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Abstract. Results of an experimental study of volume osmotic flows in a single-
membrane osmotic-diffusive cell, which contains a horizontal, microporous, sym-
metrical polymer membrane separating water and binary or ternary electrolyte so-
lutions are presented. In the experimental set-up, water was placed on one side of
the membrane. The opposite side of the membrane was exposed to binary or ternary
solutions. As binary solutions, aqueous potassium chloride or ammonia solutions
were used, whereas potassium chloride in 0.25 mol·l−1 aqueous ammonia solution or
ammonia in 0.1 mol·l−1 aqueous potassium chloride solution were used as ternary
solutions. Two (A and B) configurations of a single-membrane osmotic-diffusive
cell in a gravitational field were studied. In configuration A, water was placed in
a compartment above the membrane and the solution below the membrane. In
configuration B the position of water and solution was reversed. Furthermore, the
effect of amplification of volume osmotic flows of electrolyte solutions in the single-
membrane osmotic-diffusive electrochemical cell was demonstrated. The thermody-
namic models of the flux graviosmotic and amplification effects were developed, and
the volume flux graviosmotic effect for configurations A and B of a single-membrane
osmotic-diffusive cell was calculated. The results were interpreted within the con-
ventional instability category, increasing the diffusion permeability coefficient value
for the system: concentration boundary layer/membrane/concentration boundary
layer.
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Introduction

The transport of soluble substances and water in membrane systems is attracting
great interest in many fields of technology (Rautenbach and Albert 1989) where
membranes are used as filters, and also in biophysics (Thornley 1976), where trans-
membrane transport plays a crucial role in cell physiology. Membrane transport
across biological (Dainty 1963; Dainty and Hause 1966; Thomson and Dietchy 1977;
Barry and Diamond 1984; Cotton and Reuss 1989) as well as across polymer mem-
branes (Ginzburg and Katchalsky 1963; Hwang and Kammermeyer 1981; Havstein
1987; Bhattacharya and Hwang 1997) separating solutions of different composi-
tions leads to the formation of concentration boundary layers (CBLs). These layers
are regions in the external solutions, adjacent to the membrane interfaces, where
concentration gradients are maintained under steady-state conditions. CBLs act as
pseudo-membranes in series with the physical membrane. Consequently, they can
cause substantial reductions in the osmotic and diffusion transmembrane fluxes
(Ślęzak and Dworecki 1984). Gravitational force exerts a relatively strong influence
on thermodynamic systems and is one of the factors modifying transmembrane
transport. Of special interest is the formation of CBL on both sides of horizontally
mounted polymer membranes. Under terrestrial conditions, gravitational force has
an ambiguous influence on the thickness of these layers; it also decreases the value
and changes distributions of solution concentrations occurring (Ślęzak et al. 1985;
Ślęzak 1989; Dworecki 1995). The osmotic and diffusion fluxes were significantly
higher when the denser liquid was below the membrane in a horizontally mounted
osmotic-diffusion cell (Ślęzak et al. 1985; Ślęzak 1989). They explained this ob-
servation in terms of natural convection instability that reduced CBL thickness.
These CBLs are thick and thus solution concentration decreases markedly in them.
It is a different case altogether in layers on which the force of gravity (FG) has a
destructive influence, e.g. when the denser liquid is above membrane. These lay-
ers are thinner, and the reductions in solution concentration are relatively small
(Dworecki 1995; Dworecki and Wąsik 1997). Vigorous mechanical stirring of the
external solutions minimises the CBL thickness and transmembrane flux reduction
(Inenaga and Yoshida 1980; Ślęzak and Dworecki 1984).

FG influences the kinetics of movement of both ions and non-dissociated
molecules through the cellular membrane. This influence is dependent on the di-
mension of molecules or ions, the charge of ion and density gradient of solution near
the membrane. In case of relatively large molecules or ions this influence manifests
in the form of sedimentation. One of the models that explain the influence of FG
on the cell, is the Schatz’s model (Schatz and Linke-Hommes 1989; Schatz et al.
1992). This model is based on the assumption that FG could act on a biological cell
by inducing an adaptation provoked through physico-chemical changes in the cel-
lular environment. These changes are caused by lack of sedimentation and natural
convection in the cell under microgravity conditions. The lack of these phenomena
has produced an influence on nutrition, oxygen and by-product gradients, because
in states of microgravity these elements are only produced by diffusion. In this con-
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nection Schatz and co-workers (Schatz and Linke-Hommes 1989; Schatz et al. 1992)
infer that in conditions of microgravity in the cell-solution border the membrane
potential changes could occur causing alterations of solution concentration hence
leading to the formation of stationary boundary layers around the cell. This means
that in the cells, in which the rate of both oxygen and nourishment consumption
exceeds diffusion rate, cell metabolism could be distinctly disturbed (Cogoli and
Gründer 1991).

The study of the CBLs formation may be realised in artificial systems under
terrestrial conditions by using the single- or double-membrane osmotic-diffusive
electrochemical cell. In the single-membrane osmotic-diffusive cell, the influence
of FG on ion transport and its distribution on both sides of the membrane is
manifested by means of membrane potential, ionic current as well as osmosis and
diffusion (Ślęzak 1989, 1990, 1997; Pohl et al. 1997; Ślęzak et al. 2000a). The
influence of the gravitational force on the passage of uncharged particles through
membranes is demonstrated is only by osmosis and diffusion (Ślęzak 1989). In
the double-membrane osmotic-diffusive cell the main phenomenon is graviosmosis
(Przestalski and Kargol 1987; Kargol 1994). Graviosmosis consists of generating
proper volume flows in an osmotically symmetric double-membrane cell. It is caused
by reorientation of such a cell with respect to direction of FG. This phenomenon is
the foundation of the so-called graviosmotic hypothesis of xylem water-uptake in
plants (Kargol 1992).

As a result of diffusion and osmosis on both sides of a membrane, separating
two mechanically unstirred solutions, different CBLs are created. The CBLs are
the areas immediately adjacent to the membrane surface area and can be treated
as a pseudomembrane (Pedley and Fischbarg 1978, 1980; Pedley 1983; Barry and
Diamond 1984). The solution in boundary layer areas does not change its location
and is adjacent to the laminar movement area, in which the natural convection does
not cause substantial mixing of the solution. The thickness of this layer depends
on the type of solutions used, their composition, concentrations and densities, and
on the orientation of the membrane and the measurement chamber containing so-
lution relative to the gravitational vector (Barry and Diamond 1984; Ślęzak et al.
1985; Ślęzak 1989; Dworecki 1995). Stirring of the solution causes a decrease in the
concentration boundary layer thickness. However, even vigorous stirring does not
cause entire decay of the boundary layer (Inenaga and Yoshida 1980). The directly
observed CBLs creation in different configurations of a single-membrane system
manifested by: 1. bending of interference stripes in the area near the membrane
received on interferograms by means of the Mach–Zehnder interferometer (Lerche
and Wolf 1971; Lerche 1976; Ślęzak et al. 1985; Dworecki 1995; Dworecki and Wąsik
1997), 2. decrease in the volume and solute fluxes (Ślęzak 1989; Ślęzak et al. 2000b)
and 3. decrease in the diffusive membrane potential (Ślęzak 1990). The influence
of the gravitational field on the transmembrane flow can be demonstrated by mea-
surements in a steady state of thermodynamic fluxes or forces when the solutions
are well stirred and when the solutions are unstirred (Ślęzak et al. 2000a). The
influence of FG on the passive transmembrane transport lead to the graviosmotic



118 Ślęzak et al.

(flux and force), gravidiffusive (flux and force) and gravielectric (flux and force)
(Ślęzak et al. 2000a) effects.

The present paper presents experimental results of an osmotic volume flux
study in two different configurations (A and B) of a single-membrane osmotic-
diffusive electrochemical cell containing a horizontally mounted membrane under
conditions of mechanical stirring and without mechanical stirring of binary or
ternary electrolyte solutions. A flat polymer membrane and aqueous solutions of
potassium chloride and/or ammonia were used. On this basis volume flux gravios-
motic effects were calculated. Using an irreversible thermodynamic method, model
equations of the volume flux graviosmotic effect for a single-membrane osmotic-
diffusive cell were developed. In order to test this model, both experimental and
calculation results for volume osmotic flux in a single-membrane osmotic-diffusive
cell containing binary and ternary electrolyte solutions are presented. The effect
of amplification of the osmotic volume flows of electrolyte solutions in a single-
membrane osmotic-diffusive cell is described.

Membrane system

Let us consider configurations Ar and Br (r = 1, 2) of a single-membrane system
represented in Fig. 1. In this system the compartments (l) and (h) contain dilute
and non-homogeneous (mechanically unstirred) multicomponent solutions of the
same electrolyte with concentrations equal to Cl

s and Ch
s . They are separated by

isotropic, symmetrical, selective and electroneutral membrane (M). These concen-
trations satisfy the condition that Cl

s < Ch
s . The solution contains s (s = 1, 2)

uninteracting substances dissolved in solvent w. The initial concentrations (at time
t = 0) of these solutions are denoted by Cl

1, C
h
1 , C

l
2 and Ch

2 . In both configurations,
the membrane M is oriented in a horizontal plane with the corresponding concen-
tration gradients being antiparallel and parallel to the gravitational vector. The
transport process is isothermal and stationary, and no chemical reactions are oc-
curring in the solutions. The membrane is characterised by hydraulic permeability
(Lp), reflection (σs) and diffusion permeability (ωks) coefficients.

At t > 0, in this system, water and the dissolved substances diffusing across
the membrane lead to the formation of CBLs. These layers can be treated as
pseudo-membranes. The reflection and diffusive permeability coefficients of the
complexes: concentration boundary layer/membrane/concentration boundary layer
(CBL/M/CBL) are denoted by σis and Ωiks, respectively. Within the CBLs, the con-
centration of a solute is a function of the distance from the membrane, and it is
not equal to that in the bulk solution. The effect of the CBL is assessed based on
the assumption that the only motion in the CBL is the osmotic flux itself, and C

depends only on the distance x from the membrane (Dainty 1963).
The thicknesses of the layers δil and δih are defined in terms of the concentration

gradient at the membrane-water and membrane-solutions interfaces, respectively
(Dainty and House 1966)

|(Cl
s)
i − Cl

s|

δil
=
∂Cl

s

∂x

∣∣∣∣
x 6=0

(1)
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Figure 1. Graphic illustration of configurations A and B of the single-membrane osmotic-
diffusive cell and concentration profiles A1, A2, B1 and B2 (stable A1 and B2 and unstable
A2 and B1). (M, membrane; d, thicknesses of the membrane; lA1

l , lA1
h , lA2

l , lA2
h , lB1

l , lB1
h , lB2

l ,
lB2
h – concentration boundary layers; δA1

l , δA1
h , δA2

l , δA2
h , δB1

l , δB1
h , δB2

l , δB2
h – thickness

of the boundary layers; Cl
s, C

h
s – global solution concentrations; (Cl

s)
A1 , (Ch

s )A1 , (Cl
s)

A2 ,
(Ch

s )A2 , (Cl
s)

B1 , (Ch
s )B1 , (Cl

s)
B2 , (Ch

s )B2 – local solution concentrations on boundaries
membrane-boundary layers; JA1

vs , J
A2
vs , J

B1
vs , J

B2
vs – volume fluxes; JA1

s , JA2
s , JB1

s , JB2
s –

dissolved substance fluxes; ΩA1
ks , ΩA2

ks , ΩB1
ks , ΩB2

ks – diffusive permeability coefficients of
the complex: boundary layer/membrane/boundary layer).

|Ch
s − (Ch

s )i|
δih

=
∂Ch

s

∂x

∣∣∣∣
x=0

(2)

where: x is the distance from the membrane, Ch
s and Cl

s represent the solute con-
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centrations in the compartment h and l respectively, (Ch
s )i and (Cl

s)
i denote the

solute concentrations at the interfaces, index i = Ar, Br; s = 1, 2; r = 1, 2.
Let us consider the configurations A1 and B2 schematically represented in

the Fig. 1. These configurations illustrate the situation in which the solution with
higher density is above the membrane, and the one with lower density – below
the membrane. The configurations A2 and B1 illustrate the situation in which the
solution with lower density is above the membrane and the solution with higher
density below the membrane. Assuming that concentrations Ch

s and Cl
s are sta-

tionary, should the solution density be directly proportional to the concentration,
configurations A1 and B1 are possible. This situation is typical for aqueous solu-
tions of glucose, saccharose, KCl or NaCl. However, should the solution density
be inversely proportional to the concentration, configurations A2 and B2 are pos-
sible. This situation can occur in aqueous solutions of first-row alcohols (ethanol,
methanol) and ammonia. In ternary solutions, if the concentration of component
decreasing density of solution is constant, then increase in concentration of com-
ponent increasing density causes that density of the solution in the chamber below
the membrane in configuration A can be lower, equal or higher than the density of
water. If the density of solution in the chamber above the membrane is lower than
the density of solution in the chamber below the membrane, then the concentration
profile is similar to that in configurations A1 or B2. If the density of solution in the
chamber above the membrane is higher than the density of solution in the chamber
below the membrane, the concentration profile is likewise to that in configurations
A2 or B1.

In A2 and B1 configuration the process of layers lA2
l , lA2

h , lB1
l , lB1

h formation is
finished at the moment of appearance of natural convection and attains the station-
ary state by osmotic-diffusion cell. Then the thicknesses of layers: δA2

1 , δA2
h , δB1

l , δB1
h

are constant, because possible increase in thickness is limited by natural convec-
tion. In this connection, the concentration of solution at boundaries of membrane-
solution increases from Cl

s to (Cl
s)

A2 (in A2 configuration) or to (Cl
s)

B1 (in B1

configuration) whereas the concentration Ch
s decreases to (Ch

s )A2 (in A2 configura-
tion) or to (Ch

s )B1 . Besides, (Cl
s)

A1 > (Cl
s)

B1 , (Ch
s )A1 < (Ch

s )B2 , (Cl
s)

A2 < (Cl
s)

B1

and (Ch
s )A2 > (Ch

s )B2 . The volume and solute fluxes in configuration A2 are rep-
resented by JA2

vs and JA2
s . In configuration B1, the volume and solute fluxes are

represented by JB1
vs and JB1

s .
In A1 and B2 configurations there is no natural convection near the membrane.

Therefore, the process of layers lA1
l , lA1

h , lB2
l , lB2

h formation is finished in a state
of thermodynamic equilibrium, because the thickness of these layers constantly in-
creases. This is well-founded by inverted gradient of solution density. However, we
can assume that in a state when J ivs = const. and J is = const., the thicknesses
of these layers are δA1

l , δA1
h , δB2

l and δB2
h . The value of thickness of CBL formed

on both sides of a horizontally mounted membrane can be determined using the
Nernst criterion (Nernst 1904) based on distribution curves of concentrations. In
this connection in the stationary state of membrane transport, solution concen-
tration at boundaries between membrane and solution reaches values (Cl

s)
A1 and
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(Ch
s )A1 (in configuration A1) and (Cl

s)
B2 and (Ch

s )B2 (in configuration B2). Besides,
(Cl

s)
A1 > Cl

s, (Ch
s )A1 < Ch

s , (Cl
s)

B2 > Cl
s and (Ch

s )B2 < Ch
s .

The diffusion permeability coefficients of the complex CBL/M/CBL are de-
noted suitably by ΩA1

ks , (in configuration A1), ΩA2
ks (in configuration A2), ΩB1

ks (in
configuration B1) and ΩB2

ks (in configuration B2). For binary solutions the values of
these coefficients depend only on the configuration of one membrane system; in the
stable configuration (A1, B2) it is lower than in unstable configuration (A2, B1).
If the solutions are well stirred then (Cl

s)
i = Cl

s, (Ch
s )i = Ch

s , J ivs = Jvs, J is = Js,
δil = δih

∼= 0 and Ωiks = ωks (i = A, B). In the stationary state, these conditions
are satisfied: J0

vs = const., J ivs = const., J0
s = const., and J is = const.

For the case presented in Figure 1, Van’t Hoff’s law can be expressed as follows:

∆Πs = RT (Ch
s − C

l
s) (3)

∆Πi
s = RT [(Ch

s )i − (Cl
s)
i] (4)

where: RT is the product of the gas constant and absolute temperature, Ch
s and

Cl
s the global (in the bulk) solutions concentration, (Ch

s )i and (Cl
s)
i the local (at

the interfaces) solutions concentration, index i = Ar,Br (r = 1, 2) pertain to
configurations A and B respectively.

Model equations of the volume osmotic flux

The basic manner of describing of membrane transport processes of homogeneous
electrolyte solutions, originated from nonequilibrium thermodynamics of irreversib-
le processes, is the Kedem-Katchalsky model equations. In the case of osmotic
membrane transport of ternary electrolyte solutions this model is represented by
the equation (Katchalsky and Curran 1965)

J0
vs = Lp

(
2∑
s=1

σsζs∆Πs ±∆P

)
(5)

where: σsi is the volume osmotic flux, Lp is the hydraulic permeability coefficient of
the membrane, ζs is the Van’t Hoff coefficient (1 ≤ ζs ≤ 2, for non-electrolyte solu-
tions ζs = 1), ∆P is the hydrostatic pressure difference, ∆Πs = RT (Ch

s−C
l
s), C

h
s >

Cl
s is the osmotic pressure difference, RT is the product of gas constant and ther-

modynamic temperature, C̄s = (Ch
s −C

l
s)[ln(Ch

s /C
l
s)]
−1 ≈ 0.5(Ch

s +Cl
s) is the mean

solution concentration, σs is the reflection coefficient of the membrane, ωks is the
diffusion permeability coefficient of the membrane for s-th substance, permeating
through the membrane thanks to the osmotic pressure difference connected with
gradient of k-th substance (ωks = ωskC̄s · C̄

−1
k ; s = 1, 2.

This model is valid in cases, where: 1. the membrane divides two ternary so-
lutions consisting of two mutually independent substances dissolved in solvent w;
2. the membrane is selective, homogeneous and electrically indifferent and has a
finite thickness; 3. the solutions are diluted and homogeneous, that is to say that
the gradient of chemical potential occurs only at the membrane. In the solutions,
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chemical reactions do not occur and processes of membrane transport are isother-
mal.

In order to assure solution homogeneity, mechanical stirring of solutions should
by used, propelled by an external force with a suitably fitted shear rate. This pro-
cedure is possible only in artificial systems. In the biological systems, however, the
condition of homogeneity is not satisfied, similar to the artificial systems without
the mechanical stirring of solutions. If the solutions are not mechanically stirred,
then concentration boundary layers are formed on both sides of the membrane. The
boundary layers are the fluid areas adjoined to the membrane surface and possess
a pseudo-membrane property, connected with the membrane in series (Barry and
Diamond 1984).

The modified Kedem-Katchalsky model equation (Ślęzak et al. 1989) is the ba-
sic manner of describing membrane transport processes of non-homogeneous elec-
trolyte solutions, originated from non-equilibrium thermodynamics of irreversible
processes. In the case of osmotic membrane transport of ternary electrolyte solu-
tions this model is expressed by the equation:

J ivs = ξiv

(
(detK)−1

2∑
s=1

ζsγ
i
s∆Πs ±∆P

)
(6)

where:

ξivs = Lp

[
1 + (detK)−1Lp

(
2∑
s=1

σsdetM i
s

)]−1

,

detK = ω11ω22 − ω21ω12,

detM i
1 = ω22[C̄i1(1− σi1)− (1− σ1)C̄1]− ω21[C̄i2(1− σi2)− (1− σ2)C̄2],

detM i
2 = ω11[C̄i2(1− σi2)− (1− σ2)C̄2]− ω12[C̄i1(1− σi1)− (1− σ1)C̄1],

γi1 = σ1detKi
11 + σ2detKi

21,

γi2 = σ1detKi
21 + σ2detKi

22,

detKi
12 = ω22Ωi21 − ω21Ωi22,

detKi
21 = ω11Ωi12 − Ωi11ω12,

detKi
11 = Ωi11ω22 − ω21Ωi12,

detKi
22 = ω11Ωi22 − Ωi21ω12,

C̄is = [(Ch
s )ik − (Cl

s)
i
k]{ln[(Ch

s )ik/(C
l
s)
i
k]}−1 ≈ 0.5[(Ch

s )ik + (Cl
s)
i
k] is the mean con-

centration of solution, ζs is the Van’t Hoff coefficient, σis is the reflection coeffi-
cient of the complex CBL/M/CBL, Ωiks is the diffusion permeability coefficient of
the complex CBL/M/CBL for s-th substance, permeating through the membrane
thanks to osmotic pressure difference connected with gradient of k-th substance
(Ωiks = Ωisk ·C̄s ·C̄

−1
k ; s = 1, 2; s 6= k).
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The definitions and interpretation of the phenomenological coefficients of the
membrane transport for ternary solutions (Lp, σs, σis, ωks, Ωiks) were presented
in previous papers (Ślęzak 1989; Ślęzak et al. 1989). In these papers it was shown
that the values of coefficients σis and Ωiks for binary and ternary solutions may be
a function of the configuration of the single-membrane system and the values of σis
and Ωiks for ternary solutions are a function of the concentration of the solutions.

For coefficients Ωiks, ωks the next relation applies (Ginzburg and Katchalsky
1963)

1
Ωiks

=
1
ωks

+
RT

Di
ks

(δil + δih) (7)

where: Di
ks is the coefficient of solute diffusion in solution, δil and δih are the thick-

nesses of concentration boundary layers suitably in compartments l and h in i-th
configurations (i = A, B).

Model equation of the volume flux graviosmotic effect

The volume flux graviosmotic effect (jGOE)is was determined on the basis of the
measured values of J0

vs and J ivs (i = A, B) using the following equation (Ślęzak et
al. 2000a)

(jGOE)is = J0
vs − J

i
vs (8)

Taking into consideration equations (5) and (6) in equation (8) we hence derive

(jGOE)is =
2∑
s=1

[Lpσs − (detK)−1ζsξ
i
vsγ

i
s]ζs∆Πs + (ξivs − Lp)∆P (9)

Materials and Methods

Studies of osmotic volume flows were carried out by means of the measuring appara-
tus whose detailed description was given in a previous paper (Ślęzak and Dworecki
1984). The apparatus consisted of two Plexiglas vessels (l, h) separated by mem-
brane (M) with equal active surface area of 3.36 ± 0.2 cm2 and a thickness of 200
± 10 µm in the hydrated state. The membrane was mounted in a horizontal plane.
The experiments were performed with a flat sheet Nephrophane (cellulose acetate)
hemodialyzer membrane. Parameters of the membrane, i.e. hydraulic permeability
(Lp), reflection (σs) and diffusive permeability (ωks) coefficients of the membrane,
and the reflection (σis) and diffusive permeability (Ωiks) coefficients of the complex
(CDL/M/CDL) have been determined for configurations Ar and Br in accordance
with methods described in previous papers (Katchalsky and Curran 1965; Ślęzak
1989). Their values for the Nephrophane membrane and for binary aqueous potas-
sium chloride and ammonia solutions are listed in Table 1. The values of densities
of aqueous solutions of potassium chloride and/or ammonia (ρ1, ρ2) are listed in
Table 2. The values of all these coefficients do not depend on the solution concen-
tration for dilute binary solutions, whereas values of the coefficients Ωiks for ternary
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Table 1. Values of the Nephrophane flat dialysis membrane transport parameters for
potassium chloride (subscript 1) and ammonia (subscript 2)

Coefficient
Value of parameter

Configuration A Configuration B

Lp · 1012 [m3 ·N−1 ·s−1] 5.0 ± 0.2 5.0 ± 0.2

σ1 · 102 4.0 ± 0.1 4.0 ± 0.2

σ2 · 102 1.00 ± 0.02 1.00 ± 0.02

σi1 · 103 0.50 ± 0.01 9.6 ± 0.1

σi2 · 104 2.90 ± 0.02 0.40 ± 0.01

ω11 · 1010 [mol·N−1 ·s−1] 2.5 ± 0.1 2.5 ± 0.1

ω22 · 109 [mol·N−1 ·s−1] 2.68 ± 0.02 2.68 ± 0.02

ω12 · 1013 [mol·N−1 ·s−1] 6.1 ± 3.5 6.1 ± 3.5

ω21 · 1012 [mol·N−1 ·s−1] 1.6 ± 0.6 1.6 ± 0.6

Ωi11 · 1010 [mol·N−1 ·s−1] 0.03 ± 0.01 0.6 ± 0.2

Ωi22 · 109 [mol·N−1 ·s−1] 0.78 ± 0.06 0.01 ± 0.02

Ωi12 · 1013 [mol·N−1 ·s−1] 2.5 ± 0.3 0.20 ± 0.05

Ωi21 · 1012 [mol·N−1 ·s−1] 0.3 ± 0.1 2.0 ± 0.6

Table 2. The values of densities (ρ1, ρ2) of aqueous solutions of potassium chloride and/or
ammonia

C1
ρ1 [10−3 ·kg·m−3]

C2
ρ2 [10−3 ·kg·m−3]

[mol·l−1]
C2 = 0 C2 = 0.25

[mol·l−1]
C1 = 0 C1 = 0.1

[mol·l−1 ] [mol·l−1 ] [mol·l−1] [mol·l−1 ]

0.00 0.9980 0.9950 0.0 0.9980 1.0028

0.05 1.0004 0.9974 0.2 0.9954 1.0002

0.10 1.0028 0.9998 0.4 0.9928 0.9976

0.15 1.0052 1.0022 0.6 0.9902 0.9950

0.20 1.0076 1.0046 0.8 0.9876 0.9924

0.25 1.0100 1.0070 1.0 0.9850 0.9898

0.30 1.0124 1.0094 1.2 0.9824 0.9872

Index 1, potassium chloride; index 2, ammonia; C1, concentration of potassium chloride;
C2, concentration of ammonia.

solutions do, as is shown in Figs. 7 and 8. Volumes of the vessels (l, h) were the same
and equal to 200 cm3. The vessel (h) contained aqueous potassium and/or ammonia
solution at varied concentrations, whereas the vessel (l) was filled with pure water
in all the experiments. The vessel (h) was coupled with a calibrated pipette, which
allowed measurements of the volume with accuracy ±0.5 mm3, while the vessel (l)
was connected to an external reservoir of pure water at the same height as the
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pipette. The stirring speed in each chamber was maintained at approximately 500
rpm using independently controlled stirrer motors. All experiments were performed
at a temperature T = (295 ± 0.1) K.

The volume flux was measured for gravitational configurations (Ar and Br) of
the membrane system. In configuration Ar, the vessel (l) (containing pure water)
was the upper compartment of the single-membrane system, whereas the vessel
containing the solution under investigation served as the lower compartment. In
configuration Br, the upper compartment contained the solution, whereas the lower
compartment was filled with pure water. The volume flux, J ivs, was determined from

J ivs =
1
S

(
dV
dt

)i
∆Cis=const,∆P=0

(10)

where: S is the membrane surface area and dV /dt is the volume change (V ) oc-
curring in time (t); i = Ar,Br, for Ar and Br configuration of the system being
measured.

Measurements of J0
vs and J ivs for both configurations were performed according

to the following procedure (Ślęzak 1989). The first step involved the measurement
of the volume flux in the single-membrane system by mechanically stirring the
solutions at 500 rpm. After achieving the initial steady state during which J0

vs

was constant, stirring was stopped, and subsequently the evolution of volume flux
was measured up to the second steady state, while J ivs remained fixed. The same
procedure was followed for each configuration. Each series of measurements was
repeated for up to seven times. The concentration dependencies J0

vs and J ivs were
determined on the basis of time-dependent variability of J0

vs and J ivs at a steady
state, obtained for different solution concentrations of the same substance and the
same configurations of the membrane system. The relative error committed during
determination of J ivs was less than 5%.

The results listed in Table 1 show that Nephrophan membrane is selective
(0 < σs < 1, 0 < σis < 1) for both aqueous potassium chloride and ammonia
solutions. Moreover, such a membrane undergoes relatively strong concentration
polarisation, because of boundary layer creation on both sides of the membrane.
Quantitative measure of this effect is the coefficient of concentration polarisation
ϑiks specified by the following equation

ϑiks =
Ωiks
ωks

(11)

where: 0 ≤ ϑiks ≤ 1, Ωiks is the diffusive permeability coefficient of the complex
CBL/M/CBL, ωks is the diffusive permeability coefficient of the membrane. In the
case of ϑiks = 1, the membrane does not undergo concentration polarisation. When
ϑiks = 0, concentration polarisation of the membrane is maximal. The values of the
concentration polarisation coefficients, derived by using formula (11) and Table 1
for binary solutions, amount to: ϑA

11 = 0.0125, ϑB
11 = 0.24, ϑA

22 = 0.29, ϑB
22 = 0.004.
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Results

a) Time dependence of volume flux

A typical plot of the time-dependencies of volume osmotic flux (J ivs) in config-
urations A1 and B1 of the single-membrane system in the case of a 0.1 mol·l−1

aqueous potassium chloride solution is shown in Fig. 2. The graph 1, common
for both configurations, contains the results obtained under conditions of thor-
ough mechanical stirring with 500 rpm, and shows that J0

v1 is independent of the
gravitational configuration of the single-membrane system. Graphs 1A and 1B, ob-
tained for configurations A1 and B1 respectively, demonstrate that the J iv1 values
for both configurations differ. After switching of mechanical stirring of solutions in
time t = 0, as in configuration A1, the flux JA1

v1 decreases and after 15 minutes at-
tains a constant value, a little greater than zero. This means that in the stable state
of flow, gravitational force almost completely hamper osmotic volume flow. Next
in the case of configuration B the flux JB1

v1 gains stationary state after 10 minutes
and while in the stationary state it is two times lower than flux J0

v1. The evolution
of J0

v1 to JA1
v1 or JB1

v1 is a reflection of the process of concentration boundary layer

Figure 2. Evolution of the volume flux (Jivs) from J0
vs to JA1

vs and JB1
vs in configuration

A1 and B1 after turning off the mechanical stirrers.
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formation on both sides of the membrane. This process stops once the steady state
is attained. Thus, we can express that J0

v1 > JA1
v1 , J

0
v1 > JB1

v1 and JA1
v1 < JB1

v1 .

b) Concentration dependencies of volume flux

Concentration dependencies of volume flux (J ivs) for mechanically unstirred binary
solutions (aqueous solutions of potassium chloride or ammonia) and ternary solu-
tions (aqueous solutions of potassium chloride and ammonia) for configurations A1

and B1 of single-membrane system were illustrated in Figs. 3 and 4. In the Fig. 3,
the dependencies of volume flux (J iv1) on concentration difference of potassium
chloride (∆C1) with fixed concentration difference of ammonia (∆C2), and in the
Fig. 4 – on concentration difference of ammonia (∆C2) with fixed concentration
difference of potassium chloride (∆C1) were presented. Index i = A1, B1 refers to
the configurations A1 and B1 of the single-membrane system.

The curves 1A and 1B of Fig. 3 were obtained for the situation where ∆C2 = 0
mol·l−1 (binary solutions), the curves 2A and 2B for ∆C2 = 0.25 mol·l−1 (ternary
solutions). From this figure we deduce that in the binary solution, J iv1 is linearly
dependent on ∆C1 and the values of J iv1 in configuration B1 are greater than in
configuration A1. This also means that the values of J iv1 are greater when the
solution with a higher density is in the chamber over the membrane, and water is
under the membrane.

From the shape of curve 2A we state that flux J iv1 attains a maximum value
for: JA1

v1 = 3.8× 10−8 m·s−1 and ∆C1 = 0.05 mol·l−1. In this case the density of
ternary solutions, being in the chamber over the membrane is greater than water
density in the chamber under the membrane. For ∆C1 > 0.1 mol·l−1 the flux
JA1
v1 is linearly dependent on ∆C1, with the same tangent of inclination angle as

straight line 1A. In that case the density of ternary solutions in the chamber under
the membrane is lower than water density above the membrane. From the course
of curve 2B it implies that for ∆C1 < 0.08 mol·l−1, the value of JB1

v1 in a small
degree depends on ∆C1 and ∆C2. Therefore the density of ternary solutions in
the chamber under the membrane is less than the water density in the chamber
above the membrane. For ∆C1 > 0.12 mol·l−1 the flux JB1

v1 is linearly dependent
on ∆C1 with the same tangent of inclination angle as straight line 1B. In this case
the density of ternary solutions in the chamber above the membrane is higher than
water density in the chamber under the membrane.

In the Fig. 4, the dependencies of volume flux (J iv2) on the concentration dif-
ference of ammonia (∆C2) and fixed concentration difference of potassium chloride
(∆C1) were presented. Index i = A2, B2 refers to configuration A2 and B2 of
the single-membrane system. Graphs 1A and 1B were drawn for situation where
∆C1 = 0 mol·l−1 (binary solutions) and graphs 2A and 2B for ∆C1 = 0.1 mol·l−1

(ternary solutions). From this figure it results that in the binary solutions J iv2 is
linearly dependent on ∆C2 and in this case the value of J iv2 in configuration A2 is
greater than in B2 configuration. This also means that the values of J iv2 are greater,
when the solution with a higher density is in the chamber above the membrane and
water is under the membrane.
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Figure 3. Experimental volume flux (Jivs) across a single-membrane osmotic-diffusive cell
as a function of the potassium chloride concentration difference (∆C1) for configuration A1

(upper) and B1 (lower) plot: 1(A,B), no ammonia; 2(A,B), ∆C2 = 0.25 mol·l−1 ammonia.
The curves 1(A,B) and 2(A,B) were obtained without any mechanical stirring.
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Figure 4. Experimental volume flux (Jivs) across a cell membrane as a function of the
ammonia concentration difference (∆C2) for configuration A2 (upper) and B2 (lower):
curves 1(A,B), no KCl; 2(A,B), ∆C1 = 0.1 mol·l−1 KCl. All curves in this figure were
obtained without any mechanical stirring.
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From the slope of curve 2A we notice that when ∆C2 < 0.65 mol·l−1 the value
of JA2

v2 to a small degree depends on ∆C2 and ∆C1. Therefore this means that the
density of ternary solution in the chamber above the membrane is less than the
water density in the chamber under the membrane. For ∆C2 > 0.7 mol·l−1 the
flux JA2

v2 is linearly dependent on ∆C2 with a tangent of inclination angle two
times greater than for line 1A. In this case the density of ternary solution in the
chamber above the membrane is greater than water density in the chamber under
the membrane. From the slope of curve 2B we conclude that the flux J iv2 reaches its
maximum when: JB2

v2 = 2.5×10−8 m·s−1 and ∆C2 = 0.1 mol·l−1. Here the density
of the ternary solution in the chamber above the membrane is greater than water
density in the chamber under the membrane. For ∆C2 > 0.35 mol·l−1 in curve 2B,
JB2
v2 is linearly dependent on ∆C2 with the same tangent of inclination angle as

straight line 1B. In this case the density of ternary solutions in the chamber under
the membrane is lower than water density above the membrane.

Graphs 1 and 2 presented in Figs. 5 and 6 were obtained when the solutions
were mechanically stirred at 500 rpm. In this case flux J ivs is linearly dependent on
∆C1 and/or ∆C2 and it is not dependent on the gravitational configuration of the
single-membrane system.

Figure 5. Experimental volume flux (J0
vs) across a single-membrane osmotic-diffusive cell

as a function of the potassium chloride concentration difference (∆C1) obtained under
stirring conditions by mechanical means: graph 1, no ammonia; graph 2, ∆C2 = 0.25
mol·l−1 ammonia.
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Figure 6. Experimental volume flux (J0
vs) across a single-membrane osmotic-diffusive

cell as a function of the ammonia concentration difference (∆C2) obtained under stirring
conditions by mechanical means: line 1, no KCl; line 2, ∆C2 = 0.1 mol·l−1 KCl.

c) Concentration dependencies of coefficients Ωi11 and Ωi22 for ternary solutions

In Fig. 7 the dependencies of coefficients Ωi11 (upper graph) and Ωi22 (lower graph)
(i = Ar, Br) on the concentration difference of potassium chloride (∆C1) were
presented, with a constant concentration of ammonia (∆C2 = 0.25 mol·l−1) for
configuration A1 (lines 1A) and for configuration B1 (lines 1B). From line 1A
presented in the upper graph it implies that the value of coefficient ΩA1

11 increases
from value ΩA1

11 = 0.78×10−10 mol·N−1·s−1 to ΩA1
11 = 0.9×10−10 mol·N−1·s−1 and

afterwards decreases nonmonotonically to ΩA1
11 = 0.03×10−10 mol·N−1·s−1, and for

∆C1 ≥ 0.1 mol·l−1, ΩA1
11 is independent of ∆C1. From the curve 1B presented in

the upper graph it implies that the value of coefficient ΩB1
11 is initially constant and

amounts to ΩB1
11 = 0.03× 10−10 mol·N−1·s−1 and then from ∆C1 = 0.0375 mol·l−1

it increases to value ΩB1
11 = 0.56× 10−10 mol·N−1·s−1 and for ∆C1 ≥ 0.15 mol·l−1

it is independent of ∆C1. In the lower graph the dependencies of coefficients Ωi22
on concentration differences of potassium chloride (∆C1) were presented, with a
constant concentration of ammonia (∆C2 = 0.25 mol·l−1) for both configurations.
From curve lA we state that the value of coefficient ΩA1

22 increases from value
ΩA1

22 = 0.78 × 10−10 mol·N−1·s−1 to ΩA1
22 = 0.9 × 10−10 mol·N−1·s−1 and later

decreases nonmonotonically to ΩA1
11 = 0.01× 10−10 mol·N−1·s−1 and when ∆C1 ≥
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Figure 7. Potassium chloride concentration dependencies of Ωi11 (upper graph) and Ωi22

(lower graph) (i = A1, B1) in 0.25 mol·l−1 aqueous ammonia solution in configuration A1

(curves 1A) and in configuration B1 (curves 1B).
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Figure 8. Ammonia concentration dependencies of Ωi22 (upper graph) and Ωi11 (lower
graph) (i = A2, B2) in 0.1 mol·l−1 aqueous potassium chloride solutions in configuration
A2 (curves 2A) and in configuration B2 (curves 2B).
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0.1 mol·l−1 it is independent on ∆C1. From curve 1B presented in this graph we
find that the value of coefficient ΩB1

22 is initially constant and amounts to ΩB1
11 =

0.03× 10−10 mol·N−1·s−1 and then from ∆C1 = 0.025 mol·l−1 it increases to value
ΩB1

11 = 0.48× 10−10 mol·N−1·s−1 and for ∆C1 ≥ 0.15 mol·l−1, value of ΩB1
11 is not

dependent on ∆C1.
In Fig. 8 the dependencies of coefficients Ωi22 (upper graph) and Ωi11 (lower

graph) on concentration differences of ammonia (∆C2) were presented, with a con-
stant concentration of potassium chloride (∆C1 = 0.1 mol·l−1) for configuration A2

(curve 1A) and configuration B2 (curve 1B). From curve lA represented in the up-
per graph we see that the value of coefficient ΩA2

22 is initially constant and amounts
to ΩA2

22 = 0.01× 10−10 mol·N−1·s−1 and then from ∆C2 = 0.6 mol·l−1 it increases
to a value of ΩA2

22 = 0.65× 10−10 mol·N−1·s−1 (for ∆C2 = 0.8 mol·l−1) and from
there linearly, to value ΩA2

22 = 0.8 × 10−10 mol·N−1·s−1 (for ∆C2 = 1.5 mol·l−1).
When ∆C2 > 1 mol·l−1, the value of ΩB2

11 linearly increases with an increase in
∆C2. From curve 1B represented in this figure we know that the value of coeffi-
cient ΩB2

22 decreases nonmonotonically from ΩB2
22 = 0.68 × 10−10 mol·N−1·s−1 to

ΩB2
11 = 0.01 × 10−10 mol·N−1·s−1 and when ∆C2 ≥ 0.4 mol·l−1 it is independent

of ∆C2. In the lower graph the dependencies of coefficients Ωi11 on concentration
differences of ammonia (∆C2) were presented with constant concentration differ-
ences of potassium chloride (∆C1 = 0.1 mol·l−1) for configuration A2 (curve 2A)
and configuration B2 (curve 2B). From curve 2A it results that the value of coef-
ficient ΩA2

11 is initially constant and amounts to ΩA2
11 = 0.03× 10−10 mol·N−1·s−1

and from ∆C2 = 0.525 mol·l−1 it increases to ΩA2
11 = 0.64×10−10 mol·N−1·s−1 (for

∆C2 = 0.8 mol·l−1) and then linearly, to value ΩA2
11 = 0.75 × 10−10 mol·N−1·s−1

(for ∆C2 = 1.2 mol·l−1). From curve 2B presented in this graph we know that the
value of coefficient ΩB2

11 decreases nonmonotonically from value ΩB2
11 = 0.6× 10−10

mol·N−1·s−1 to ΩB2
11 = 0.04× 10−10 mol·N−1·s−1 and when ∆C2 ≥ 0.4 mol·l−1 is

independent of ∆C2.
The dependencies of σi1(∆C1,∆C2) can be calculated from the formulae σi1 =

σ1Ωi11(ω11)−1, σi2 = σ2Ωi22(ω22)−1 using data presented in Table 1 and Figs. 7 and
8.

d) The amplification of volume osmotic flux

In order to demonstrate the effect of the amplification of osmotic volume flux (J ivs),
we take into consideration curves 1 (A,B) and 2 (A,B) shown in the Figs. 3 and 4.
Lines 1A and 1B show that this same change in the value of concentration differ-
ences ∆(∆C1) or ∆(∆C2) in the case of binary solutions causes an identical change
in the value of ∆J ivs over the whole range of concentration differences ∆C1 or ∆C2

used. In the case of ternary solutions, illustrated by curves 2A and 2B, the same
change in concentration differences causes different changes in ∆J ivs with reference
to its value and sign. The coefficient of the osmotic volume flux amplification (aivs),
specified by the equation given below is the quantitative measure of this effect

aivs =
(∆J ivs)t

(∆J ivs)b
(12)
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where: (∆J ivs)t is the change in flux J ivs in ternary solutions, (∆J ivs)b is the change
in flux J ivs in binary solutions, s = 1, 2.

In Figs. 9 and 10, the dependencies of coefficients aivs (i= Ar, Br corresponding
respectively to Ar and Br configuration of single-membrane system, r = 1, 2) on
the mean concentration C̄1 and aivs on the mean concentration C̄2 are presented
graphically. Curves 1A in these figures were obtained for configuration Ar, whereas
curves 1B – for configuration Br of single-membrane system. The calculation of
concentrations C̄1 or C̄2 were carried out in the following way. If, for example,
∆Ck = Ck−Co (where k = 1, 2, 3, . . . , n) then C̄1 = (C1+Co)/2, C̄2 = (C2+Co)/2,
etc.

Curve 1A shown in Fig. 9 means that with an increase in C̄1, coefficient aA1
v1

decreases non-monotonically from aA1
v1 = +120 to minimal value of aA1

v1 = −130,
and then increases to a constant value of aA1

v1 = 1.5, independent of C̄1. A minimal
value of aA1

v1 = −130 was obtained for C̄1 = 0.08 mol·l−1. From curve 1B in Fig. 9
we note that coefficient aB1

v1 , for C̄1 < 0.025 mol·l−1 is independent of C̄1. For
C̄1 > 0.025 mol·l−1 coefficient aB1

v1 increases and for C̄1 = 0.09 mol·l−1 it reaches a
value of aB1

v1 = 4.5. For C̄1 > 0.15, mol·l−1aB1
v1 does not depend on C̄1 and aB1

v1 = 1.
From curve 2A shown in Fig. 10 it results that coefficient aA2

v2 for C̄2 < 0.5
mol·l−1 is independent of C̄2. For C̄2 > 0.5 mol·l−1 coefficient aA2

v2 increases and for
C̄2 = 0.55 mol·l−1 it reaches value aA2

v2 = 16. For C̄2 > 0.8 mol·l−1, aA2
v2 does not

depend on C̄2 and aA2
v2 = 3. From curve 2B it results that with an increase in C̄2,

coefficient aB2
v2 decreases non-monotonically from aB2

v2 = +80 to a minimal value of
aB2
v2 = −370, and then increases to a constant of aB2

v2 = 0.05, independent of C̄2. A
minimal value of aB2

v2 = −370 was obtained for C̄2 = 0.25 mol·l−1.
Using equations (5) and (6), the equation (12) can be expressed in the following

ways

aiv1 =
(∆J ivs)t1

(∆J ivs)b1
=
ξivt

ξivb

1
Ωi11

{
∆[Ωi11(C1)] + ∆[Ωi22(C1)]

σ2

σ1

ζt

ζb

ω11

ω22

∆(∆C2)
∆(∆C1)

}
(13)

aiv2 =
(∆J ivs)t2

(∆J ivs)b2
=
ξivt

ξivb

1
Ωi22

{
∆[Ωi22(C2)] + ∆[Ωi11(C2)]

σ1

σ2

ζt

ζb

ω22

ω11

∆(∆C1)
∆(∆C2)

}
(14)

where: (∆J ivs)tk is the change in flux J ivs in ternary solutions, and (∆J ivs)bk is the
change in flux J ivs in binary solutions, k = 1, 2. In these equations ∆[Ωi11(C1)] =
[Ωi11(C1)]h − [Ωi11(C1)]l; ∆[Ωi22(C1)] = [Ωi22(C1)]h − [Ωi22(C1)]l; ∆[Ωi22(C2)] =
[Ωi22(C2)]h − [Ωi22(C2)]l and ∆[Ωi11(C2)] = [Ωi11(C2)]h − [Ωi11(C2)]l · ∆[Ωiss(Cs)];
s = 1, 2 are the changes in the values of the diffusion permeability coefficient in
ternary solutions.

e) Volume flux graviosmotic effect

The flux graviosmotic effect (jGOE)i
s was determined on the basis of the measured

values of J0
vs, J

Ar
vs and JBr

vs using equation (8). Concentration dependencies of
(jGOE)i1 for binary (lines 1A and 1B) and ternary (lines 2A and 2B) solutions for
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Figure 9. The amplification coefficient volume flux aiv1 (i = A1, B1) as a function of the
mean potassium chloride concentration (C̄1) in a 0.25 mol·l−1 aqueous ammonia solution
for configuration A1 (upper graph) and configuration B1 (lower graph).
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Figure 10. The amplification coefficient volume flux aiv2 (i = A2, B2) as a function of the
mean ammonia concentration (C̄2) in an ammonia in 0.1 mol·l−1 aqueous KCl solution
for configuration A2 (upper graph) and configuration B2 (lower graph).
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Figure 11. Experimental and calculated (jGOE)i1 as a function of the KCl concentration
difference (∆C1) in binary (curves 1A and 1B) and in ternary solutions (curves 2A and
2B: curves 1A and 1B, no ammonia; curves 2A and 2B, ∆C2 = 0.25 mol·l−1 ammonia
solutions. Solid lines illustrate the (jGOE)i1 calculated on the basis of equation (23) after
taking into consideration Ωi11(C1) and Ωi22(C1).
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Figure 12. Experimental and calculated (jGOE)i2 as a function of the ammonia concen-
tration difference (∆C2) in binary (curves 1A and 1B) and in ternary solutions (curves
2A and 2B): curves 1A and 1B, no KCl; curves 2A and 2B, ∆C1 = 0.1 mol·l−1 KCl. Solid
lines illustrate the (jGOE)i2 calculated using equation (24) after taking into consideration
Ωi22(C2) and Ωi11(C2).
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Ar and Br configurations of single-membrane system are shown in Figs. 11 and 12.
In Fig. 11, the dependencies of (jGOE)i1 (i = A1, B1) on concentration difference of
potassium chloride (∆C1) with fixed concentration difference of ammonia (∆C2) are
presented. Lines 1A and 1B were received for the ∆C2 = 0 mol·l−1, the curves 2A
and 2B for ∆C2 = 0.25 mol·l−1. From this figure it clear that in the case of binary
solutions (jGOE)i1 is linearly dependent on ∆C1 and (jGOE)i1 in configuration A1

is greater than in configuration B1. This also means that (jGOE)i1 is greater, when
the solution with higher density is in the chamber above the membrane and water
is below the membrane. Curve 2A shows that for ∆C1 < 0.1 mol·l−1 the (jGOE)i1
increases nonlinearly, and for ∆C1 > 0.1 mol·l−1 it increases linearly with increase
in ∆C1. In this case, the density of ternary solution, in the chamber above the
membrane, is higher than water density in the chamber below the membrane. Curve
2B shows that for both 0.0125 mol·l−1 < ∆C1 < 0.075 mol·l−1 and ∆C1 > 0.1
mol·l−1 the (jGOE)i1 is linearly dependent on ∆C1. For 0.075 mol·l−1< ∆C1 < 0.1
mol·l−1, (jGOE)i1 is nonlinearly dependent on ∆C1. In this case, the density of
ternary solution in the chamber above the membrane is lower than water density
in the chamber below the membrane.

In Fig. 12 the concentration dependencies of (jGOE)i2 for binary (lines 1A
and 1B) and ternary (curves 2A and 2B) solutions for configurations A2 and B2 of
single-membrane system are shown. In this figure, the dependencies of (jGOE)i2 on
the concentration difference of ammonia (∆C2) with fixed concentration difference
of potassium chloride (∆C1) are presented. Lines 1A and 1B were received for the
∆C1 = 0 mol·l−1 and curves 2A and 2B for ∆C1 = 0.1 mol·l−1. From this figure
results that in the case of binary solutions (jGOE)i2 is linearly dependent on ∆C2

and (jGOE)i2 in configuration A2 is lower than in configuration B2. This also means
that (jGOE)i2 is greater when the solution with higher density is in the chamber
above the membrane, and water is below the membrane. Curve 2A shows that for
∆C2 < 0.6 mol·l−1 the (jGOE)i2 is linearly dependent on ∆C2 with the tangent of
inclination angle 2.8-times greater than for line 1A. For 0.6 mol·l−1< ∆C2 < 0.75
mol·l−1 (jGOE)i2 decreases nonlinearly with increase in ∆C2. For ∆C2 > 0.75
mol·l−1, (jGOE)i2 is linearly dependent on ∆C2 with the tangent of inclination
angle 1.5-times greater than for line 1A. In this case, the density of ternary solutions
in the chamber above the membrane is lower than water density in the chamber
below the membrane. Curve 2B shows that for ∆C2 < 0.4 mol·l−1 the (jGOE)i2
increases nonlinearly, and for ∆C2 > 0.4 mol·l−1 it increases linearly with ∆C2. In
this case, the density of ternary solutions in the chamber above the membrane is
greater than water density in the chamber below the membrane.

Discussion

From the experimental data presented in this paper it results, that in the case of
mechanically stirred binary and ternary electrolyte solutions osmotic volume flux is
directly proportional to solution concentrations and does not depend on orientation
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of membrane and measurement chamber with solution, relative to vector of grav-
itational force. Similar results for non-electrolyte solutions were obtained (Ślęzak
and Dworecki 1984). In the case of mechanically unstirred binary electrolyte solu-
tions osmotic volume flux is directly proportional to the solutions’concentration,
and is strongly dependent on the sequence of solutions relative to the horizon-
tal membrane orientation. The value of this flux is higher when the solution with
a higher density is in the chamber above the membrane. In the case of ternary
electrolyte solutions volume osmotic flux depends not only on the concentration
and solution orientation relative to horizontally mounted membrane but also on
solutions’composition. Therefore, this flux is a non-linear function of one solute
concentration in solvent when the other solute concentration is constant.

These observations can be examined in terms of gravitational stability or insta-
bility of CBL. Through an extension of Rayleigh-Taylor stability analysis density
gradients they were linked to a concentration gradient Rayleigh number RC

RC =
gαCβCd

4

DCν
(15)

where: g is the gravitational acceleration, αC = [(∂ρ/∂C)/ρ] the variation of den-
sity with concentration, βC = (∂C/∂z) the concentration gradient, d the solution
depth along the gravitational (z) direction (the CBL thickness), DC is a solute
diffusion coefficient, ν is the kinematic viscosity. When αCβC is negative, i.e. the
CBL is denser than the solution beneath it, convective instability occurs when RC
exceeds a critical value. This convection reduces CBL dimensions, thereby increas-
ing transmembrane volume flux. A concentration-gradient Rayleigh number was
used in a mathematical model for gravitationally sensitive volume flux (Ślęzak et
al. 1985). Using the relation αCβC = (ρ− ρo)/(ρod), RC is given by

RC =
g(ρ− ρ0)d3

DCνρ0
(16)

where ρ and ρ0 are the densities of solution and solvent, respectively.
Our investigations indicate that the values of the coefficients Ωi

ks for ternary
solutions do depend on the solute concentrations and on the gravitational configu-
ration of the single-membrane system. Regarding the expression (7) it is assumed
that δil and δih varies with the gravitational stability, or instability of density gra-
dient produced during volume flux. δil and δih are identified with dl and dh, the
characteristic length appearing in equations (15) and (16). Thus

δil ≈ dl =

(
RiCν

l
sρ

l
s(D

l
s)

2

gRTΩis(ρh
s − ρ

l
s)

) 1
4

(17)

δih ≈ dh =

(
RiCν

h
s ρ

h
s(Dh

s )2

gRTΩis(ρh
s − ρ

l
s)

) 1
4

(18)
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where: νl
s and νh

s are the kinematic viscosities of solutions in the compartments l
and h respectively; ρl

s and ρh
s are the solution densities in compartments l and h

respectively, RiC is the critical value of concentration Rayleigh number.
If we assume that CBL are symmetrical (δil = δih = δi0) and the coefficient Di

s

does not depend on the solution concentrations and on the gravitational direction,
the ϑiks coefficient may be represented as

(ϑiks)
4 −

(
4 + χ

(RC)ik
g(ρh

s − ρ
l
s)

)
ϑiks)

3 + 6(ϑiks)
2 − 4ϑiks + 1 = 0 (19)

where: ϑiks ≡
Ωiks
ωks

, χ ≡
(RT )3(ωs)3

(Ds)2

[
(νl
sρ

l
s)

1
4 + (νh

s ρ
h
s)

1
4

]4
.

The experimental values of ϑiks for ternary solutions, can be calculated from
formula (11) using data presented in Table 1 and Figs. 7 and 8.

It appears from equation (6) that, in order to characterise the transport prop-
erties of a horizontally mounted membrane for ternary electrolyte solution, 19 co-
efficients are needed in practice. These parameters were defined in a previous paper
(Ślęzak 1989). It appears from the results in Table 1 and from equation (6) that
the values of the flux J iv are determined by the diagonal coefficients. The diag-
onal coefficients are greater than the non-diagonal coefficients by three orders of
magnitude. Thus, this provides the basis for reduction of equation (6) accepting

ω12 = ω21 = Ωi12 = Ωi21 ≈ 0 (20)

Regarding the above condition, and the results presented in Figs. 3, 4, 5 and 6,
equation (6) can be rewritten as

J iv1 = ξiv[ϑi11(C1)σ1ζ1∆Π1 + ϑi22(C1)σ2ζ2∆Π2]±∆P

J iv2 = ξiv[ϑi22(C2)σ2ζ2∆Π2 + ϑi11(C2)σ1ζ1∆Π1]±∆P (22)

where ξiv = Lp{1∓ (ω11ω22)−1Lp[σ1ω22C̄1(σ1 − σi1) + σ2ω11C̄2(σ2 − σi2)]}−1.
In order to apply this equation to a description of transmembrane transport in

ternary solutions, the assumption of the Ωi11 and Ωi22 coefficients being dependent
on the concentration and configuration is required. The pertinence of the above
assumption is confirmed by the data on Ωi11 and Ωi22 in ternary solutions, shown in
Figs. 7 and 8. Taking into consideration dependence of the coefficients Ωi11 and Ωi22,
demonstrated in these figures and the values for the membrane parameters listed in
Table 1, the values of J iv1 and J iv2 as functions of the concentration differences ∆C1

and ∆C2 were calculated on the basis of equations (21) and (22). The solid lines
in Figs. 3 and 4 present the results calculated for J iv1 and J iv2. One observes good
agreement between the experimental data and the results of calculation. Therefore,
equations (21) and (22), after taking into consideration the concentration depen-
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dence of Ωi11(C1), Ωi11(C2), Ωi22(C2), and Ωi22(C1), yield satisfactory curve fitting
to the experimental results.

If we assume that J ivs is the generalized flux and ∆Cs is a generalized ther-
modynamic force, the regions where [dJ ivs/d(∆Cs)] < 0 can be classified as the
negative differential resistance regions. This phenomenon appears in nature and
constitutes a very important factor in the physics of semiconductors (Weber and
Ford 1970), membranology (Anderson 1978) and biophysics (Cole 1968). If in the
non-linear element there is a negative resistance region, then in this element the
generation of electrical and/or mechanical oscillation may appear. Examples of
this behaviour are Teorell’s membranous oscillator (Teorell 1959), semiconductor
generator (Krause 1976) and electrical oscillations in excitable tissues (Cole 1968).

The non-linear characteristics J ivs = f(∆Cs) presented in Figs. 3 and 4 (curves
2A and 2B) show that the single-membrane system, which contains the ternary
ionic solutions under investigation is determined by a non-linear element. In the
case of the characteristic JA1

v1 = f(∆C1), for 0.05 mol·l−1 < ∆C1 < 0.1 mol·l−1,
the condition [∆JA1

v1 /∆(∆C1)] < 0 is fulfilled. If ∆C1 accomplishes the rela-
tion 0 mol·l−1 < ∆C1 < 0.05 mol·l−1 or ∆C1 > 0.1 mol·l−1, the condition
[∆JA1

v1 /∆(∆C1)] ≥ 0 is satisfied. In case of characteristic JB1
v1 = f(∆C1), for all

values of ∆C1, we can write a condition where [∆JB1
v1 /∆(∆C1)] ≥ 0. Similarly,

in a case where characteristic JA2
v2 = f(∆C2), for all values of ∆C2, the condi-

tion [∆JA2
v2 /∆(∆C2)] ≥ 0, is fulfilled. Then, if characteristic JB2

v2 = f(∆C2), for
0.1 mol·l−1 < ∆C2 < 0.3 mol·l−1, the condition [∆JB2

v2 /∆(∆C2)] < 0 is satisfied.
If ∆C2 accomplishes the relation 0 mol·l−1 < ∆C2 < 0.1 mol·l−1 or ∆C2 > 0.3
mol·l−1, the relation [∆JB2

v2 /∆(∆C2)] ≥ 0 is fulfilled.

Using the equations, equation (9) is regarded as the model equation for the vol-
ume flux graviosmotic effect. Accepting the condition (20) and that the coefficients
Ωi11 and Ωi22 are dependent on concentrations C1 and C2, we obtain

(jGOE)i1 = [Lpσ1 − ξ
i
vϑ
i
11(C1)]ζ1∆Π1 + [Lpσ2 − ξ

i
vϑ

i
22(C1)]ζ2∆Π2+

+(ξiv − Lp)∆P (23)

(jGOE)i2 = [Lpσ2 − ξ
i
vϑ
i
22(C2)]ζ2∆Π2 + [Lpσ1 − ξ

i
vϑ

i
11(C2)]ζ1∆Π1+

+(ξiv − Lp)∆P (24)

where ξiv = Lp{1 − (ω11ω22)−1Lp[σ1ω22(C̃i1(1− σi1)− (1− σ1)C̃1) + σ2ω11 ·
· (C̃i2(1− σi2)− (1− σ2)C̃i2)]}−1.

We have obtained equations, including parameters Ωiks, which refer to con-
centration boundary layers. These equations can be used to analyse the volume
flux graviosmotic effect. Taking into consideration the above equations the values
of coefficients listed in Table 1 and in Figs. 7 and 8 the (jGOE)i1 and (jGOE)i2
were calculated for configurations Ar and Br and binary and ternary solutions. The
calculated results are illustrated by full lines in Figs. 11 and 12.
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Conclusion

Inferences in the conducted investigations show that:
1. The experimental data presented in this paper indicate that gravitational

force has essential influence on volume osmotic flow electrolyte solutions. As was
pointed out, the measure of this influence is volume flux graviosmotic effect
(jGOE)is. The values of (jGOE)is depend on the sequence of solution position
relatively to a given membrane, located perpendicularly to the direction of grav-
itational force and on a composition and concentration of solutions separated by
the membrane. The situation in which the solutions are mechanically stirred, that
is homogeneous with respect to the concentration, illustrates a situation in which
gravitational force has an influence on passive membrane transport, because it does
not create or eliminate local concentration gradients. The situation is possible in a
biological system under hypergravity conditions.

2. In case of the lack of mechanical stirring of solutions, on both sides of the
membrane, concentration boundary layers are created. Only in a situation where
the density gradient vector is opposite to gravitational force in the area near the
membrane does the natural convection appear and causes weak solution stirring.
Such a situation could occur in biological systems, present in the Earth’s gravita-
tional field (Müller et al. 1984). A state devoid of natural convection responds to
microgravity (hypogravity) conditions. This is the situation when the cell mem-
brane is not proven with nutrients. This means, that in the close vicinity of the cell
membrane the concentration of nutrients is minimal. In a state of zero convection
(jGOE)is obtains maximal values, increasing with an increase in solution concen-
tration. Moreover in a state without convection (jGOE)is ≈ J0

vs, this means that
the absence of gravitational force hampers passive membrane transport in a state
of zero convection almost totally, followed by the convective state jGOE < J0

vs.
3. The experimental results presented in this paper can be important for the

recognition of the influence of the mechanism of hypo- and hypergravity on passive
transmembrane transport in biological systems.

4. Single-membrane systems are characterised by amplification of volume flux.
This effect is the result of the presence of gravitation and/or destruction of con-
centration boundary layers. The effect of amplification of the volume flux is an
indication of a new osmotic property in a single-membrane system. It may be
added to a group of regulatory effects, including phenomena such as rectification,
amplification and oscillation of transmembrane flows.

5. It has been demonstrated herein that the model equations for the (jGOE)is
may be used in interpreting data related to the volume flux graviosmotic effect
in a single-membrane osmotic-diffusive cell. However, this is possible only when
the dependence of Ωiks on concentration is known. Values of these parameters are
governed by the hydrodynamic state of the concentration boundary layers complex.
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146 Ślęzak et al.

Pedley T. J., (1983): Calculation of unstirred layer thickness in membrane transport
experiments: a survey. Q. Rev. Biophys. 16, 115—150

Pohl P., Saparov S. M., Antonenko Y. N. (1997): The effect of a transmembrane osmotic
flux on the ion concentration distribution in the immediate membrane vicinity
measured by microelectrodes. Biophys. J. 72, 1711—1718

Przestalski S., Kargol M. (1987): Graviosmosis. Com. Molec. Cell Biophys. 4, 249—264
Rautenbach R., Albert R. (1989): Membrane Processes. Wiley, Chichester
Schatz A., Linke-Hommes A. (1989): Gravity and the Membrane-Solution Interface: The-

oretical Investigations. Adv. Space Res. 11, 61—64
Schatz A., Reitstetter R., Briegleb W., Linke-Hommes A. (1992): Gravity effects on mem-

brane processes. Adv. Space Res. 12, 51—53
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Ślęzak A., Dworecki K., Anderson J. E. (1985): Gravitational effects on transmembrane
flux: the Rayleigh-Taylor convective instability. J. Membr. Sci. 23, 71—81

Ślęzak A., Turczyński B., Nawrat Z. (1989): Modification of the Kedem-Katchalsky-
Zelman model-equations of the transmembrane transport. J. Non-Equilib. Ther-
modyn. 14, 205—218
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