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We investigated the phenomenon of magnetically induced phase condensation in a
water-based magnetic nanocolloid with magnetite nanoparticles of 5 nm in diameter,
sterically stabilized by a double surfactant layer of myristic acid (MA) and dodecyl-
benzenesulphonic acid (DBS). It is found that the sample presents an asymptotic critical
temperature T =~ 40°C, above which no condensation occurs, no matter how intense
the external magnetic field is. Below the asymptotic critical temperature there is a
temperature dependent critical field Hc(T'), below which no condensation occurs and
above which the amount and the size (in the micron range) of the condensed phase
drops increase with the field intensity. The critical field exponentially increases as the
temperature approaches Too. From DLS investigations it was found that the magnetic
nanoparticles spontaneously agglomerated, most likely due to van der Waals and/or hy-
drophobic interactions, into clusters whose population diminished with the increasing
temperature.

Introduction. Phase condensation is among the most important structur-
ing phenomena in magnetic nanocolloids (a.k.a. ferrofluids, magnetic fluids or
magnetic nanofluids) that is important from both fundamental and technological
points of view. As a result of the phase condensation, which can be spontaneous,
but most often magnetically induced, the magnetic nanocolloid separates into two
phases at equilibrium [1-4]. The condensed phase drops, containing highly packed
magnetic nanoparticles, are suspended in the matrix of the diluted phase. In the
presence of an external magnetic field, the condensed phase drops are prolate el-
lipsoids aligned in the field direction with lengths that can range up to several
tens of microns and thicknesses that can range from several hundreds of nanome-
ters to several microns [5, 6]. The colloidal stability of magnetic nanofluids with
respect to the phase separation phenomenon depends on a variety of factors like
the magnetic nanoparticle concentration, size and size polydispersity, the colloidal
stabilization efficiency, temperature and magnetic field intensity.

In this paper, we investigate the magnetically induced phase condensation
phenomenon in an aqueous magnetic nanocolloid, where spontaneous particle clus-
tering occurs due to van der Waals and /or hydrophobic interactions. The influence
of the temperature both on the spontaneous clustering and on the magnetically
induced condensation is studied.

1. Experimental. A water-based magnetic nanocolloid with magnetite nano-
particles was produced by means of the chemical coprecipitation method [7]. The
nanoparticles were sterically stabilized by a double surfactant layer of myristic acid
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(MA), chemically adsorbed on the particle surface, and dodecyl-benzenesulphonic
acid (DBS), physically adsorbed on the MA layer. The sample’s magnetic particle
volume fraction was 2.3%. The particles’ size statistic was determined from TEM
investigations.

A Malvern Zetasizer Nano ZS instrument was used for Dynamic Light Scat-
tering (DLS) investigations of the sample’s structure in the temperature range
20-90°C and in the absence of external magnetic field.

The sample’s structure under the influence of an external magnetic field in
the temperature range 20-70°C was investigated by means of light extinction ex-
periments, using an in-house built optical bench [6]. Due to scattering on the
condensed phase drops, the light transmitted through the sample in the forward
direction, perpendicular to the magnetic field, is the more extinct the larger the
size and the number of the condensed phase drops. Thus, the extinction expressed
as
I(H=0)—-1(H)

Ext (H) = TH=0 (1)

measures the extent of the magnetically induced phase condensation in the sample
[6]. I(H) is the laser (He-Ne, A = 632nm) light intensity emergent from the sample
in the forward direction, after the condensation process reached equilibrium as the
result of the sudden onset of the magnetic field of intensity H.

2. Results and discussion. From the TEM analysis, the physical diameter
of magnetite nanoparticles was sampled. The physical diameter of the magnetite
particles in the sample was found to be D, = 5.1 £+ 1.1nm [7]. With an estimate
of the surfactant layer thickness of 2nm, the mean hydrodynamic diameter of the
coated single particles is about 9nm.

Fig. 1 illustrates the temperature dependence of the mean hydrodynamic di-
ameter as determined from the cumulants analysis of the DLS intensity autocor-
relation function [8]. The mean hydrodynamic diameter monotonously decreases
from 47nm at 20°C to 25nm at 90°C. The highest rate of diameter decrease is
within 30°C and 60°C. Compared to the estimated mean hydrodynamic diameter
of the coated single particles of about 9nm, the DLS hydrodynamic diameter in-
dicates that the colloidal particles from the structure of the sample are actually
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Fig. 1. Temperature dependence of the mean hydrodynamic diameter.
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Fig. 2.  DLS cumulative distributions by: (a) intensity ~ Df, and (b) volume ~ Dj.

clusters of magnetite nanoparticles. From the sensitivity of their size to the tem-
perature change, one can infer that the clusters are most likely due to van der
Waals and/or hydrophobic interactions. For the 5nm mean diameter magnetite
particles, the magnetic dipole-dipole interaction is exceeded by the thermal energy.

Fig. 2 shows the DLS cumulative distributions by the scattered intensity and
particle cluster volume, respectively, for four temperature values: 30, 50, 70 and
90°C. Because the scattered light intensity depends on the scaterer’s squared vol-
ume, the size distribution by intensity acts like a magnifier glass for the population
of large clusters. Fig. 2a shows a wide polydispersity of the clusters’ diameter and
that the increasing temperature diminishes the polydispersity by dissolving the
largest clusters. From the volume distributions one can estimate the volume frac-
tion of the large clusters. As an example, the clusters with the hydrodynamic
diameter larger than 40 nm sum up to about 8% at 30°C and up to only about 1%
at 70°C, from the total magnetite nanoparticle content of the sample.

The optical extinction was measured for several temperatures ranging 20°C to
70°C, and for several values of the magnetic field intensity in the range 0-240 kA /m.
After the temperature was stabilized, the magnetic field was suddenly turned on
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Fig. 3. (a) The magnetic field intensity dependence of extinction at several values of
the temperature, and (b) the temperature dependence of the critical field intensity and
the fit with Eq. (2).

at the preset intensity value. As the condensation process evolved towards equi-
librium, the extinction increased from zero to a saturation value (for details about
the kinetics of the magnetically induced phase condensation see [6]). Fig. 3a
displays the magnetic field intensity dependence of the saturation extinction at
several temperature values. Below 8 kA /m, no magnetic induced particle cluster-
ing takes place, i.e. Ext(H) = 0 over the entire temperature interval. Above
8kA/m, the clustering increases with field intensity, but at a constant field the
clustering sharply diminishes with the increasing temperature. For each temper-
ature, there is a critical field intensity value H.(T), below which no condensation
occurs. Similarly, at each field intensity H there is a critical temperature T.(H),
above which no condensation occurs. Fig. 3a shows that Ext(H) = 0 above 40°C,
thus indicating the existence of a finite asymptotic critical temperature T, above
which no condensation occurs, no matter how intense the external magnetic field
is (the asymptotic critical temperature can be viewed as a limit of Tc(H) when
H goes to infinity). This behaviour is typical for the phenomenon of magnetically
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induced phase transition [1, 2].

The values of the critical field were determined by linear extrapolation to zero

extinction of the first 2-3 nonzero extinction points on the curves Ext(H) at con-
stant temperature, as exemplified by the dashed line in Fig. 3a. The temperature
dependence of the critical field intensity H.(t) is plotted in Fig. 3b. One can notice
the asymptotic increase of the critical field with the increasing temperature. This
temperature dependence of the critical field intensity was theoretically predicted
by Cebers [2]:
_ 2kp TZ 5
 pom T =T )
where kp is the Boltzmann constant, pg is the magnetic permeability of vacuum
and T, is the asymptotic critical temperature. m is the magnetic moment of a
magnetite particle

He(T)

o umrD,BnMd7
6
where My = 4.84 - 105 A/m is the saturation magnetization of magnetite.
Using Eq. 2 to fit the experimental dependence of the critical field on the
temperature from Fig. 3b, one obtains for the asymptotic critical temperature
Too = 42.5°C, being very close to a temperature of 40°C, where we observe no
condensation for a maximum available field intensity of 240kA/m. A numerical

value for the first factor in the right-hand side of Eq. 2 was also obtained from the
fit

(3)

2KE _ .96 A /(mK). (4)
Hom

One can use Eq. 3 and Eq. 4 to estimate an effective mean magnetic diameter
of the particle clusters: Dy, e = 24nm. Due to the surfactant layer (2nm) and
to the nonmagnetic layer (0.85nm) at the surface of the magnetite nanoparticles,
an effective magnetic diameter of 24 nm leads to an estimate of the cluster hydro-
dynamic diameter of about 78 nm, which is much larger than the mean hydrody-
namic diameter obtained from DLS (Fig. 1). This discrepancy can be attributed
to the fact that the Cebers phase transition model assumes identical monodomain
particles with a temperature independent diameter. From the DLS cumulative
distribution by volume from Fig. 2b, the clusters with the hydrodynamic diam-
eter larger than 78 nm sum up to only 1.8% at 30°C from the total magnetite
nanoparticle content of the sample. Nevertheless, the experiments on successively
filtered samples carried by Rosensweig and Popplewell [9] showed that the phase
condensation could be triggered by only a small amount of large particles present
in the structure of a sample. Also, a theoretical evidence that an amount of large
particles less than 5% can be the main drive of the magnetically induced phase
instability in bidisperse magnetic nanocolloids was obtained by Ivanov in [3]. On
the other hand, the coincidence that the value of the measured asymptotic critical
temperature of 40°C lays roughly in the middle of the temperature range where
DLS shows the steepest decay of the clusters’ hydrodynamic diameter with the
increasing temperature, raises the question whether the observed phenomenon is

a pure phase transition.

3. Conclusions. The experimentally observed magnetically induced phase
condensation with asymptotic critical temperature is driven by the small fraction
of large particle clusters spontaneously formed due to van der Waals and/or hy-
drophobic interactions. This is consistent with the predictions of the theoretical
model developed by Ivanov [3] for the magnetically induced phase instability in
bidisperse magnetic nanocolloids. However, because both the size and the fraction
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of large spontaneous clusters show an abrupt decay with the increasing tempera-
ture across the observed asymptotic critical temperature, it is still an open question
if the observed phenomenon is solely the result of a pure phase transition.
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