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Colloidal stability in external magnetic field is crucial for applications of ferrofluids. Here, we introduce a
magnetic analysis approach to monitor how rapidly magnetic nanoparticles are pulled out of the liquid in an
external magnetic field gradient. The motion of the sedimentation front is deduced from the time-dependent
field produced by a column of ferrofluid placed on a permanent magnet. Citrate-stabilized nanoparticles in a
homemade aqueous ferrofluid are found to sediment at the rate expected of single nanoparticles. More rapid
sedimentation occurs in two other types of ferrofluid, indicating that our magnetic sedimentation analysis

method can differentiate ferrofluids with respect to their in-field colloidal stability. Our method is further va-
lidated by comparison with time-dependent X-ray transmission profiles.

1. Introduction

Ferrofluids are concentrated colloidal dispersions of magnetic na-
noparticles that behave as liquid magnets in external field. Oil-based
ferrofluids are used as lubricants in many applications, with the ad-
vantage that they can be magnetically kept into place [1-5]. Another
type of application of ferrofluids exploits the phenomenon of magnetic
levitation: a nonmagnetic object that would sink in a normal liquid can
be made to levitate in a ferrofluid, whose apparent mass density can be
tuned via the magnetization of the fluid and via the magnetic field
gradient [5]. Magnetic levitation has been applied for decades in the
diamond industry, to separate diamonds from gangue material [6], and
currently, magnetic levitation is being developed as a technology to
separate solid waste materials for recycling [7]. The separation of
plastics by magnetic density separation requires new low-cost high-
stability ferrofluids that are water based, to prevent the dissolution of
plastic.

For optimal colloidal stability of a ferrofluid, the magnetic nano-
particles must be dispersed at the single particle level and the pair in-
teraction upon contact between two nanoparticles must be repulsive.
The stability will thus depend on the magnitude of the nanoparticle
dipole moments and on the modification of the surface with possibly
charged chemical groups or surfactants [8-10]. Reversible or irrever-
sible nanoparticle structures may already be present in zero field
[11,12], they may grow in external field [13], and isotropic attraction
between nanoparticles may result in macroscopic phase separation
[14]. To guide the chemical development of new ferrofluids with op-
timal stability, it is important to have a method to characterize how
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rapidly the magnetic material settles towards a magnet. Moreover, this
characterization should be done at the same magnetic field gradients
and relatively high nanoparticle concentrations that are relevant for
magnetic fluid applications. We note that precise knowledge of the
magnetophoretic velocity of nanoparticles is also relevant in the fra-
mework of the magnetic capture of nanoparticles in microfluidic
bioassay devices [15].

The measurement of magnetization curves is a favorite way to
characterize ferrofluids, but it is not very informative about their col-
loidal aggregation state. With magnetic nanoparticles in the 5-10 nm
diameter range prepared by coprecipitation, a magnetization curve will
be largely the same whether the nanoparticles are single or clustered, as
the particles mostly respond to the external field individually [16,17].
With larger nanoparticles that form dipolar structures in zero field and
which grow in external field, the structures do affect the magnetization
curve [18,19], but still the presence of nanoparticle structures cannot
easily be deduced from the magnetization curve alone. Field-induced
dipolar structures have been visualized by cryo-TEM [13], but this is
neither a routine method and nor does it give a macroscopic char-
acterization of stability. Small angle scattering of X-rays [20] or neu-
trons [21] can reveal dipolar structure formation in the presence or
absence of a magnetic field, but it requires access to dedicated beam
facilities. Optical imaging of a thin capillary in external field is a useful
option that can be used not only to study sedimentation equilibrium
profiles [22] but also to detect whether magnetophoresis is more rapid
than expected in the absence of aggregates. Time-resolved optical de-
tection of concentration profiles in external magnetic field can be ap-
plied to a wide range of systems, with particle sizes ranging from a few
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Fig. 1. Schematic of the proposed approach to monitor the sedimentation of
magnetic nanoparticles in a ferrofluid towards a magnet. The ferrofluid of
concentration c in a cylindrical flask of internal radius r is magnetized by the
permanent magnet below and contributes to the magnetic field measured at a
Hall effect sensor positioned between magnet and ferrofluid. In the simplest
interpretation of the data, as the position h of the sedimentation front moves, a
sediment of concentration fc is formed (f > 1), affecting the strength of the
measured magnetic field.

nanometers up to several micrometers [23].

The approach that we propose here is to monitor the external
magnetic field produced by a small bottle of ferrofluid placed on top of
a permanent magnet. It is a convenient and simple approach that allows
easy comparison of the in-field colloidal stability of different ferro-
fluids. In the Theory section, the principle of our method is described,
together with our mathematical approach to calculate sedimentation
rates from the time-dependent magnetic data. Practical aspects of our
setup are presented in the Experimental section, and the Results and
Discussion compare the colloidal stabilities of a few different ferrofluids
in external field.

2. Theory
2.1. Magnetic analysis of sedimentation front position

Our approach to characterize the colloidal stability of ferrofluids in
external field is summarized in Fig. 1. As a column of ferrofluid is
placed on a permanent magnet, the liquid becomes a magnet itself. The
dipoles of the magnetic nanoparticles become aligned to an extent that
depends on the magnitudes of the dipole moments and on the strength
of the external field. For simplicity, a cylindrical permanent magnet is
used and we consider only its axial field H, given by [24]

_M _ k4
7= [ ] (JZZ+R2J (1)

Here M is the magnet’s (internal) remanent magnetization, z is the
distance from the top surface of the magnet, d is the magnet’s thickness,
and R is its radius.

The dimensions of the initial column of magnetized ferrofluid are
given by the height h of the liquid column and the internal radius r of
the flask. As the nanoparticles sediment, the geometry changes. As a
simple model, we propose to assume that the flask now contains three
cylindrical layers: (1) a nonmagnetic top layer that starts at the position
h of the sedimentation front, (2) a ferrofluid layer with the same con-
centration c as at the start of the experiment, and (3) a sediment layer of
a constant, increased concentration. Because of the strong optical ab-
sorbance of the dilute ferrofluid that remains above the sedimentation
front, its position is typically not visible to the naked eye. Nevertheless,
the sedimentation can now be monitored from the field measured by a
Hall sensor positioned in between the magnet and the column of fer-
rofluid. The measured field will combine the constant contribution of
the permanent magnet and the time-dependent contribution of the
sample.

z+d
Je+d?+ R

54

Journal of Magnetism and Magnetic Materials 472 (2019) 53-58

25
(a)
20 +
<
S 154
I
=~ 10+
=
¥ o5
0.0 ; : ; :
00 02 04 06 08 10
h/h,
£ 25
3 (b)
E
® 204
€
=
£ 154
o
~
£ 10 % % :
T 0 5 10 15 20

Fig. 2. (a) Calculation via Eq. (1) of the field H as a function of the position h of
the sedimentation front scaled to the initial value (h = hy) for a sediment whose
concentration is increased by a factor f=5 compared to the initial con-
centration. Dimensions of permanent magnet: 30 mm thickness, 22.5mm ra-
dius. Dimensions of liquid column: 10 mm height, 6.5 mm radius, minimal
distance to Hall sensor: 2 mm. (b) Maximum value of H(h)/H(hy) as a function
of f, the relative concentration in the sediment compared to the initial ferro-
fluid.

In the framework of our simple model, the measured field origi-
nating from the sample consists of two contributions: the field from the
sediment and the field from the ferrofluid below the sedimentation
front. In this model, we assume a sediment of constant concentration,
which increases in size over time. Here, we define a factor f, which
gives the ratio between the concentration of the sediment and the
concentration of the dispersion at the start of the experiment. In terms
of Eq. (1), the sediment is a cylindrical magnet that starts at a distance
zo from the Hall sensor and has a thickness d equal to (hy — h)/(f — 1).
The ferrofluid layer is a second cylindrical magnet, starting at a height
zo + (ho — h)/(f — 1) and with a thickness d equal to ho— (hg — h)/
(f — 1). In both cases, the radius R is the internal radius r of the flask.
Finally, the magnetization M scales with c for the ferrofluid and with fc
for the sediment. This assumes that the sediment and the ferrofluid are
close to magnetic saturation.

Within the simple model, the measured field can be calculated from
the position of the sedimentation front, and vice versa. The example
calculation in Fig. 2a corresponds to our experimental geometry for a
sediment that is more concentrated than the initial ferrofluid by a factor
f = 5. Once sedimentation is complete, all particles are found in a pellet
whose thickness is 1/5 of the initial height of the ferrofluid column,
which is (f—1) = 4 times smaller than the resulting supernatant. A
numerical expression for the measured field from the sample as a
function of the position of the sedimentation front can be solved for h,
giving an expression for the position of the sedimentation front in terms
of the measured field. Different ferrofluids will have a different factor f
by which the concentration of the sediment is enhanced compared to
the initial dispersion, leading to a different final thickness of the sedi-
ment and a different final enhancement H(h)/H(hy) of the measured
sample field compared to its initial value. Fig. 2b shows the final values
of H(h)/H(hy) for f going from 1 to 20 in our measurement geometry; on
this basis, the value of f in the case of a particular ferrofluid can be
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determined from the final value of H(h)/H(hy).
2.2. Aggregation dependence of sedimentation rate

The sedimentation rate of single or aggregated magnetic nano-
particles in external magnetic field results from a balance between
magnetic force and friction. Force of gravity is typically weaker by two
orders of magnitude.

Upon full magnetic alignment of nanoparticle dipoles with external
field, the magnetic force Fp,¢ on a colloidal particle (single nanoparticle
or aggregate) with a magnetic moment mciq iS given by [25]

Fmag = MoMeolloid dH/dz (2)

where 11y is the permeability of free space and dH/dz is the external
magnetic field gradient. In practice, magnetic alignment will not be
complete. When all magnetic nanoparticle dipoles are free to rotate
thermally in zero field, the average degree of magnetic alignment in an
external field H is described by the Langevin function: [26]

M/Mg, = coth(a)—1/a 3)

where M is the sample magnetization, Mg, is M at magnetic saturation,
and a = u,mH/(kT), with p, the permeability of free space, m the na-
noparticle dipole moment, and kT the thermal energy. In our case, the
gradient is found by taking the derivative of Eq. (1):

dH _ M[[ Ja+dP + R-@+ dPl + df + RZ]-W)

dz 2 (z+d)? + R

22+ R?

_(m_z«zz + R)H
(C))

The frictional force Ficion On a colloidal particle can be modelled in
terms of the hydrodynamic radius a of an effective hard sphere: [27]

)

where 7 is the viscosity of the liquid medium on the colloidal particle
scale and u is the velocity of the colloidal particle. Effects of non-
spherical shape and hydrodynamic interactions are hidden in the value
of the effective hydrodynamic radius. Moreover, this approach neglects
back-diffusion, that is, diffusion in direction opposite to magneto-
phoresis due to the concentration gradient created by magnetophoresis;
in our experiments, this assumption applies the best to the initial se-
dimentation rate, when the concentration profile is still far from
reaching sedimentation-diffusion equilibrium.

With knowledge of colloidal size, dipole moment, viscosity, and
field gradient, the magnetophoretic velocity u can be calculated.
Conversely, the size of colloidal objects can be determined from the
sedimentation rate. To obtain a rough estimate, we will assume the
presence of colloidal particles of hydrodynamic radius a with an
amount of magnetic material equal to a fraction Xg.ox Of the total hy-
drodynamic volume. From Fy, =F, . , Egs. (2) and (5), and
Meoloid = (4/3) ma*mpxpeox With my, the bulk magnetization of iron oxide,
the size of objects with a sedimentation rate u is given by

F}"riction = 67”7‘”1

Mu

az \/ S L
2""lb)‘:Fer,"{o (dH/dx) (6)

Since the maximum possible fraction of magnetic material in a
particle is 1, Eq. (6) gives a minimum effective size of the colloidal
objects. Magnetic nanoparticles are expected to have a single magnetic
domain, so that the magnetic moment of a particle with a diameter of
7nm and a bulk magnetization of 430kA/m [28] will be
7.7 x 1072° Am?®. Bare single nanoparticle in water (viscosity:
10~ 3Pas) in a gradient of 20 T/m are expected to sediment at a rate on
the order of 0.08 mm per hour. From Eq. (6), much more rapid sedi-
mentation will indicate the presence of aggregates containing many
nanoparticles.
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Fig. 3. Magnetization curve of ferrofluids F1, F2, and F3 measured by VSM. No
hysteresis was observed, evidence of the superparamagnetic nature of the fer-
rofluid. Magnetization is scaled to the saturation magnetization of 12600, 2200,
and 1140 A/m for F1, F2, and F3 respectively.

3. Experimental methods

Three different types of water-based ferrofluid were studied.
Ferrofluids F1 and F2 were unfractionated prototype fluids of undi-
sclosed precise origin (sterically stabilized iron oxide nanoparticles)
kindly provided by the UMinCorp company (Rotterdam). Ferrofluid F3
contained citrate-stabilized maghemite nanoparticles at nearly neutral
pH prepared by us via a recipe of Dubois et al. [14]. Magnetization
curves were measured using a vibrating sample magnetometer (EZ-9
from Microsense, see example in Fig. 3) and particle sizes were de-
termined using transmission electron microscopy (Tecnai 10, 100 kV).
Both VSM and TEM indicated that F2 and F3 had particles with an
average diameter of about 8 nm and about 30% polydispersity, typical
for ferrofluids prepared by aqueous coprecipitation [29]. F1 had
slightly larger particles, about 11 nm and about 30% polydispersity.
The viscosity of the samples was measured at 20 °C in a cone-plate
geometry (5 cm diameter, 1° cone angle) in the low-shear regime using
a Physica Anton Paar MCR-300 rheometer.

A schematic of the setup used for magnetic analysis of ferrofluid
sedimentation was shown in Fig. 1. A cylindrical neodymium magnet of
45 mm in diameter and 30 mm in thickness was obtained from Super-
Magnete (Gottmadingen, Germany). A transverse Hall sensor probe
with a square edge length of 1 mm (HMMT-6J04-VR, Lake Shore
Cryotronics, Inc.) was fixed against the center of the magnet inside a
thermostatized box consisting of a copper cylinder of 25 cm in diameter
and 34 cm in depth kept close to the average temperature of the ther-
mostatized room (typically 19.0 °C): water from a Julabo F25 cryostat
was pumped through copper tubing welded onto the copper cylinder,
itself contained in an insulated closed wooden box. Thermostatization
within 0.1 °C is crucial for a stable background field from the neody-
mium magnet. Preliminary experiments indicated that the field from
the neodymium magnet decreased by about 0.5mT per temperature
rise of 1°C, and slight corrections were applied to subsequent mea-
surements to take into account small changes in the measured tem-
perature near the Hall probe. The sample consisted of a 4 mL glass vial
with screw cap (VWR) 4.5 cm in height and 1.5 cm in external diameter
(1.3 cm internal diameter) filled with 1.4 mL of ferrofluid and ther-
mostatized overnight inside the box at 5 cm from the magnet center in
lateral direction before it was slided onto the center of the magnet to
start a measurement. The height of the liquid column from inside
bottom of bottle to bottom of meniscus was 1.0 cm. Measurements with
sample were performed for 100 h at 1 point per minute, after which the
measurement was continued without sample for a few hours to verify
the background field.

Fig. 4 shows the height-dependent axial field and gradient of our
magnet (height dependence obtained by fixing the gauss probe onto a
cathetometer with digital readout of the elevation). With the gauss
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Fig. 4. (a) Measured axial field from our magnet as a function of the distance z
from the surface. The fit is according to Eq. (1) (uoM = 1.32T, R = 0.0225m,
d = 0.030m). (b) Calculated axial magnetic field gradient of our magnet, see
Eq. (4).

probe positioned against the magnet, the Hall sensor measured a field of
0.53 T, in line with the remanent magnetization of 1.32 T quoted by the
supplier and a distance of ~1 mm between magnet surface and Hall
sensor (inside the metal casing of the gauss probe). In the first cm above
the magnet surface, the axial field drops to 0.32 T and the gradient is
about 20 T/m.

To validate our calculation of magnetophoretic sedimentation rates
from magnetic data, we also measured X-ray transmission profiles using
a LUMiReader X-ray instrument (LUM, Berlin; 17.48 keV molybdenum
X-ray source). A liquid column of 1 cm in height inside a plastic dis-
posable cuvette (2 mm optical path length) was placed on the same type
of magnet as used for the magnetic experiments. The X-ray absorbance
from a water-filled cuvette was subtracted.

4. Results and discussion

Magnetic stability analyses of ferrofluid F1 are shown in Fig. 5,
before and after dilution with water by factors of 2, 4, and 8. The in-
itially measured field scales with the initial concentration (Fig. 5a), and
the relative increase in field from the sample in 100 h is the largest at
the highest dilution (Fig. 5b). In terms of the model presented in the
Theory section, the most concentrated sample exhibits not only the
slowest sedimentation but also seems to tend towards a less strongly
sedimented sample upon prolonged sedimentation (Fig. 5c).

Similar measurements performed on ferrofluids F2 and F3 are
shown in Fig. 6.

The observed differences in relative field increase as presented in
Fig. 5b can be understood by comparing the data to X-ray measure-
ments of the equilibrium concentration profiles in Fig. 7.

The profiles in Fig. 7 show that there is no full settling of the par-
ticles at the bottom of the sample. The density of the sediment increases
towards the bottom, and the highest density is reached in the most
concentrated sample. This can be understood in terms of a gradual in-
crease in osmotic pressure towards the bottom of the sediment:
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Fig. 5. (a) Measured fields from samples placed on a magnet, corrected for the
background field of the magnet (~500.7 mT). Samples are F1 before dilution
and after dilution by factors of 2, 4, and 8. (b) Measured fields relative to the
initial sample field; final values of H(h)/H(h,) are 1.48, 1.65, 1.78, and 2.06,
corresponding to f values of 1.8, 2.5, 3.3, and 6.8, respectively (see Fig. 2b). (c)
Position of the sedimentation front as calculated by the model presented in
Figs. 1 and 2. The initial sedimentation rates of the increasingly dilute samples
are 0.13, 0.16, 0.20, and 0.23 mm per hour.

repulsive interactions that keep the particles apart gradually yield to
the pressure exerted by the column of sediment above it [30,31].

The trend of increasing initial sedimentation rate upon dilution
follows the trend of decreasing viscosity: values of 2.30, 1.46, 1.20, and
1.12 mPa.s were measured for dilution factors of 1, 2, 4, and 8, re-
spectively. For comparison, ferrofluids F2 and F3 each had viscosities of
1.10 and 1.08 mPa.s, respectively. As the viscosities were measured
without magnetic field and the volume fractions of magnetic material
are low (2.6% for the most concentrated sample), the trend in viscosity
is ascribed to the presence of excess polymer surfactant. At similar
viscosity, ferrofluids F1 (0.23 mm/h) and F2 (0.19 mm/h) show more
rapid sedimentation than F3 (0.06 mm/h), whose rate is close to that
expected for single particles (0.08 mm/h, see Section 2.2). The more
rapid sedimentation in F1 can in part be ascribed to the slightly larger
nanoparticles in that system compared to F2 and F3. From Eq. (6), the
colloidal objects in F2 have a radius that is larger than that of single
particles by a factor of about 2, suggesting the presence of aggregates of
a 5-10 nanoparticles.

Time-dependent X-ray transmission profiles of ferrofluid F1 are
shown in Fig. 8a. For a comparison with the magnetic measurements,
we used Eq. (1) to calculate the contribution from each elevation to the
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Fig. 6. As in Fig. 5, but for samples F2 and F3: (a) measured field corrected for
background (~500.7 mT), (b) same data but now scaled to initial sample field,
and (c) calculated position of the sedimentation front. In F2, H(h)/H(h,) reaches
2.05, corresponding to f = 6.7, and we find an initial sedimentation rate of
0.19 mm per hour. In F3, H(h)/H(ho) reaches 1.72 (f = 3.1), and we find a
sedimentation rate of 0.06 mm per hour.
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Fig. 7. Equilibrium concentration profiles of sample F1 before dilution and
after dilution by factors of 2, 4, and 8. The undiluted fluid initially had a
magnetization of 12600 A/m (initial ferrofluid height: 10 mm). Concentrations
are given in terms of saturation magnetization, calculated from X-ray trans-
mission and VSM measurements.
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Fig. 8. (a) Time-dependent concentration profiles of undiluted sample F1. Each
line is an average of two samples. (b) Relative increase in sample field due to
sedimentation obtained from direct magnetic monitoring and calculated from
the X-ray profiles in part (a) of this figure.

measured field, viewing the sample as a stack of disks each having a
thickness given by the distance between two data points in the X-ray
profile (about 13 um) and a magnetization assumed to be linear with
the X-ray absorbance and initially equal to the magnetization measured
by VSM. The resulting predictions of the sample field at the position of
the Hall sensor are shown in Fig. 8b.

The time-dependent increase in sample field calculated from X-ray
profiles agrees with the magnetic measurement, except for a rapid in-
itial increase in the first hour observed in the X-ray profiles but not in
the magnetic measurements (Fig. 8b). This discrepancy does not result
from incomplete magnetization of the sample, which causes the field to
be about 10% lower than at saturation magnetization from start to
finish of the experiment (see Fig. 3). About 20% of the magnetic ma-
terial in this unfractionated ferrofluid can apparently easily be removed
in external magnetic field before using the remaining fluid in applica-
tions. A possible reason why this fraction of the magnetic material is not
observed in the magnetic measurements is that it consists of aggregates
that already settle to the bottom during the temperature equilibration
performed before starting the magnetic measurements. Lengthy equi-
libration is necessary for a stable background field from the permanent
magnet, a drawback of the magnetic monitoring method. In future, a
way might be found to perform the temperature equilibration with the
sample much farther from the magnet.

5. Conclusions

Our magnetic approach to characterize the sedimentation rate of
ferrofluids seems well suitable to compare the colloidal stability of
ferrofluids in external magnetic field. Clear differences were observed
between a ferrofluid with citrate-stabilized nanoparticles, which sedi-
mented at the rate expected for single particles, and two other
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ferrofluids in which sedimentation was more rapid. Moreover, a trend
was observed in the sedimentation rate of a ferrofluid as a function of
concentration, the slowest sedimentation occurring in the sample with
the highest viscosity.

The descriptive model used in the magnetic analysis of sedimenta-
tion rates is oversimplified. X-ray transmission profiles indicate that the
position of the sedimentation front is not abrupt but spread out and that
the sediment does not have a homogeneous concentration but gradually
becomes more concentrated towards the bottom. Nevertheless, further
development of the magnetic sedimentation analysis method and its
interpretation is not a priority. It is a simple method that measures a
single parameter in time, the sample’s contribution to the measured
field, and it interprets the measurement in terms of a single parameter,
the effective position of the sedimentation front. Development of a
more elaborate model poses the risk of leading to overinterpretation.
For more detailed information on the sedimentation process, a better
approach seems to measure X-ray transmission profiles. In future work,
we aim to focus on the interpretation of such profiles. In theory, they
inform not only on the kinetics of sedimentation, but also on the col-
loidal interactions between the nanoparticles, since sedimentation
equilibrium profiles can be used to calculate the osmotic equation of
state [30,31].
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