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H I G H L I G H T S

• The energy of osmotic systems is produced due to thermal energy of the environment.
• The reversible mixing of feed and draw solutions is followed by mixture cooling.
• The friction in the membrane should not lead to work losses.
• All theoretical calculations in terms of the Gibbs energy are still valid.

a b s t r a c ta r t i c l e i n f o

Article history:
Received 17 November 2014
Received in revised form 13 March 2015
Accepted 14 March 2015
Available online 19 March 2015

Keywords:
Ideal solution
Feed solution
Draw solution
Useful work
Gibbs energy

It is well-known that the process of mixing two solutions of different concentrations may produce energy. The
change in Gibbs energy uponmixing is believed to be the source of energy. However, the change in the Gibbs en-
ergy is independent of the way of mixing, i.e., irreversible (without work production) or reversible (with the
obligatory production of work). The Gibbs energy cannot be an energy source for producing work. The entropy
of mixing solutions and the environment has been considered to elucidate the role of the Gibbs energy in the re-
versible process. It is shown that the environment takes active part in energy production. The Gibbs energy may
be a mathematical means for performing thermodynamic calculations.

Published by Elsevier B.V.

1. Introduction

When mixing fresh and salt water, osmotic processes are taken as
promising for producing clean energy [1–6]. The energy produced
may be stored as a potential energy in the environment. It is widely
held that the energy produced bymixing two solutions of different con-
centrations is due to the Gibbs energy [1–6]. The environment is not
commonly considered. The goal of the present paper is to reveal the
role of the Gibbs energy in energy production upon solution mixing
with regard to the processes occurring in both solutions and the envi-
ronment. To this end, we consider the change in entropy upon mixing
for both the environment and solutions.

2. Irreversible mixing

We consider only the mixing of ideal solutions which occurs at con-
stant temperature and pressure. In ideal solutions, all molecules are of
the same size and the interactions between the molecules of different

types are also the same [7]. It is well-known [7] that the irreversible
mixing (without work production) of two ideal solutions fails to cause
either heat emission or the change in volume. Hence,

ΔH mixingð Þ ¼ 0; ð1Þ

ΔV mixingð Þ ¼ 0: ð2Þ

Upon mixing, the entropy increases and the Gibbs energy decreases

ΔS mixingð ÞN0; ð3Þ

ΔG mixingð Þ ¼ ΔH mixingð Þ−TΔS mixingð Þ ¼ −TΔS mixingð Þb0: ð4Þ

The absence of both heat emission and the change in volume upon
mixing indicates that the solutions of different concentrations have no
potential energy to perform work.

The decrease in the Gibbs energy uponmixingmeans that the Gibbs
energy is not conserved. Thus, it is not the true energy [8–10]. Therefore,
the role of the Gibbs energy in energy production upon mixing calls for
further studying.
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3. Reversible mixing

In this section, we are going to consider reversible processes as a
model to which the real processes, producing useful work, may tend.
Strictly speaking, there are no reversible processes. However, a series
of processes, in particular the osmotic ones, may produce useful work
with a fairly high efficiency. It is worth noting that only the reversible
processes are always followed by production of the maximal, useful
work [11,12].

The work of reversible processes can be produced by special instru-
ments. In osmotic systems, the semipermeable membranes serve as
these. Using the semipermeable membranes in the system has no effect
on the change in volume, enthalpy, entropy, and the Gibbs energy upon
solution mixing. The change in these values is independent of process
character, reversible or irreversible, because all of these values are the
state functions.

The absence of the change in entropy for the environment and solu-
tions is an important characteristic of the reversible process

ΔS mixed solutions þ environmentð Þ
¼ ΔS mixed solutionsð Þ þ ΔS environmentð Þ ¼ 0; ð5Þ

since only the fulfillment of condition (5) provides the reversibility of
the process. As follows from Eq. (5)

ΔS environmentð Þ ¼ −ΔS mixingð Þb0: ð6Þ

As the temperature of the environment and solutions is uniform, the
entropy of the environment may change only upon thermal energy
transfer from the environment to the mixture of solutions

ΔS environmentð Þ ¼ ΔH environmentð Þ=Tb0: ð7Þ

Since the temperature of the mixture of solutions remains uniform
upon this transfer of thermal energy, in virtue of the law of energy con-
servation, the transferred thermal energy must produce work

ΔH environmentð Þ ¼ w0
useful; ð8Þ

wherewuseful′ is themaximal usefulwork of the reversible process. From
Eqs. (4), and (6)–(8) we find that

w0
useful ¼ ΔG mixingð Þ ¼ ΔH environmentð Þ: ð9Þ

Thus, the useful work of the osmotic, reversible process is equal to
the change in the Gibbs energy upon mixing but is performed due to
the thermal energy of the environment.

The useful work in the reversible, osmotic system is performed due
to the tendency of the system to the equilibrium state against the
applied pressure, equal to the osmotic one. To achieve equilibrium,
water from feed solution penetrates draw solution through a mem-
brane. As a result, the volume of draw solution increases and the work
is performedwhich is equal to the product of pressure difference by vol-
ume of penetrating solution. Work production requires energy sources.
However, the system has no sources other than the thermal energy of
solutions. Therefore, the water, performing work, is cooled upon pene-
tration into the draw solution and cools it. In this case, a minor differ-
ence appears in the temperatures of the draw solution and the
environment. Thereafter, the mixture temperature is restored due to
heat transfer from the environment. In the reversible system, the pro-
cesses are usually infinitely slow. It is assumed then that in the com-
bined system (solutions + environment), the temperature is always
uniform. The environment serves as a thermostat of extremely large
heat capacity.

Note that this description of work production due to the heat of the
environment is in fair agreementwith the second lawof thermodynam-
ics. The lawprohibitswork production in the process which results only

in heat absorption from a reservoir and in complete conversion of this
absorbed heat into work [11, p. 94]. In reversible osmotic systems, the
absorption of heat from the environment (reservoir) is connected not
only with work production but also (which is of high importance)
with the process of concentration variations. Therefore, the second
law is not violated.

It might be surprising that the useful work is performed due to the
thermal energy of the environment whereas the amount of work is cal-
culated in terms of the change in the Gibbs energy upon solutionmixing
without involvement of the environment. The point is that calculations
according to Eq. (9) use the thermodynamic parameters only of the ini-
tial and final states of the system of solutions. A concrete realization of
the reversible process of mixing does not describe Eq. (9) and may be
realized by variousmethods including the active participation of the en-
vironment [13] (which is demonstrated above). No matter what is the
way the reversible process follows, the value of the maximal useful
work will be unambiguously calculated from Eq. (9). Therefore, the re-
sults of theoretical studies e.g., [1–6], using the Gibbs energy to carry
on thermodynamic calculations upon description of osmotic phenome-
na, cannot undergo substantial changes. Minor corrections in calcula-
tions, related to the change in temperature upon mixing, are of no
essence because of a small change in temperature.

4. Estimation of temperature variations upon reversible mixing

Let us estimate the change in mixed water temperature due to the
reversible process of mixing which results in reversible work. Solutions
are taken as ideal. The reversible mixing is followed by the cooling of
mixed water whose temperature may increase to the ambient one
uponheat transfer. It is assumed then that the heat transfer from the en-
vironment to water solutions is highly slow which allows one to esti-
mate the maximal cooling. Therefore, only the resulting mixture of
draw and feed solutions is first cooled.

Calculate now the change in temperature upon reversible mixing of
one liter of the draw solution with several moles (N1) of the feed solu-
tion. One liter of the draw solution contains 55.5 mol of (N0) molecules
among which there are nmoles of ions. We assume that n ≈ 1.2 M [4].

The process of mixing causes the change in the Gibbs energy of both
water and dissolved ions.

ΔG mixingð Þ ¼ ΔG mixing; ionsð Þ þ ΔG mixing; waterð Þ: ð10Þ

It is worth noting that since the Gibbs energy is a state function, its
variations are independent of process character, i.e., reversible or irre-
versible, with or without work production.

For ions, the change in the Gibbs energy is of the form

ΔG mixing; ionsð Þ
¼ n μo

ions þ RT ln
n

N0 þ N1

� �
−n μo

ions þ RT ln
n
N0

� �
; ð11Þ

where μionso is a standard, chemical ion potential inwater, n
N0þN1

is amolar

fraction of ions in the formedmixture of draw and feed solutions, and n
N0

is a molar fraction of ions in the initial draw solution. Assuming that
n ≪ N0, we get

ΔG mixing; ionsð Þ≈−nRT lnα; ð12Þ

where α is the coefficient of dilution equal to

α ¼ N0 þ N1

N0
: ð13Þ
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