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An expression for the entropy production in the case of the facilitated diffusion of a Margules
binary solution has been obtained. A stabilizing effect with respect to the solution concentration
gradient was revealed. The entropy contributions to changes of the thermodynamic potentials
at the mixing are found to play a dominant role in the transformation of the character of
entropy production in the system.
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One of the main tasks of the thermodynamics of ir-
reversible processes as a field theory consists in ob-
taining the concentration dependence for the entropy
production intensity in various irreversible processes
in the system [1]. The systems concerned include con-
fined systems such as biological membranes, in which
chemical reactions and diffusion processes may take
place, meso- and nano-objects, etc. This work aims
at deriving the expressions for the entropy produc-
tion in the case of a non-ideal solution, namely, when
the solution is described by the Margules empirical
model [2].

Note that models of non-ideal solutions may con-
tain constants that are not always determined in
terms of the intermolecular potentials in solutions.
In the case of binary non-electrolyte solutions with a
non-valence interaction between molecules, the rela-
tion between the coefficients in the Margules model
and the corresponding intermolecular potential was
obtained with the help of perturbation theory [3].
In works [4, 5], a general expression for the diffusion
equation was obtained, the concentration dependence
of the diffusion coefficient was calculated, and the re-
search of the entropy production in confined systems
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in the presence of diffusion processes was carried out
in the framework of the linear thermodynamics of ir-
reversible processes. In addition, the general equa-
tion for the entropy production rate in the presence
of diffusion processes was considered, and the model
describing the entropy production in a plane-parallel
layer with osmotic boundary conditions was devel-
oped.

The general equation describing the diffusion in a
system with chemical reactions looks like [4]
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where ρ is the total mass density of the system, t the
time, Mk the molar mass of the k-th component, Lki

the corresponding kinetic coefficients, p the pressure,
δij the Kronecker symbol, γi the activity of the i-th
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component, υk the partial molar volume, Dk the dif-
fusion coefficient of the k-th component, DT the Soret
coefficient, KT the isothermal compression modulus,
Ji the local rate of the i-th chemical reaction, υ the
velocity of the center of mass, νk the stoichiometric
coefficient, r the number of different chemical reac-
tions, and ck the concentration of the corresponding
component. This equation is the most general form
for the equation of diffusion in the presence of chemi-
cal reactions and in the absence of external fields and
allows the substance flow to be calculated in the gen-
eral case. If it is applied to a specific model, it is
necessary firstly to estimate the influence of various
thermodynamic forces on the processes in the system
and, afterward, to simplify this equation by excluding
terms, which can be neglected.

In work [5], the diffusion flows were described by
the expressions
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and the entropy production in the case of the station-
ary diffusion in a binary solution is
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In the case of the diffusion of a binary solution, the
plane-parallel membrane of the thickness l contains a
substratum (the corresponding thermodynamic vari-
ables are designated by subscript 1), which diffuses
through the membrane, and a carrier (subscript 2),
which cannot go beyond the membrane boundaries.
The last circumstance becomes responsible for the so-
called facilitated diffusion [6], in which the substra-
tum combines with the “carrier” to form a complex
“substratum–carrier”, which transfers the substratum
through the membrane. Let a temperature gradient
in the system be absent. With regard for Eq. (2), the
system of equations for the flow J1 can be presented

in the form [4]
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where k is the Boltzmann constant, υ10 and υ20 are
the volumes of the corresponding pure substances in
the solution per particle, and L1 is the diagonal ki-
netic coefficient in the matrix of phenomenological
coefficients Lki (in other words, we consider a case
where the cross vector effects such as the thermal dif-
fusion are not taken into account, because, in liquid
systems, they are smaller by several orders of mag-
nitude than the direct effects). The analysis of ex-
pression (4) shows that, in order to calculate the sub-
stance flow and the entropy production in a binary
solution in a plane-parallel pore, we must specify the
explicit form for the activity coefficient γi(T, p, x1).
The latter can be calculated with the help of pertur-
bation theory applied to an isobaric-isothermal en-
semble [7], which enables the thermodynamic prop-
erties of this solution and the character of possible
chemical reactions to be described.

In the framework of proposed approach, let us con-
sider the entropy production in the Margules empir-
ical solution model. In this case, the activity coeffi-
cients γ1 and γ2 can be written down [8] as follows:
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3
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(5)

where a1(T, p) and a2(T, p) are dimensionless quanti-
ties depending only on the temperature and the pres-
sure of the solution and characterizing the interaction
between particles of different components. The pro-
posed Margules equations (5) allow one to describe
both symmetric and asymmetric models of a solu-
tion. In the framework of the model concerned, the
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Fig. 1. Dependences of the normalized flow − l
2kL1

J1 on the
difference x0 − xl for various ratios v10

v20
for the Margules so-

lution: v10
v20

= 0.01 (1 ), 0.02 (2 ), and 0.5 (3 ). The values
of other parameters are a1 = 3, a2 = 6, T = 300 K, and
v10 = 3.8 × 10−29 m3. At the right membrane boundary,
xl = 5× 10−1

behavior of both non-electrolyte solutions and vari-
ous organic compounds can be described [2]. In this
case, the system of equations (4) reads
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which is supplemented by the corresponding bound-
ary conditions{
x1(z = 0) = x0,

x1(x = l) = xl.
(7)

After integrating the first equation in system (6)
with the boundary conditions (7), we obtain the fol-
lowing expression for the stationary flow J1:
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and the quantities A, B, C, and D are expressed in
terms of the parameters of a solution and a pure sub-
stance a1, a2, ∂a1

∂p , ∂a2
∂p , v10, and v20. Expressions

(3) and (7) make it possible to determine the entropy
production in the case of the Margules solution.

In Fig. 1, the dependences of the normalized sub-
stance flow diffusing through a membrane on the dif-
ference of concentrations at the boundaries of the
system, x0 − xl, are shown for various ratios be-
tween the partial volumes of components of the so-
lution at fixed a1- and a2-values. Figure 2 demon-
strates the dependences of the normalized diffusion
flow on the difference x0 − xl for various values of
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parameters a1 and a2. The analysis of the pre-
sented results testifies that, at small values of the
difference x0 − xl, the dependence is almost linear.
However, if the difference x0 − xl grows further, the
dependence J1(x0 − xl) deviates substantially from
the linear one, and we obtain a stabilizing effect,
i.e. the flow starts to depend weakly on the differ-
ence of concentrations at the boundaries of the sys-
tem. The exhibited data testify that, as the ratio
between the partial molar volumes of the substance
diffusing through the membrane and the solvent di-
minishes, the stabilizing effect becomes stronger for
a larger difference of concentrations at the membrane
boundaries.

In Fig. 3, the dependences of entropy production
on the difference of concentrations at the boundaries
of the system, x0 − xl, are shown for various ratios
between the partial volumes of components in the so-
lution and for two different xl-values at fixed a1- and
a2-values. The analysis of the presented results shows
that, at small values of quantity x0 − xl, the entropy
production practically obeys the square-law depen-
dence. However, at larger values of x0 − xl, the de-
pendence σ(x0 − xl) substantially deviates from the
quadratic one, and the stabilizing effect takes place,
i.e. the entropy production weakly depends on the
difference of concentrations at the boundaries. The
same effect is also observed if only the entropic terms
are taken into account, i.e. for an ideal solution [5].
As should be expected from the analysis of the results
obtained for flows, as the ratio between the partial
molar volumes of the substance diffusing through the
membrane and the solvent diminishes, an insignifi-
cant enhancement of the stabilizing effect is observed,
when the difference of concentrations at the mem-
brane boundaries increases.

The account of energy contributions to the ther-
modynamic potentials at mixing in the framework of
the Margules solution model allows reverse chemical
reactions to be taken into consideration, the latter
being a characteristic feature of diffusion processes in
biological systems. The presented results point to a
considerable difference of the entropy production de-
pendence on the quantity x0 − xl from that in a sys-
tem with a constant diffusion coefficient, for which
this dependence is quadratic. Moreover, the analysis
of the data obtained testifies that the account of en-
ergy contributions to the thermodynamic potentials
at mixing results in that the substance flow (Fig. 1)

Fig. 2. Dependences of the normalized flow − l
2kL1

J1 on the
difference x0−xl for various a1- and a2-values for the Margules
solution: (1) a1 = 3, a2 = 6 and (2) a1 = 5, a2 = 9. The values
of other parameters are T = 300 K, v10

v20
= 0.01, and v10 =

3.8×10−29 m3 (1 ), 0.02 (2 ), and 0.5 (3 ). The parameter values
are a1 = 3, a2 = 6, T = 300 K, and v10 = 3.8× 10−29 m3. At
the right membrane boundary, xl = 5× 10−3

Fig. 3. Dependences of the normalized entropy production
l2

(2k)2L1
σ on the difference x0 − xl for various ratios v10

v20
for

the Margules solution: v10
v20

= 0.01 (1 ), 0.02 (2 ), and 0.5 (3 ).
The values of other parameter are a1 = 3, a2 = 6, T = 300 K,
and v10 = 3.8× 10−29 m3. At the right membrane boundary,
xl = 5× 10−5
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and the entropy production (Fig. 3) start to depend
much more weakly on the ratio between the partial
volumes of pure substances, v10

v20
, than in the case of

ideal solution [5]. This result can be explained by the
fact that, for an ideal solution, the contribution to
the variation of thermodynamic potentials at mixing
is determined exclusively by entropic effects, whereas
both the entropic and energy contributions are rele-
vant in the case of the Margules solution.

To summarize, the obtained results testify to the
existence of a stabilizing effect in the entropy pro-
duction; namely, the latter changes in narrower lim-
its at a variation of the concentration gradient for
the diffusing substance in comparison with the re-
sults obtained for a constant diffusion coefficient. The
entropic contributions to a variation of the thermo-
dynamic potentials at mixing play a dominant role
in the change of the entropy production character in
the system, whereas the account of energy contribu-
tions (the non-ideality of a solution) leads only to
an insignificant quantitative variation in the entropy
production.
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ВИРОБЛЕННЯ ЕНТРОПIЇ В ПРОЦЕСI
ДИФУЗIЇ В ПЛОСКОПАРАЛЕЛЬНIЙ ПОРI
У ВИПАДКУ РОЗЧИНУ МАРГУЛЕСА

Р е з ю м е

У роботi отримано вираз для виробництва ентропiї у випад-
ку полегшеної дифузiї бiнарного розчину Маргулеса. Пока-
зано, що для вироблення ентропiї iснує стабiлiзуючий ефект
за градiєнтом концентрацiї розчину. З’ясовано, що ентро-
пiйнi внески в змiну термодинамiчних потенцiалiв при змi-
шуваннi вiдiграють домiнуючу роль в змiнi характеру ви-
роблення ентропiї в системi.
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