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The temperature dependence of the particle size distribution (PSD) of the magnetic fluid with an
additional biocompatible dextran layer was studied using a ultrasonic method. The measurements of
the ultrasound velocity and attenuation were carried out as a function of the volume concentration
of magnetite particles at temperatures ranging from 15°C to 40°C. In order to extract the PSD from
ultrasonic measurements, the theoretical model of Vinogradov-Isakovich was used. The extraction of
PSD from the ultrasonic data requires also the measurements the density and viscosity of the ferrofluid
samples. The calculated PSD of the magnetic fluid with an additional biocompatible layer shows a greater
thermal stability than that of a magnetic fluid with a single surfactant layer.

Keywords: magnetic nanoparticles, ultrasound, particle size distribution.

1. Introduction

According to the wusual definition, magnetic
nanoparticles can attain a size between 1 nm and
100 nm. Their importance relates to the fact that the
characteristics of the magnetic nanoparticles are dif-
ferent from those of bulk materials of the same com-
position, which is due mainly to the size effects, mag-
netic and electronic properties, and the role played by
surface phenomena as the size is reduced. Magnetic
nanoparticles dispersed in a carrier fluid are called
magnetic liquids or ferrofluids. Due to the possibility
of remote controlling the parameters of the fluid con-
taining magnetic nanoparticles with the aid of an ex-
ternal magnetic field, magnetic liquids have attracted
considerable interest because of potential applications
in technological, biological and medical domains, such
as seals, bearings, sensors, drug delivery or magnetic
hyperthermia.

The parameter that control the distinctive features
of magnetic nanoparticles in magnetic fluids is the par-
ticle size which determines the scale of interparticles
interactions and the concentrations. Real magnetic flu-
ids are always polydisperse systems with a log-normal
particle size distribution and a mean magnetic core di-
ameter of about 10 nm (REGULSKA et al., 2007; RASA,
2000).

Since the magnetic moments of the particles are
proportional to the volume of their magnetic cores,
larger particles can be oriented more easily at low field
strengths, and the smaller ones can be oriented only
under rather strong magnetic fields applied. As a re-
sult, the magnetization properties of a polydisperse
system differ from that of a monodisperse system even
in the case of very diluted magnetic fluids. More im-
portantly, a small fraction of the large particles in the
real system has a typical size of 15-20 nm. Since their
dipole-dipole interaction energy is considerably larger
than the thermal energy at room temperature, these
particles can aggregate into bigger structures. Exper-
iments have demonstrated that this small fraction of
large particles can play a major role in determining
the physical properties of polydisperse magnetic fluids
(BACRI et al., 1990). Aggregation of magnetic parti-
cles due to magnetic interactions could block vessels
and capillaries when magnetic fluids are used in drug-
delivering therapies. Thus prior to the use of a the mag-
netic fluid in medical therapies it is necessary to study
the particle (or aggregate) size distribution (PSD) and
its dependence on temperature.

Among the methods commonly used to measure
the PSD function and study its properties are ul-
trasonic techniques, which are recognized as very
promising from an industrial point of view (DUKHIN,
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GOETZ, 1998). In the so-called ultrasonic spectroscopy
(HORNOWSKI et al., 2008), the particle size distri-
bution and concentration of a colloidal dispersion is
usually determined by measuring the ultrasonic ve-
locity and/or attenuation coefficient as a function of
frequency and using a suitable mathematical model
to interpret the spectra. However, it was shown
(JOZEFCZAK et al., 2011) that in case of diluted mag-
netic fluids it is also possible to extract the parameters
of the PSD function from the dependence of ultrasonic
data measured only at one frequency on the concen-
tration of magnetic nanoparticles.

The purpose of this paper is to compare the PSDs
obtained by the ultrasonic method for two types of
magnetic fluids with different structures of the stabiliz-
ing layer. In order to achieve the repulsive mechanism
preventing agglomeration, the particles were coated by
a surfactant that produces an entropic repulsion. This
constitutes one stabilizing layer surrounding the mag-
netic core. However, some biomedical applications re-
quire an encapsulation of the magnetic core by an ad-
ditional inorganic or a polymeric coating that renders
the particles biocompatible and may serve as a support
for biomolecules. The first type of magnetic fluids stud-
ied in this work was composed of a single surfactant
stabilizing layer, the second one posses an additional
biocompatible layer.

2. Materials and methods

The superparamagnetic nanoparticles were pre-
pared by co-precipitation using ferric and ferrous salts
and ammonium hydroxide. The freshly prepared mag-
netic nanoparticles (magnetite) were sterically stabi-
lized by sodium oleate (ca. 1:1 to Fe3O4) to pre-
vent their agglomeration. By centrifuging 30 min at
9000 rpm an initial magnetic fluid (sample 1 — MF,
arose. Then, dextran (average molecular weight =
64000 Daltons) was added to achieve a dextran to
Fe304 weight ratio equal to 0.5 (sample 2 — MF Dex-
tran) (KONERACKA et al., 2010). Dextran is a poly-
mer (CgH1005),, of anhydroglucose having mainly
alpha-D(1-6) linkages with some unusual 1,3 gluco-
sidic linkages at branching points (BAUTISTA et al.,
2005).

From the magnetization curve obtained using
SQUID, the saturation magnetization and volume con-
centration, ¢g, of the magnetite particles in both sam-
ples were determined (RASA, 2000, ROZYNEK et al.,
2011). Samples with six different volume concentra-
tions of magnetite particles have been prepared by
diluting the initial ferrofluid with water. The volume
concentration of the samples studied can be found in
Table 1. This method of preparation of the samples
should not affect the particle sizes as these kinds of
ferrofluids have been shown to be stable for long peri-
ods. In other words, the measured PSD for the diluted

magnetic fluids is independent of the volume concen-
tration of the samples (YOON, 2009).

Table 1. Volume concentration of magnetic material, ¢,
for the samples studied.

o o1 o2 ¢3 $a ®s

(%] | B | [ | [%] | [%] | [%A]
MF 1.38 | 0.69 | 0.35 | 0.17 | 0.09 | 0.04

MF Dextran | 1.40 | 0.70 | 0.35 | 0.17 | 0.09 | 0.04

Samples

The ultrasonic measurements were carried out us-
ing the ResoScan (Germany) ultrasonic device, which
measures the ultrasonic velocity, ¢, and attenuation,
af~2, of the sample, where f is the frequency of the
ultrasonic wave. The resolution of the ultrasonic veloc-
ity is 0.01 ms~!. The relative error of the ultrasonic
attenuation coefficient was calculated from the series
of repeated measurements and is better than 5%.

The shear viscosity coefficient was measured using
a cone-and-plate Brookfield DV II+ viscometer within
10°C to 40°C temperature range with a temperature
control uncertainty of 0.2°C.

The density was measured using a DMA-38 oscil-
lating U-tube Anton Paar density meter that measures
sample density values accurately to 1 kgm™2 in the
temperature range of 15°C to 40°C.

3. Results and discussion

In order to extract the PSD from the ultrasonic
data, it was necessary to measure densities and shear
viscosities for both the types of magnetic fluids studied
in the experiment. The densities of the samples were
measured within the temperature range 15°C to 40°C;
the results of measurements are shown in Figs. 1 and 2.
The variation of the density with temperature for all
the samples studied obeys the quadratic relation.
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Fig. 1. Temperature dependencies of density of the mag-
netic fluid with a single surfactant layer (MF) for different
concentrations of magnetic nanoparticles.
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Fig. 2. Temperature dependencies of density of the mag-
netic fluid with both the surfactant and dextran layers for
different concentrations of magnetic nanoparticles.

Figures 3 and 4 show the temperature dependence
of the viscosity for both the types of the magnetic fluids

>
S » 1.38%
< 0.69%
& 0.35%
4r > v 017%
A 0.09%
= . O 0.04%
© 3F m  water
T >
= 2r < >
< 4 >
N
1+ g bot < N
B & <
g &
0 1 " 1 2 1 i 1 " 1 L 1 n 1
10 15 20 25 30 35 40
T[°C]

Fig. 3. Temperature dependence of the shear viscosity in
magnetic fluids with a single surfactant layer for different
concentrations of magnetic nanoparticles.

1.40%
0.70%
0.35%
0.17%
0.09%
0.04%
water

[ Ol R JWiNS 4

n [mPa-s]

v

>

<
S
10 . 15 l 2I0 ‘ 215
T[°Cl
Fig. 4. Temperature dependence of the shear viscosity in
magnetic fluids with both surfactant and biocompatible

layers for different concentrations of magnetic nanoparti-
cles.
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studied. The viscosity increases after the addition of
dextran and decreases with temperature according to
the Arrhenius law (JOZEFCZAK et al., 2013).

To calculate the PSD function from ultrasonic at-
tenuation data, information about the various physical
parameters of the solid particles and the liquid disper-
sion medium is required. The studied ferrofluids were
considered as aggregates composed of magnetite/oleic
acid in the case of the magnetic fluid with a single
surfactant layer and as magnetite/oleic acid+dextran
in the case of the magnetic fluid with both surfactant
and biocompatible shells. It was assumed that these
aggregates are spherical and dispersed in water. The
aggregates densities, the oleic acid and dextran vol-
ume concentrations can be calculated from the physic-
ochemical model described in details in (HORNOWSKI
et al., 2008; JOZEFCZAK et al., 2011).

The results of the ultrasonic velocity measurements
are shown in Figs. 5 and 6. The results obtained are in
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Fig. 5. Ultrasonic wave velocity as a function of the mag-
netite volume concentration in magnetic fluids with a single
surfactant layer for different temperatures.
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Fig. 6. Ultrasonic wave velocity as a function of magnetite
volume concentration in magnetic fluids with both surfac-
tant and biocompatible layers for different temperatures.
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a qualitative agreement with simple macroscopic the-
ories that predict a parabolic relationship between the
ultrasonic velocity in a colloidal mixture and the vol-
ume concentration of the continuous phase (CHALLIS
et al., 2005).

Figures 7 and 8 shows the experimental results of
ultrasonic attenuation, o f ~2, as a function of the mag-
netite particle concentration for temperature range of
10°C to 40°C. For all the temperatures the ultrasonic
attenuation increases with increasing volume concen-
tration of the magnetite particles.
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Fig. 7. Ultrasonic wave attenuation as a function of the
magnetite volume concentration in magnetic fluids with
a single surfactant layer for different temperatures.
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Fig. 8. Ultrasonic wave attenuation as a function of mag-
netite volume concentration in magnetic fluids with both

surfactant and biocompatible layers for different tempera-
tures.

The interaction between the acoustic wave and the
suspended particles of nanometer size leads to an ad-
ditional attenuation of the sound compared to that
in the carrier liquid, ag. This additional term A«
describes the attenuation that can be attributed to

visco-inertial, thermal, and scattering losses (DUKHIN,
GOETZ, 2001). The additional attenuation depends on
the particle size distribution that can be assumed to
obey a log-normal distribution characterized by the
density as a sum of the absorption coefficient of dis-
persion:

p(R) !

B 2o (R — Rp)
'exp(_ [In(R — Ry) —m]2> . 0

202

Here m is the logarithmic mean, ¢ is the logarithmic
standard deviation, and Ry is a minimal radius. The
mean m and standard deviation o which give the best
agreement between the measured and predicted ultra-
sonic attenuation can be found by a least squares ana-
lysis.

The mean value My, and root-mean-square devia-
tion Dy, of the particle radius R can be determined
from the expressions:

M = exp(m + 0.502) + Ry, (2)

D = exp(2m + o?)(expo — 1). (3)

To extract the parameters of the particle size dis-
tribution from ultrasonic attenuation data, the theo-
retical model proposed by Vinogradov and Isakovich
(VINOGRADOV, 2003) was used.

In this model three mechanisms are responsible
for the additional ultrasound attenuation in ferroflu-
ids with respect to that of the carrier liquid: visco-
inertial absorption, a,, associated with the difference
in density between the magnetic nanoparticles and the
carrier liquid, thermal absorption, a, associated with
the difference in the thermal properties between the
magnetic particles and the carrier liquid and scattering
losses, ag, associated with the difference in the acous-
tic impedance. Neglecting the scattering effect which
is very small for the wave with frequency equal to
8 MHz, the overall ultrasonic attenuation in the mag-
netic liquid per frequency squared can be conveniently
expressed as the sum of the first two contributions:

a o« ar
P PR “

The contributions to the attenuation of sound due

to viscoinertial and thermal processes are given by
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Here p, 8, n, ¢ and « are the density, adiabatic com-
pressibility, viscosity, velocity and sound absorption,
T is the temperature of the medium, and C, A\, and
v are the heat capacity at constant pressure, the heat
conductivity coefficient and the thermal expansion co-
efficient. The subscripts a and f refer to the properties
of the magnetite particles and the continuous phase,
respectively.

Figures 9 and 10 show the log-normal PSDs ob-
tained by the ultrasonic method for various tempera-
tures in the range of 10°C to 40°C.
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Fig. 9. Log-normal PSD functions in magnetic fluids with
a single surfactant layer obtained from ultrasonic measure-
ments for different temperatures.
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Fig. 10. Log-normal PSD functions in magnetic fluids with

both the surfactant and biocompatible layers obtained from
ultrasonic measurements for different temperatures.

Figures 9 and 10 present PSD functions extracted
from the ultrasonic attenuation data for both the types
of magnetic fluids studied in the experiment. The val-
ues of the PSD function parameters, m and o, as well
as the values of My and Dy for all temperatures are
listed in Table 2. The mean particle radius Mg, evalu-
ated from ultrasonic measurements is bigger by twice
as much as the average magnetic nanoparticle size.
This is because the ultrasonic granulometry gives the
value of the so-called “hydrodynamic” radius which is
greater than the size of the magnetic core by a mag-
nitude, ds + d,,, where d; denotes the thickness of the
protective surfactant layer/layers and d,, is the thick-
ness of the magnetically inactive layer on the surface
of the particles (PSHENICHNIKOV et al., 1996).

Table 2. Parameters m and o of the log-normal particle

size distribution, mean value My, and root-mean-square

deviation Dy of particle radius R calculated from ultrasonic
data for different temperatures.

Samle T T My x 10° | Dy x 108

P Cl [m] [m?]

10 [18.414]0.312| 12.57 40.90

MF 20 |20.1941.590|  8.01 140.10

30 |19.292(1.118|  9.82 125.78

40 |18.947/0.857| 10.53 125.78

10 [18.529]0.329| 11.47 34.95

MF-+Dextran | 20 |18:517/0.331| 11.59 36.11
30 |18.603|0.347| 10.85 32.49

40 [18.7230.370|  9.91 28.05

The PSDs of magnetic fluid with a single surfac-
tant layer shown in Fig. 9 change substantially with
temperature. This instability can be related to the cre-
ation and destruction of magnetic particle aggregates
and is confirmed by rather large values of the root-
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mean-square deviation Dg of the particle radius. How-
ever, at human body temperature this process seems
to run slower. The addition of the dextran layer has
a dramatic impact on the magnetic fluid PSD as can
be seen in Fig. 10. The PSDs show now an excellent
stability for all temperatures. This proves that apart
from providing additional biocompatibility, the dex-
tran layer can also prevent agglomeration of magnetic
nanoparticles.

4. Conclusions

The effect of a dextran additional layer on the par-
ticle size distribution was studied. The ultrasonically
determined PSD functions show that the surface mod-
ification of magnetic nanoparticles with dextran en-
hances the stability of biocompatible magnetic fluids.
This finding is in agreement with our studies of the
rheological properties of dextran modified magnetic
nanopaticles (JOZEFCZAK et al., 2013).
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