux of the salt is only 2.5 X
10~ mol/s. Thus, the ratio between the solvent flow
and solute flux is higher than 10* and, on the order of
magnitude, approximately corresponds to the ratio
between their molar fractions in the solution. Taking
the pore radius equal to ~10 nm, it is easy to calculate
water flow velocity v averaged over the pore cross sec-
tion. In this experiment, it was nearly 1 x 10~3 cm/s.
Longitudinal salt concentration profile ¢(x) in a cylin-
drical pore under the conditions of simultaneous dif-
fusion flux and convective flow may be approximately
estimated by solving the following equation [17]:

_vde_d’c
Ddx dx*’

where D is the diffusion coefficient of a solute in a
pore. This equation has been written under simplifying
assumptions that the diffusion coefficient is indepen-
dent of concentration, while the concentration is aver-
aged over the cross section of the pore; that is, it
depends on x alone. As has been shown in [17], if

)

parameter V/ D is lower than 1000 cm™', the concen-
tration gradient in a pore is almost linear, and the con-
vective flow has no effect on the diffusion rate. If we
take volume values for the diffusion coefficient of the
used salts, condition v/ D <1000 is always fulfilled at
convection velocity v =1 x 1073 cm/s. Indeed, in the
majority of our experiments, the salt concentration in
the right-hand part of the cell grew at an almost con-
stant rate irrespective of the velocity of the osmotic
counter flow (see Fig. 3b). However, in some
cases (4 mmol/L SDS, TM-25 and 8 mmol/L SDS,
TM-40) we observed a reliable enhancement of the
diffusion flux by 10—20%, and this enhancement cor-
related with a decrease in the osmotic flow. Seemingly,
the initial velocity of the convective flow was, under
these conditions, sufficiently high to affect diffusion.
At the same time, the diffusion coefficients in
nanopores are substantially lower than the volume val-
ues, which is evident from the data presented in the
last columns of Tables 2—4 and published data [23].

Note that the ionic selectivity and reverse-osmotic
properties of fine-pore TMs were revealed and studied
rather long ago. For this purpose, membranes with
effective pore diameters of 8 and 3 nm prepared by
special methods—thermal shrinkage of a typical TM
or extraction of a low-molecular-mass fraction from a
PET film irradiated by heavy ions—were used [10, 38].
In later work [39], the selectivity with respect to KCl
solutions (2.5 and 10 mmol/L) was studied for a TM
that had parameters very close to those of our TM-25
sample. However, the process of the direct osmosis in
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the TM has, so far, been ignored. In the literature, we
have found only one cursory mention of the necessity
to take into account this effect [35] when measuring
the membrane potential.

In connection with the interpretation of our data, it
is necessary to mention the phenomenon of capillary
osmosis. The capillary osmosis theory has been devel-
oped for wider capillaries, in which the liquid trans-
port has the character of a capillary-osmotic slip [40].
Experiments on the capillary osmosis in electrolyte
solutions were performed for pores with radii nearly
two orders of magnitude larger than those in our
TM samples [41]. At Ac = 103—0.5 mmol/L, the
velocity of the capillary-osmotic transport had an
order of 10~ cm/s and weakly depended on concen-
tration. The character of the osmotic flow through
nanopores in our TM samples (Poiseuille flow with a
velocity of ~10~3 cm/s and above) shows that, when
the thickness of diffuse ionic layers is comparable with
or larger than the capillary radius, a different model is
required.

Several theoretical models have been reported,
which describe osmosis in nanopores or nanochannels
with charged walls (see, e.g., [42—45]). In this work,
we do not intend to analyze in detail the results from
the point of view of their correspondence to this or that
model. At this stage of the study, it seems to be of
importance to focus attention on the fact that TMs
with pore radii of 10—50 nm are convenient objects for
studying osmotic effects caused by electrolyte concen-
tration gradients. The regular cylindrical geometry of
the pores has given opportunity to identify the Poi-
seuille flow regime, which is an indicator of a para-
bolic distribution of liquid flow velocities in a pore,
while the theory predicts, generally speaking, a differ-
ent shape of the velocity profile [5, 42, 45]. The use of
the ionic surfactant has made it possible to observe
effects associated with changes in surface charge den-
sity. The application of this possibility in subsequent
experiments with TMs, the widening of the range of
the studied concentrations, and the use of other elec-
trolytes, in particular, 2 : 1 electrolytes, will yield addi-
tional criteria, which may be employed to judge the
adequacy of this or that model.

Moreover, a deeper insight into the physicochemi-
cal processes in nanocapillaries in the presence of sol-
ute concentration gradients is of importance in con-
nection with specific practical problems. For example,
the targeted application of osmotic effects enables one
to control the shape of asymmetric nanopores [17]
used as working elements of molecular sensors.

The confirmation obtained in this work that a deci-
sive role is played by EDLs may contribute to under-
standing osmotic phenomena accompanying asym-
metric etching of heavy-ion tracks. Conical pores
resulting from this process have a low resistance to vis-
cous flow. Therefore, the velocity of a convective flow
in a pore mouth may be sufficiently high to provide the
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dilution of an electrolyte and the thickening of an
EDL to a size comparable with the mouth radius in
spite of the fact that concentrated solutions are used
for etching.

4. CONCLUSIONS

Most studies of osmotic phenomena have been car-
ried out with semipermeable membranes. In this
work, we investigated osmotic flows through track-
etched (i.e., capillary-porous) membranes and have
shown that, at electrolyte concentrations ensuring
EDL thicknesses comparable with pore radii, the
osmotic transport of water may be substantial. The
necessary membrane selectivity is completely pro-
vided by its surface electric charge. The charge density
may be additionally increased by using a solution of an
ionic surfactant. The proper geometry of pores in TMs
has made it possible to perform experiments aimed to
clarify the mechanism of the flow caused by an
osmotic driving force. These experiments have shown
that the osmotic flow through nanocapillaries with
radii of 10—50 nm is purely convective.
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