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Abstract We have studied suspensions of hard-magnetic
BaFe ,0,9 particles in water, ethanol and 1-butanol. The
surfaces of these particles were previously modified with
the surfactant dodecylbenzylsulphonic acid. The stabilities
of the suspensions were estimated from their saturation
concentrations and zeta potentials. We found that the
1-butanol suspensions were more stable than the ethanol-
based suspensions and much more stable than the water-
based suspensions. We analyzed the suspensions and the
dispersed particles using gravimetry, conductometry and
transmission electron microscopy, measured their zeta
potentials, and calculated the interparticle-attraction inter-
action energies due to the van der Waals and magnetic
dipole—dipole forces. The magnitudes of the attraction
energies varied significantly with the particles’ sizes and
the separation distances between the particles, and we
found that the contribution of the van der Waals attraction
energy can be neglected with respect to the magnetic
dipole—dipole attraction. The observed differences in the
stability of the suspensions were explained on the basis of
the calculated electrostatic and steric repulsion energies.
Electrosteric stabilization was possible in the 1-butanol and
the ethanol for particles with radii and thicknesses up to
15 nm, while a too small electrostatic repulsion and the
absence of steric repulsion in the water resulted in rapid
agglomeration.
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Introduction

Ba ferrite, BaFe|,0,9, is a well-known magnetic material
that is suitable for a variety of applications, like electric
motors, magnetic recording, microwave and millimetre-
wave devices and absorbers. Depending on the application,
Ba ferrite is used in the form of bulk, powder, films or
composites. Composite materials can have properties that
match, or even exceed, those of the constituent phases
[1-4]. Magnetic particles are also used for biomedical and
technical applications in the form of suspensions, like
ferrofluids and magneto-rheological fluids [5-8].

The main problem during the preparation of homoge-
neous magnetic composites and magnetic suspensions is
how to overcome the magnetic attraction between the par-
ticles and, consequently, to prevent their agglomeration.
In general, particles tend to agglomerate due to the attraction
by the van der Waals forces when they approach at distances
of a few nanometres [9]. Magnetic particles are additionally
attracted by the magnetic dipole—dipole forces. Stabile sus-
pensions can be prepared when a high enough electrostatic
and/or steric repulsion is provided between the particles by
the application of surfactants or polymers [5, 6, 9—14].

Other existing solutions to the agglomeration problem
were applied to soft-magnetic particles, which can be
directly synthesized in a carrier liquid or in a polymer
matrix at low temperatures [15, 16]. The particles’ surfaces
are coated with a non-magnetic layer, which prevents any
magnetic attraction between the particles. Such surface-
modified particles can then be subsequently incorporated
into various matrices. Minimum temperatures of 500 °C
are required for the crystallization of Ba ferrite [17, 18],
and these temperatures are too high for any synthesis in
liquids. An alternative solution is to replace the organic
polymers with Si-based polymers (i.e., tetraetyhletoksi
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silane = TEOS) [19-21]. Here, ferrite precursors crystal-
lize into ferrites coated with SiO,, which crystallizes from
the TEOS during annealing at 600-1100 °C [19, 21].
However, this synthesis is only appropriate for spinel fer-
rites. In the case of Ba ferrite precursors, Ba silicates
crystallize together with Fe oxides instead of only Ba fer-
rite and SiO, [18].

It seems to be a very challenging task to synthesize Ba
ferrite composites or composite particles directly. There-
fore, it would be of great advantage if the as-synthesized
Ba ferrite particles could be dispersed in a solvent in which
each individual particle could later be coated with the
nonmagnetic layer. The aim of this work was to study the
stabilization of single-domain Ba ferrite particles in polar
solvents.

Theory and calculation

Ba ferrite particles suspended in a solvent are attracted by
the van der Waals and magnetic dipole—dipole forces.
The van der Waals attraction energy (E,q) depends on
the separation distance between the particles (/) and on
the electrodynamic interactions between the species at the
particle’s surfaces and the solvent molecules included in
Hamaker constant (A). The magnetic dipole—dipole inter-
action energy (E,,) depends on the magnetic properties of
the particles and on the separation distance between the
particles. The Ba ferrite particles in our study were plate-
like and single domain. Such a single-domain magnetic
particle is fully saturated and so it aligns easily in the
direction of the magnetic field. The magnetic axis of a Ba
ferrite particle has the same direction as its crystallographic
c-axis, i.e., perpendicular to the large surface of the parti-
cles. Consequently, single-domain Ba ferrite particles will
align with their large planes together and form columnar
agglomerates. Since our aim was to estimate the largest
possible attractive interaction energies between the two
particles, the magnetic repulsion contribution was neglec-
ted in our calculations. The described geometry was con-
sidered in our calculation of the attraction energy between
the Ba ferrite particles using Eqgs. 1 and 2 [13, 22], derived
from generally known equations [2, 9, 23, 24].
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Here, r is the radius of a particle and D is its density, / is the
thickness of a particle, / is the separation distance between
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the particles, o = 47 x 1077 J/Am? is the permeability of
a vacuum and M; is the saturation magnetization of Ba fer-
rite. In the calculations we considered crude Ba ferrite par-
ticles with no surfactant layer. The Hamaker constant (A) for
the ferrite/water system was considered tobe 4.5 x 1072° J,
as previously in [22], and the Hamaker constants for the Ba
ferrite/1-butanol and Ba ferrite/ethanol systems were esti-
mated as in [25, 26] and were approximately A ~ 5.3 x
107°°J for the 1-butanol and A ~ 2.0 x 107*° J for the
ethanol.

The repulsive interaction potential due to the electro-
static and steric forces arising from the surfactant layer was
also considered. The electrostatic interaction potential (ER)
between two particles can be calculated with Eq. 3 [9].
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Here, F is a geometry factor, /5 is the surface potential
and can be approximated with the measured zeta potential
(O) [9, 11], x is the reciprocal Debye—Hiickel parameter,
o = 8.854 x 107'? As/Vm is the permittivity constant of
a vacuum and ¢ is the relative permittivity of a solvent, n;
is the number density of the ion i in the medium and Z; is
the charge of the ion i, and ¢y = 1.6022 x 107" As is the
elementary electron charge and k = 1.38 x 1072° J/K is
the Boltzman constant. Considering the plate-like geome-
try, Eq. 4 can be derived from Eq. 3.

The evaluation of the steric interaction is even more
complex than that of the electrostatic [10, 12, 14]. First, the
steric interaction only acts at relatively short separations:
up to double the thickness of the surfactant layer (I < 2f).
Second, the interaction mechanism between the surfac-
tant’s chains and its strength depends on the density of the
surfactant molecules/chains and their interaction with the
solvent. The stabilizing layer around the particles usually
consists of the surfactant and the solvent molecules, and
the surfactant concentration has to be determined together
with the so-called Flory—Huggins parameter (y) for each
system: a surfactant is soluble in a solvent if y < 0.5 [12].
The third, and the most difficult parameter to determine, is
the interaction volume of the surfactant layer between the
two approaching particles. This is because not all the sur-
factant chains repel when two particles approach at a small
enough distance. Some of the surfactant chains may par-
tially interpenetrate from the stabilizing layer of one par-
ticle into another, and some molecules may be desorbed or
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even attracted by special functional groups. In addition, a
certain volume fraction of the solvent is squeezed out
and, consequently, the surfactant concentration increases.
A simplified calculation of the steric energy is given in
Eq. 5 [27], where a good solvent was assumed (y = 0) and
the fact that the used surfactant was a much shorter mol-
ecule than the long polymer chains was neglected.

(L) () ) o

Here, a is a monomer length (in this study the largest frag-
ment of the DBSa molecule was considered = 0.24 nm), ¢
is the volume fraction of the surfactant in a surface layer with
athickness# (=2 x 2 nm, in our study) and 0 is the thickness
of the overlapping surfactant layer between the two parti-
cles, where 6 = 0 for/ > 2rand 0 = 2t — [ for [ < 2t.

In general, the strong enough repulsion results in an
energy maximum that prevents the agglomeration of the
particles if it is large enough (>5 kT). In the absence of the
energy maximum, rapid agglomeration occurs and its rate
can be expressed by Eq. 6, where k is the rate constant and
n is the viscosity of the medium [11]. However, in the
presence of an energy maximum (E,.x) the rate of
agglomeration (k) becomes slower and can be expressed
with Eq. 7 [11].

8kT
ko = on (6)
k 1
k= W(;’ where W = EeE"“‘/kT (7)

Experimental procedure
Powders

In this study we used commercial Ba ferrite particles
(Aldrich, Steinheim, Germany) with a stated average
diameter of 60 nm. This commercial powder was selected
because it is easily available to other researchers and
because a similar powder morphology and particle-size
distribution is obtained with the majority of soft-chemical
synthesis methods [28-30]. Observations with a transmis-
sion electron microscope (TEM, Jeol 2100, Tokyo, Japan)
revealed that the particles were platelets with a broad
particle-size distribution (Fig. 1a), and the particles’ sizes
were determined from several TEM images (as an example,
see Fig. 2a in “Stability of the suspensions” section).
Although the statistics of the determined thicknesses were
poorer than those of the radii, due to the preferential
alignment of the anisotropic particles, we managed to get
reliable values by inspecting a sufficient number of TEM
images. We were able to distinguish roughly five fractions
(see table inserted in Fig. 1a).
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Fig. 1 The particle-size distribution of the studied Ba ferrite powder
(a) and its magnetization curve (b) measured with VSM (squares) and
with SQUID (circles), where r denotes the radius and / denotes the
thickness

The magnetic properties of the Ba ferrite powder were
measured with a vibrating-sample magnetometer (VSM,
Lake Shore 7312, Westerville, OH, USA). The particles
exhibited typical ferrimagnetic behaviour (Fig. 1b), with a
high coercivity of 306 kA/m, which is typical for hard
magnets, and a remanent magnetization of 17 Am?*/kg. The
magnetization at the maximum applied field of 800 kA/m
was 31 Amzlkg. However, this field of 800 kA/m was not
enough to saturate the particles due to their high magneto-
crystalline anisotropy (1353 kA/m) [31]. Therefore, an
additional measurement was carried out with a Quantum
Design SQUID magnetometer (MPMS XL-5, San Diego,
CA, USA) that had a maximum magnetic field of 1980 kA/
m. The saturation magnetization of the Ba ferrite powder
measured at 1980 kA/m was M, = 39 Am2/kg (Fig. 1b).
This is an average value for the whole powder; it was not
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Fig. 2 TEM images of the studied Ba ferrite particles from the 1-day-old water (a) and the 1-butanol (b) suspensions and from the 6-day-old

1-butanol suspension (c)

Table 1 Basic materials properties used in the calculations: the
abbreviations are the same as used in the main document

Property Ba ferrite 1-Butanol  Ethanol Water
M, (Am*/kg) 20 (fractions 1-2)
39 (fractions 3-5)
p (kg/m) 5300 800 789 1000
7 (mPa s) 2.99 1.2 1.0
n 2 1.3993 1.361 1.3330
€ 17.84 24.6 78.5
{ (mV) +52 +39 —23 (pH=179)
—40 (pH > 10)
n; (m™?) 1.7 x 10° 1.4 x 10°° 7.2 x 10*®
1/x (nm) 12.15 15.74 1.23
¢ 0.18 0.20

possible to measure directly the M; of particles with a spe-
cific size. Therefore, we estimated the M, value (Table 1) for
the two smallest size fractions, 1 and 2, based on the liter-
ature data and considering the surface effect on the M value
of the nanoparticles [32, 33] to be My ~ 20 Amz/kg, while
the measured value M ~ 39 Am?/kg was considered for
the larger size fractions, 3-5.

Suspensions

The Ba ferrite suspensions in water were prepared
with dodecylbenzenesulphonic acid (DBSa; Alfa Aesar,
Karlsruhe, Germany). The Ba ferrite powder was milled
with the DBSa in water (mass ratio Ba ferrite:DBSa:
H,O:NH; = 1:2:40:0.08) for 2 h in a planetary mill. NH3
was used to adjust the pH to a value of 11. After milling,
the slurry was diluted 20x with water and then ultrasoni-
cated (VCXS500 Ultrasonic Processor, Sonics & Materials,
Newtown, CT, USA) with a power of 250 W for 3 s.
A slightly different procedure was used for the preparation
of the Ba ferrite suspensions in ethanol and in 1-butanol.
The Ba ferrite powder, water and DBSa (mass ratio Ba
ferrite:DBSa:H,O = 10:1:300) were mixed together. The
pH value of the suspension was fixed with 1-M HNOj; at
1.5. The suspension was then stirred at the boiling point of
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water for 2.5 h. Next, the suspension was cooled down and
washed with water and acetone to remove any surplus
DBSa. After that the powder was dried at 60 °C and
re-dispersed in ethanol or 1-butanol with pulsed ultrasound
(300 W/puls and 5 min).

The stability of the Ba ferrite particles was determined
with zeta potential measurements (Zeta PALS Zeta
Potential Analyzer, Brookhaven Instruments Corporation,
Holtsville, NY, USA), taking into account the solvents’
dielectric constants, viscosities and refractive indices (see
Table 1). The pH during the measurements of the water
suspensions was varied between 2 and 11 with the HCI or
NaOH solutions (0.1 or 1 M). The zeta potentials of the
saturated suspensions in ethanol and 1-butanol were mea-
sured with single-point measurements. The concentrations
of the suspensions were analyzed on the first and sixth day
after the suspensions were prepared in order to obtain the
saturation concentration of the stabile suspensions by
weighing the suspension before and after the heat treatment
at 420 °C. The total concentration of the DBSa was also
determined in this way. The concentration of the DBSa,
dissolved in a solvent, was determined with a measurement
of the conductivity (Conductometer Knick—Portamess,
cell constant 0.475) by using a standard addition method.
The concentration of the DBSa on the particles’ surfaces
was calculated from the difference between the total and
the dissolved fractions of the DBSa. The dried particles
from the suspensions were deposited on a Cu grid and
observed with a Jeol 2100 TEM.

Experimental results and discussion
Stability of the suspensions

The stability of the suspensions was examined with
gravimetric tests after various sedimentation times. The
concentrations of Ba ferrite particles in the 1-day-old sus-
pension prepared with the initial powder concentration of
1 mass% (see “Suspensions” section) were 0.042 vol.% in
1-butanol, 0.031 vol.% in ethanol and 0.02 vol.% in water.
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The concentration of the Ba ferrite particles decreased after
6 days to 0.021 vol.% in 1-butanol and to 0.019 vol.% in
ethanol, while the water suspensions sedimented com-
pletely in 6 days.

TEM images (Fig. 2) show the dispersed particles and
some remaining agglomerates. The fraction of dispersed
particles in the 1-butanol is higher than in the water. This is
consistent with the superior stability of the 1-butanol sus-
pensions. It can also be seen that the concentration of large
particles is significantly lower in the 6-day-old 1-butanol
suspension (Fig. 2¢) than in the 1-day-old 1-butanol sus-
pension (Fig. 2b). Only particles with maximum radii up to
20 nm were observed in the 6-day-old 1-butanol suspen-
sion. A similar situation was observed in the ethanol sus-
pensions. These results indicate a similar final stability of
the I-butanol and the ethanol suspensions. However, a
parallel test of concentrated suspensions with an initial
concentration of Ba ferrite particles equal to 33 mass%
(as opposed to the regular 1 mass%) proved the superior
stability of the 1-butanol suspensions over the ethanol ones.
Namely, the final saturation concentration of the Ba fer-
rite particles in the 1-butanol suspensions was signifi-
cantly higher than in the ethanol: 0.84 and 0.19 vol.%,
respectively.

The superior stability of the 1-butanol suspensions was
also confirmed with the zeta potential measurements. The
zeta potentials of the different suspensions are listed
in Table 1. The maximum (absolute value) of the zeta
potential in water, —40 mV, was measured at pH > 10.
However, the zeta potential of these water suspensions at
pH > 6 was only slightly higher (absolute value) than that
of the suspensions of crude Ba ferrite particles (without any
addition of the DBSa) [34]. This suggests that the zeta
potential of the basic water suspensions originates mainly
from the charged particle surfaces and there is no signifi-
cant interaction between the particles and the DBSa. This is
to be expected since the particles’ surfaces and the DBSa
are both negatively charged at pH > 7. The DBSa, with the
chemical formula HO;S-C¢H,—C,H,s, has a polar sul-
phonic group (HO3S-) and a long, non-polar tail (-C,H,5)
on a benzene ring (-C¢Hy—) and dissociates via sulphonic
groups (-SO3’) at pH > 1 (pKa < 1). In contrast to this, the
1-butanol suspensions showed a significantly higher and
positive zeta potential, 52 mV, which indicates a stronger
electrostatic repulsion between the Ba ferrite particles and
a higher stability in the 1-butanol than in the water. These
suggest that a double DBSa layer was formed around the
Ba ferrite particles, as was also confirmed previously with
the IR spectroscopy [35]. This is a consequence of the
different preparation procedure (see “Suspensions” sec-
tion) when compared to the water suspensions and can be
explained as follows: the positively charged particles’
surfaces in acidic water media (pH > 1) enabled the

adsorption of the DBSa via the dissociated sulphonic
groups onto their surfaces. The DBSa molecules oriented
with the polar sulphonic group toward the particles’ sur-
faces, while at the same time the non-polar surfactant tail is
oriented into the polar medium (water). This can be written
as PT*—7035-C¢H,~C,H,s, where P denotes a particle’s
surface and — represents a physical bond formed by
electrostatic attraction. Such particles are hydrophobic and
in acidic water media tend to form flake-like agglomerates.
When such particles are washed with acetone, dried and
redispersed in 1-butanol the DBSa molecules must rear-
range in order to show the positive zeta potential. This can
be written, in a very simplified manner, as: PT—"0,8-
C6H4—C12H25 C12H25—C6H4—SO3_—H3O+. Due to the
same preparation procedure for the ethanol and 1-butanol
suspensions, the same stabilization mechanism can be
assumed for both of them. The lower value of the zeta
potential in ethanol suspensions, 40 mV, when compared
to the 1-butanol suspensions, can be attributed to the dif-
ferent polarity of the solvents [35].

Interaction energy in 1-butanol suspensions

In the following we estimate the conditions for the stabil-
ization of the studied Ba ferrite particles in 1-butanol
in order to understand the reason for their stability.
We compared the obtained data with the ethanol and water
suspensions.

First, we estimated the effect of gravity on the parti-
cles with no magnetic field applied. The particle-settling
velocity (v) due to gravity was calculated using Eq. 8
and compared to the Brownian displacement (x) caused
by thermal fluctuations that was calculated with Eq. 9
[9].

r’g(ps = pp)

TP ®

2kTt
x= ”n’_r]r )

Here, p; is the density of the solvent, p;, is the density of the
Ba ferrite and g = 9.8 m/s” is the acceleration due to
gravity, T = 293 K is room temperature, # is the viscosity
of the solvent and # = 1 s time. The materials data are
listed in Table 1. The Brownian motion exceeds, by several
orders of magnitude, the settling velocity due to gravity,
even for the largest particles, suggesting that the gravita-
tional force has no significant influence on the studied
particles.

The interaction energy between the particles in the
1-butanol suspensions with respect to their separation dis-
tance calculated with Egs. 1, 2 and 4 is shown in Fig. 3.
Note that only the interesting sections of the calculated
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Fig. 3 Energy of the interaction between the Ba ferrite particles in 1-butanol with respect to the separation distance: van der Waals energy
(squares), magnetic dipole—dipole energy (circles), electrostatic energy (filled triangles) and total energy (empty triangles)

data are presented, for the sake of clarity, and that the
curves of fractions 4 and 5 show no qualitative difference
with respect to those of fraction 3. The van der Waals
attraction energy between the particles can be neglected
with respect to the magnetic dipole—dipole attraction. The
absolute values of the attractive interaction energy increase
with particle size, while at the same time, the relative
contribution of the van der Waals attraction vs. the mag-
netic attraction decreases. To be precise, the van der Waals
attraction energy is only comparable to the magnetic
attraction energy at separation distances up to 3 nm for the
smallest particles (fraction 1, »r = h = 10 nm) and this
decreases to a separation distance of 1 nm for the largest
particles (fraction 5, r = 65 nm, 2 = 33 nm).

In general, the magnetic particles will not agglomerate
if the thermal energy is larger than the magnetic attraction
energy. This also assumes that Brownian motion prevails
over the magnetic attraction. The minimum separation
distance (Fig. 3; Table 2) at which the thermal energy at
room temperature (4 x 1072' J =1 kT) exceeds the
magnetic attraction energy strongly depends on the par-
ticles’ sizes, and is between 4 nm for the smallest parti-
cles (fraction 1) and 560 nm for the largest particles
(fraction 5). This means that the particles should not feel
the magnetic attraction when covered with a nonmagnetic
layer that has a thickness of 2-280 nm. According to a
calculation based on the known bonding lengths and
bonding angles in the DBSa molecule, a single layer of
DBSa is approximately 2-nm thick. A 100% dense double
DBSa layer itself could, theoretically, screen the magnetic
attraction between the smallest studied particles, fraction
1. For the larger particles an additional stabilization
mechanism should be provided for their stabilization in
1-butanol.

The stabilization of the studied Ba ferrite particles in
polar solvents is supposed to be electrosteric: electrostatic
due to the dissociation of the sulphonic group (-SOs;H) and
steric due to the large DBSa molecule (C;,H,5—CgHy—
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SO5H). The electrostatic stabilization [9] results from the
electrostatic repulsion between the particles and can also be
assumed in 1-butanol suspensions of Ba ferrite particles
due to their large zeta potential of 52 mV (Table 1).
The electrostatic energy, calculated with Eq. 4, is also
presented in Fig. 3. The range of the electrostatic repulsion
is similar for all the particles’ sizes, as was reported before
[29]. The maximum electrostatic energy values of the two
smallest fractions, 1 and 2, are only around 1 kT, which is
small in comparison to the attraction energy, and the total
interaction energy (Et = Eygw + En + Er in Fig. 3) is
<0 kT. Although the repulsive electrostatic energy
increases with the particles’ sizes, this increase is negligi-
ble with the increasing magnetic attraction energy. There-
fore, the total interaction energy is in fact equal to the
magnetic attraction energy for the large particles, fractions
3-5. It can be concluded that the electrostatic repulsion
between Ba ferrite particles with a double DBSa layer is
too weak for their dispersion in 1-butanol.

An additional repulsion can be provided, i.e., via steric
repulsion. The steric repulsion acts at maximum distances
equal to the double thickness of the surfactant layer.
Taking into account the maximum possible thickness of
the nonmagnetic DBSa double layer (+ = 4 nm), we can
assume that the particles “feel” a steric repulsion at a
distance up to 8 nm. Since the magnetic attraction causes
the Ba ferrite particles to agglomerate at larger separation
distances (Table 2), the steric repulsion has no effect on
their stabilization. The only exceptions are the two smallest
particle fractions, 1 and 2, with the much weaker and
shorter-distance magnetic attraction. To confirm this we
estimated their steric repulsion energies (Fig. 4) using
Eq. 5 (see Table 1 for the parameter values). The calcu-
lated steric energy values increase rapidly with the
decreasing separation distance below 8 nm and exceed the
attraction energy by two orders of magnitude. The total
energy (Et = Eygw + Em + Er + E; in Fig. 4) shows a
high primary maximum for both size fractions. The steric
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Table 2 The separation distance between two Ba ferrite particles (/*)
at which the magnetic attraction exceeds the thermal agitation
(|Em| > kT), the thickness (*) of the nonmagnetic layer required for

screening the magnetic attraction between the Ba ferrite particles, the
total interaction energy at distance [*: E; = E,qy + Ey + Er and
Ey = Ep + Ey; and the total energy (E%) minimum

Fraction I* (nm) £ (nm) E; (KT) Ef (KT) E{ minimum

1 4 2 —-0.4 260 Not observed

2 17 8.5 —0.6 —0.6 Secondary minimum —1.9 kT at 8§ nm
3 171 86 -1.0 —-1.0 Primary minimum >10 kT at 50 nm
4 176 88 -1.0 -1.0

5 560 280 -1.0 —-1.0

repulsion significantly exceeds the magnetic attraction of
the smallest size fraction 1, even at the 4-nm separation
distance (also see Table 2; Fig. 3), at which the magnetic
attraction prevails over the thermal agitation in the absence
of any repulsion mechanism. Such a distance for the par-
ticle-size fraction 2 is at 17 nm, and this is well beyond the
steric repulsion range. The total energy at a separation
distance of 17 nm is weakly attractive (—0.6 kT) and the
secondary minimum of —1.9 kT is observed at a separation
distance of 8 nm (see enlargement in Fig. 4). Therefore,
the particles from fraction 2 are weakly flocculated and
they cannot agglomerate irreversibly due to the large
primary maximum resulting from the steric repulsion
energy. All these suggest that Ba ferrite particles with
r = h < 15 nm can be dispersed in 1-butanol. In contrast,
the magnetic attraction between the particles of larger
fractions is too strong and acts over a much longer range.
They agglomerate in a primary minimum at distances well
beyond the range of the electrosteric repulsion (see also
Table 2; Fig. 4).

It was shown previously [36, 37] that providing a strong
enough electrostatic repulsive force, which then prevails
over the van der Waals attraction between the superpara-
magnetic particles, results in a secondary minimum under a
moderate magnetic field, where particles agglomerate in
linear chains. When the magnetic field is turned off, the
particles can be spontaneously re-dispersed. However, at a
higher magnetic field strength, the particles could not be

re-dispersed spontaneously after switching off the field. We
can compare the latter case with our results. The large Ba
ferrite particles show a strong magnetic interaction (which
in fact corresponds to the applied magnetic field in [36])
causing their agglomeration deep into the primary mini-
mum, much deeper than 5 kT. Therefore, such particles,
once agglomerated, cannot be re-dispersed again. Only the
smallest particles, approaching the superparamagnetic limit
[33] and showing the weakest magnetic attraction, can be
electrosterically stabilized. This was actually proven
experimentally elsewhere [32, 35] using only the particles
of the smallest fraction and in this study: the old suspension
(Fig. 2c) contained only the particles with r < 20 nm,
which fit roughly into the two smallest fractions. Therefore,
we can conclude that the studied Ba ferrite particles cannot
be stabilized in 1-butanol with the DBSa unless the large
particles are separated and removed.

Comparison of the stability of the suspensions
in different solvents

Finally, we can compare the 1-butanol suspensions with the
others, i.e., the water- and ethanol-based suspensions. The
calculation of the interaction energy vs. the separation
distance only for the smallest particles is shown in Fig. 5
since magnetic attraction completely dominates the inter-
action energy of the larger particles (Fig. 3). The magnetic
interaction energy between the particles is not influenced
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Fig. 5 Energy of the interaction between the Ba ferrite particles of
the smallest fractions in ethanol and water with respect to the
separation distance: van der Waals energy (squares), magnetic

by the type of solvent. The solvent influences the van der
Waals attraction and this influence is determined with the
respective Hamaker constant. However, the variation of the
Hamaker constant of Ba ferrite in the used solvents is less
than an order of magnitude (see “Theory and calculation”
section). Therefore, the main difference between the used
solvents is the formation of a double layer resulting in a
different electrostatic repulsion energy, as was suggested
from the significant difference in their zeta potentials
(Table 1). The absolute value of the zeta potential in water,
23 mV, was less than half of the value in 1-butanol
(52 mV), while ethanol suspensions showed a 39-mV zeta
potential. Consequently, the total interaction energy
(excluding the steric repulsion) between two particles
(Et = Eygw + En + Eg in Fig. 5) is much lower in water
than in ethanol and 1-butanol (Fig. 3). We can see no
primary maximum for the two interacting Ba ferrite par-
ticles (not even for the smallest particles of fraction 1) in
water because of the very weak electrostatic repulsion.

As discussed above, only an electrostatic repulsion
exists between the Ba ferrite particles in water since no
(detectable) amount of DBSa was adsorbed onto their
surfaces. The lowest zeta potential and the highest elec-
trolyte (NH3) concentration in the water suspension also
result in the lowest electrostatic repulsion energy value,
thus explaining their poor stability. In contrast, the inter-
action behaviour between the two Ba ferrite particles in
ethanol is electrosteric (Et = Eyqw + Em + Er + E),
similar to that in 1-butanol (Fig. 4). This suggests that the
formation of a double DBSa layer was crucial for the sta-
bilization of the smallest particle fractions, 1 and 2.

In general, the strong enough repulsion results in an
energy maximum that prevents the agglomeration of the
particles if it is large enough (=5 kT). In the absence of an
energy maximum, rapid agglomeration occurs. However,
in the presence of an energy maximum, the rate of
agglomeration becomes slower. The rate of agglomeration

@ Springer

dipole—dipole energy (circles), electrostatic energy (triangles), steric
energy (empty circles) and total energy (empty triangles). Inset shows
an enlargement around O kT for fraction 2 in ethanol

Table 3 The rate of irreversible agglomeration of Ba ferrite particles
in different solvents: kq calculated from Eq. 6 and k calculated from
Eq. 7 for the fractions 1 and 2 in 1-butanol and ethanol

Solvent Fraction ko (k) (m>/s) Number of agglomerated
particle/s
1-Butanol 1 <1071 -
<1071 -
3-5 1.8 x 107%'  Fractions 3-4 = 22
Fraction 5 = 4
Ethanol 1 <1070 -
<1071 -
3-5 45 x 107?'  Fractions 3-4 = 55
Fraction 5 =9
Water 1-5 54 x 107%'  Fraction 1 = 1716

Fraction 2 = 509
Fractions 34 = 67
Fraction 5 = 12

is inversely proportional to the viscosity and the latter
increases in the direction of 1-butanol (see Table 1). The
calculated rate constants of irreversible agglomeration are
listed in Table 3. Equation 7 was only valid for the two
smallest fractions of the particles dispersed in 1-butanol or
ethanol, while rapid agglomeration, according to Eq. 6, can
be expected for all the other fraction/solvent combinations
where no primary maximum was observed (Figs. 3, 4, 5).
The data in Table 3 show that the main effect on the rate of
agglomeration originates from the primary maximum. No
particle from the two smallest particles of fraction 1 would
agglomerate in 1-butanol or in ethanol. This confirms their
stability in 1-butanol and in ethanol. In contrast to this,
more than 1000 particles of the same size can agglomerate
in 1 s in water. A similar situation is also true for fraction
2. The larger particles (fractions 3—5) agglomerate quickly
due to the absence of a primary energy maximum. The rate
of rapid agglomeration is the same in a particular solvent,
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regardless of the particles’ sizes. However, the rate of
agglomeration in 1-butanol is much slower than in other
solvents due to the highest viscosity of 1-butanol. The
latter can also be the reason for the experimentally
observed superior stability of 1-butanol suspensions over
the ethanol suspensions.

To conclude, we showed that it was possible to prepare
stabile suspensions in polar solvents from hard-magnetic
particles of a limited size and in limited concentrations. This
finding is important for the future development of hard-
magnetic liquids, since existing ferrofluids are most often
prepared from superparamagnetic particles, which possess
no remanent magnetization. As an example of the applica-
tion of Ba ferrite suspensions, the preparation of Ba ferrite
thick films with electrophoretic deposition from the studied
Ba ferrite suspensions in alcohols was reported in [35].

Conclusions

We studied the dispersion of hard-magnetic BaFe,O9
particles with a broad particle-size distribution (with radii
of 10-65 nm and thicknesses of 10-33 nm) in polar sol-
vents. The suspensions with up to 0.8 and 0.2 vol.% of
BaFe ;0,9 particles were obtained in 1-butanol and etha-
nol, respectively. The electrosteric repulsion between the
BaFe ,0,9 particles was possible due to the formation of
the double DBSa layer in 1-butanol and ethanol, while only
a weak electrostatic repulsion due to the particles’ surface
charge was obtained in basic water suspensions. The cal-
culations of the interparticle interaction energies proved
that the small particles, with radii and thicknesses up to
15 nm, could be dispersed in 1-butanol and in ethanol due
to a weak magnetic attraction in comparison to the large
electrosteric repulsion. The larger particles could not be
dispersed under the applied conditions, and for this reason
the experimentally obtained suspensions had very low
concentrations, below 1 vol.%, of BaFe ,0¢ particles with
radii up to 20 nm. Nevertheless, it was shown that stabile,
hard-magnetic fluids can be prepared from electrostatically
stabilized particles of sufficiently small size.
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