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Thermodynamic properties of a water-based magnetic fluid sta-
bilized by a double layer of lauric acid deposited onto magnetite
are calculated on the basis of the values of magnetic fluid density
measured experimentally at various pressures and temperatures.
The pressure and temperature dependences of the density, iso-
baric coefficient of thermal expansion, and isothermal increment
of entropy of the ferrofluid are plotted, analyzed, and compared
with the corresponding data for water. The experimental values
obtained for the system concerned are described with the use of
the semiempirical Tait–Tamman equation of state. The tempera-
ture dependences obtained for the parameters of this equation are
analyzed and compared with the analogous dependences for water.

1. Introduction

Magnetic fluids are unique systems, which simultane-
ously react to an applied magnetic field and preserve
their fluidity property [1–3]. Researches of the thermo-
dynamic properties and the molecular structure of such
systems have both fundamental and application impor-
tance. According to the statistical theory of fluids and
liquid systems, their physical properties depend on the
molecular structure, which, in turn, is sensitive to the
density of a system. By changing the pressure in the
system, it is possible to change its density and its molec-
ular structure [4]. Therefore, researches of the influence
of high pressures on the physical properties of magnetic
fluid systems allows some details of interrelations be-
tween the physical properties of magnetic fluid systems
and their molecular structure to be elucidated. It should
be noted that the magnetic fluid systems are widely used
in the technical facilities and are promising for medical
applications. The size of magnetic particles in a liq-
uid system (of about 10 nm) determines their single-
domain state and makes such systems sensitive to an
external magnetic field. The interaction between par-
ticles in a magnetic fluid system can be controlled by
varying the physical properties of stabilizing layers cov-
ering magnetic particles. The stabilizing surfactant lay-
ers in a magnetic fluid system can provide an interface

for functional molecules and complexes [4–6]. For to-
day, there already exist the magnetic fluid systems with
a wide spectrum of physical properties, which have been
created on the basis of water, hydrocarbons, and liquid
metals [7–12].

This work is aimed at the experimental research of the
thermodynamic properties of the magnetic fluid system
created on the basis of water and magnetite, which is
stabilized by a double layer of lauric acid around mag-
netite particles. Nanoparticles of magnetite Fe3O4 are
used as a magnetic material in the studied magnetic fluid
system. The volume fraction of magnetite in the studied
ferrofluid was 2.4%.

2. Experimental Technique

The P–V –T studies of the water–magnetite–lauric acid
system are executed with the use of the bellows piezome-
ter method [4]. A piezometer was equipped with a dif-
ferential transformer sensor for measuring the linear dis-
placements. The P–V –T data for the examined fluid
magnetic system are obtained on an installation, which
includes a system for the creation and measurement of
high pressures, a system for temperature measurement
and control, a working chamber, and a registration unit.
The block diagram of the installation is depicted in
Fig. 1. The installation allowed the P–V –T data of the
fluid system to be obtained in the pressure range 0.1–
101.3 MPa and the interval of temperatures 290–330 K.

The data on the density of the system at the vapor-
liquid equilibrium curve are obtained with the help of the
pycnometric method. The pycnometer-assisted measure-
ment of the density consisted in determining the mass
of a substance in the known volume. The error of mea-
surements of the density was ±0.04%.

The diagram of a working chamber for P–V –T mea-
surements is shown in Fig. 2. The bellows was filled
with a liquid under vacuum. An increase of the pressure
in the autoclave resulted in changing the bellows length
only, whereas the transverse cross-section of the bellows
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Fig. 1. Block diagram of the installation for P–V –T researches
in liquid systems: (1) working chamber core, (2) sealing system,
(3) high-pressure autoclave, (4) outer shell of the high-pressure
autoclave, (5) electroheater winding, (6) fiber glass, (7) protection
cell, (8) resistance thermometers, (9) cuvette for a thermometer

remained constant. To register the variations of the bel-
lows length, we used a differential transformer sensor for
measuring the linear displacements, which consisted of
two combined transformers with a common mobile core.
A high sensitivity of the sensor was achieved owing to
the application of two secondary windings, which were
wound oppositely to each other. The voltage across the
secondary winding depended on the position of the core,
which was rigidly connected with the working bellows.
An advantage of using the transformer sensor for mea-
suring the bellows length was the presence of a substan-
tial (of about 15 mm) linear section in its characteris-
tic, which enabled the rather small displacements of the
core (of about 0.001 mm) to be measured, as well as
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Fig. 2. Scheme of the working chamber for P–V –T measurements

the insignificant corrections for the temperature and the
pressure. Such corrections could be made determined
by graduating the length sensor. In the framework of
this technique, the bellows volume was calculated by the
value of induced emf.

3. Results and Their Discussion

In Table 1, the experimental results obtained for the
density of the water–magnetite–lauric acid system are
quoted together with the corresponding data for water
obtained on the same installation. One can see that, in
the given temperature interval, the density of the water-
based magnetic fluid system increases much more rapidly
with the pressure than the water density. This fact tes-
tifies that the repulsion forces between molecules in this
magnetic fluid system are smaller than those in water.

Using the obtained P–V –T data, we calculated the
isobaric coefficient of thermal expansion for water and
the studied magnetic fluid system according to the for-
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Fig. 3. Baric dependences of the isothermal entropy increment for
the water–magnetite–lauric acid system and water at temperatures
308.8 (1 and 3) and 317.4 K (2 and 4)
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The calculated values for the thermal expansion coeffi-
cient αP for water and the studied magnetic fluid system
are presented in Table 2.

The analysis of the data in Table 1 shows that the
isobaric coefficient of thermal expansion in the water–
magnetite–lauric acid system is several times lower than
that for water. Such a reduction of this quantity in the
analyzed temperature interval is associated with the in-
crease of the energy of intermolecular interaction in the
system, when magnetite particles covered with lauric
acid molecules are inserted into water. This effect takes
place owing to the action of attraction forces between
the inserted magnetic particles.

The obtained experimental data allowed us to calcu-
late the isothermal increment of the entropy using the

T a b l e 1. Baric dependence of the densities (kg/m3)
of the water–magnetite–lauric acid system and water at
temperatures of 308.8 and 330.2 K

T, K 0.1 МPa 10.0 МPa 50.0 МPa 103.2 МPa
water–magnetite–lauric acid

308.8 K 2481 2511 2633 2799
330.2 K 2467 2498 2618 2784

water
308.8 K 993 998 1014 1034
330.2 K 984 989 1005 1025

formula

TΔS = −T
P∫

P0

(
∂V

∂T

)
P

dP. (2)

The numerical integration was carried out, by using the
Simpson method. The isothermal increments of the en-
tropy calculated for water and the water–magnetite–
lauric acid system are depicted in Fig. 3.

The comparison of the baric dependences obtained for
isothermal entropy increments in the water–magnetite–
lauric acid system and pure water shows that the pres-
sure growth affects this parameter in the magnetic fluid
system to a much less extent than in water. There-
fore, proceeding from the obtained relations between
the entropy increments and the coefficients of thermal
expansion, the conclusion can be drawn that the sub-
stantial change of the latter, when water is added to
magnetite surrounded with lauric acid, is associated
with the action of two factors, namely, an increase of
the particle-to-particle interaction forces and a mod-
ification of the molecular structure of the fluid sys-
tem under study in comparison with the water struc-
ture.

The density of the water–magnetite–lauric acid system
obtained experimentally was described with the use of
the semiempirical Tait–Tamman equation of state

1
V0

(
∂V

∂P

)
T

= − A

B + P
, (3)

where A and B are the corresponding constants, V is
the system volume, V0 is the system volume at the at-
mospheric pressure, and P is the pressure. By ana-
lyzing the experimental data for water and the water–
magnetite–lauric acid system, we determined the con-
stants in this equation and compared them. From the

T a b l e 2. Isobaric coefficient of thermal expansion
αP ×103, (1/K) of the water-based magnetic fluid system
and water

P , MPa 307.0 К 308.8 К 317.4 K 319.3 K
water–magnetite–lauric acid

0.1 MPa 0.21 0.22 0.24 0.25
44.3 MPa 0.19 0.20 0.27 0.29
63.9 MPa 0.18 0.19 0.28 0.30
103.2 MPa 0.12 0.16 0.32 0.35

water
0.1 MPa 0.26 0.36 0.41 0.49
44.3 MPa 0.32 0.39 0.43 0.48
63.9 MPa 0.33 0.39 0.43 0.47
103.2 MPa 0.35 0.40 0.43 0.47
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Fig. 4. Values of the constant B in the Tait–Tamman equation
of state for the water–magnetite–lauric acid system (1) and water
(2) in the temperature interval under study

statistical substantiation of the Tait–Tamman equation
of state, it follows that the value of constant B in this
equation is proportional to the potential well depth in
the effective potential of the particle-to-particle inter-
action, and the value of constant A is reciprocal to
the steepness of the repulsive branch of this potential
[4]. As our experiment showed, the value of constant
A does not depend on the temperature, being equal
to 0.137 for water and 0.420 for the water–magnetite–
lauric acid system. Contrary to the constant A, the
quantity B in this equation does depend on the tem-
perature. In Fig. 4, the temperature dependences of
the coefficient B in the Tait–Tamman equation of state
are compared for the water–magnetite–lauric acid sys-
tem and water. As follows from the obtained values
for the magnetic fluid system, the latter is character-
ized by a smaller value of the derivative in the re-
pulsive branch of the potential and by a deeper ef-
fective potential of the particle-to-particle interaction
in comparison with the corresponding parameters of
the interaction potential between molecules in water
(Fig. 5).

4. Conclusions

To summarize, on the basis of the experimental P–V –
T data obtained for the magnetic fluid system (water–
magnetite–lauric acid) and water and their analysis
with the use of the Tait–Tamman equation of state,
we took the statistical substantiation of this equation
into account and drew conclusion that, for the stud-

Fig. 5. Effective potential of the molecule-to-molecule interaction
Φ̃(r̃) in water (1) and the water–magnetite–lauric acid system (2),
where Φ̃ = Φ/(kB Tm), r̃ = r/σH2O, kB Tm is the energy scale for
the thermal motion of molecules in a vicinity of the ice melting
point, and σH2O is the effective diameter of water molecules

ied magnetic fluid system, a reduction in the steepness
of the repulsive branch of the effective intermolecular
interaction potential is observed. At the same time,
the observed growth of the parameter B in the Tait–
Tamman equation of state for the water–magnetite–
lauric acid system in comparison with that for wa-
ter testifies to an increase of the potential well depth
in the effective potential of the interparticle interac-
tion by approximately 10%, which, in its turn, brings
about a reduction of the isobaric coefficient of ther-
mal expansion and a modification of the molecular
structure of the system concerned in comparison with
those for water. Hence, the examined magnetic fluid
system (water–magnetite–lauric acid) has a consider-
ably lower coefficient of thermal expansion in com-
parison with that of water, which can be explained
by a variation of the interparticle interaction energy
and by the reconstruction of a water structure, when
the magnetic particles covered with lauric acid are
added.
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РIВНЯННЯ СТАНУ МАГНIТНОЇ РIДИННОЇ СИСТЕМИ
НА ОСНОВI ВОДИ ТА МАГНЕТИТУ, СТАБIЛIЗОВАНОЇ
ЛАУРИНОВОЮ КИСЛОТОЮ

Л.А. Булавiн, К.О. Мороз, С.П. Недяк, В.I. Петренко

Р е з ю м е

Представлено результати дослiдження термодинамiчних вла-
стивостей магнiтної рiдинної системи на основi води та ма-
гнетиту, стабiлiзованої подвiйним шаром лауринової кислоти,
що нанесений на магнетит. Значення термодинамiчних власти-
востей дослiджуваної системи розраховано на основi експери-
ментально вимiряних для рiзних тискiв i температур значень
густини магнiтної рiдинної системи. Побудовано, проаналiзо-
вано та зiставлено з аналогiчними даними для води баричнi
та температурнi залежностi густини, iзобаричного коефiцiєнта
теплового розширення, та iзотермiчного приросту ентропiї до-
слiджуваного ферофлюїду. Отриманi експериментальнi P–V –
T данi для магнiтної рiдинної системи описано за допомогою
напiвемпiричного рiвняння стану Тейта–Таммана. Проаналiзо-
вано та зiставлено з аналогiчними даними для води темпера-
турнi залежностi параметрiв побудованого рiвняння стану.
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