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Magnetic nanoparticles with a narrow size distribution are desirable for applications in ultra-high density data storage and
biomedicine. In this work, the size-selective precipitation and aggregate reduction were combined to classify superparamagnetic
iron platinum- (FePt-) based nanoparticles. The size-selective precipitation was implemented with the variation in the amount
of ethanol. In the ﬁrst condition, the ratio of ethanol-to-nanosuspension of 3 : 4 was used in the precipitation twice. By contrast,
the second condition employed the ratios of ethanol-to-nanosuspension of 4 : 4 in the ﬁrst precipitation and 5 : 4 in the second
precipitation. The ﬁrst precipitation successfully sorted out the aggregated particles, and the second precipitation collected
particles with a narrow size distribution. The increase in ethanol enhanced the monodispersity of nanoparticles as shown by
transmission electron microscopy (TEM) images and size distribution curves. In addition, large aggregated by-products from
the precipitation stage were sonicated with the addition of surfactants. The increase in ultrasonic power reduces the aggregation,
but the longer sonication led to an uneven distribution.

1. Introduction
Colloidal magnetic nanoparticles stabilized in carrier liquids,
referred to as nanosuspension, have been implemented in
engineering and biomedicine. Most applications require a
narrow size distribution and a dispersion without agglomeration. In addition, a good liquid conformation usually leads
to a long-range order on the substrate conformation in applications such as sensors and data storage. However, the chemical synthesis often results in polydisperse nanoparticles.
Moreover, the aggregation arising from particles rigidly
joined together in a suspension destabilizes the nanosuspension. Therefore, surfactants are added to control the size and
dispersion of nanoparticles. For surface-modiﬁed magnetic
nanoparticles, the stability depends upon the balance of the
attractive force (magnetic dipolar and van der Waals interactions) and the repulsive force (electrostatic and electrosteric
interactions) [1]. Nonuniform composition and shape of

magnetic nanoparticle lead to aggregates due to the imbalance of dipolar attraction.
After the synthesis and puriﬁcation, the monodispersity
of nanoparticles dispersed in carrier liquids can be improved
by the separation techniques. A variety of separation techniques include magnetic separation, chromatography, density
gradient centrifugation, electrophoresis, and size-selective
precipitation [2]. The size-selective precipitation is a facile
technique to separate polydisperse nanoparticles into fractions of narrower size distributions [3]. After that, large
aggregated particles can be separated from the smaller particles during the centrifugation. Polar antisolvents such as ethanol and methanol have been employed in the precipitation
[4, 5]. However, the use of the antisolvent can substantially
remove surfactants from nanoparticles [6]. In addition to
surface modiﬁcation of ferrite nanoparticles, Li et al. [7]
used oleic acid to yield the nanoparticle size distribution
with the standard derivation of less than 9% from the

size-selective precipitation. In another work, the saltinduced precipitation was proven eﬀective in classifying
gold nanoparticles [8].
The large aggregated by-products removed from the
size-selective precipitation can be exploited in repeated
size-selective precipitation as well as aggregate reduction.
Ultrasound-assisted approaches can break the aggregated
particles by shock waves and induced cavitation [9, 10].
Furthermore, the sonication with a high shear force disperses
surface-modiﬁed nanoparticles in carrier liquids [11].
This work combines the size-selective precipitation and
aggregate reduction to classify iron platinum- (FePt-) based
nanoparticles. The green synthesis using alternative precursors to Fe(CO)5 often gives rise to products with a wide size
distribution [12]. Polydisperse nanoparticles ﬁrstly underwent the size-selective precipitation. The fraction with a narrower size distribution was selected whereas larger aggregates
were further reduced by means of ultrasonic irradiation.

2. Experimental
2.1. Synthesis of Nanoparticles. Nanoparticles were prepared
from the reaction between 0.1 mmol platinum(II) acetylacetonate (Pt (acac)2) and 0.12 mmol iron(III) tris (2,2,6,6-tetramethyl-3,5-heptanedionate) (Fe (tmhd)3) in a Schlenk ﬂask.
These precursors were mixed with 10 mL dioctyl ether under
nitrogen atmosphere. The obtained mixture was then heated
to 120°C and dwelled at this temperature for 20 min. After
the addition of 2.5 mL oleic acid and 0.2 mL oleylamine surfactants, the mixture was further heated at 200°C for 30 min
to assure that the precursors were completely decomposed.
The mixture was allowed to reﬂux at 296°C for 30 min and
then cooled down to room temperature. The obtained nanoparticles were repeatedly separated and puriﬁed by the centrifugation and then dispersed in n-hexane to obtain a
concentration around 2 mg/mL. The elemental composition
and magnetic properties of as-synthesized nanoparticles
were, respectively, measured by energy dispersive spectroscopy (EDS) and vibrating sample magnetometry (VSM).
2.2. Size-Selective Precipitation. Half mL of ethanol, 6 μL of
oleic acid, and 6 μL of oleylamine were added in 0.5 mL of
as-synthesized sample. Then, the mixtures were centrifuged
at 5000 rpm for 15 min leading to precipitates. The precipitates were dried, weighted, and ﬁnally suspended in hexane
to obtain a nanosuspension of 0.2 mg/mL, referred to as sample A and sample B.
The size-selective precipitation was carried out by adjusting the amount of ethanol into sample A1 and sample A2.
For sample A1, 3 mL of ethanol was added to 4 mL of sample
A, hence the volume ratio of 3 : 4. Then, the solution was centrifuged to separate precipitates from supernatant. The precipitates were dried and weighted. The solid yield of 0.3 mg
was dispersed in 1.5 mL hexane to obtain a nanosuspension
with the addition of oleic acid and oleylamine, referred to
as sample A1. To prepare sample A2, the volume ratio of
3 : 4 was obtained by adding 3 mL of ethanol to the nanosuspension. After the centrifugation and the removal of supernatant, the drying and dispersion were repeated. The solid
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Figure 1: Magnetization curve of as-synthesized particles measured
by VSM.

yield of 0.4 mg was redispersed in 2 mL hexane to obtain a
nanosuspension with the addition of oleic acid and oleylamine, referred to as sample A2.
To investigate the variation in ethanol, sample B1 and
sample B2 were obtained from the ﬁrst and second precipitations, respectively, with diﬀerent conditions. Four mL of ethanol was added to 4 mL of sample B in the ﬁrst centrifugation
for sample B1, and sample B2 was obtained by using the volume of ethanol to the nanosuspension of 5 : 4.
2.3. Aggregate Reduction. Sample A1 and sample B1 with
remaining aggregates were combined into sample C for the
aggregate reduction process. Two mL of sample C (concentration of 0.2 mg/mL) was sonicated at 42–45 kHz using the
maximum electrical power around 200 W (Crest CP1200
Ultrasonic). During the sonication, 10 μL of oleic acid and
oleylamine were added and the sonication was carried out
for 30 min. To determine the process parameters, the experiment was repeated without the addition of oleic acid and
oleylamine. The power level of 170 W was also tested, and
the sonicated time of 60 min was compared to 30 min.
Each sample was dropped on a grid substrate and
inspected by transmission electron microscopy (TEM; JEOL,
JEM-2010) at an accelerating voltage of 200 kV. TEM images
were then analyzed by ImageJ program to determine the particle size distribution.

3. Results and Discussion
3.1. Properties of as-Synthesized Nanoparticles. The as-synthesized particles are stabilized by the tendency of Fe-oleic
acid and Pt-oleylamine binding [13]. The dispersion in nonpolar hydrophobic solvents such as hexane is a commonplace
for nanoparticles with these organic ligands [14], but the
water-based nanosuspension is advantageous in biomedical
applications. As suggested in [15], surface modiﬁcation of
FePt by aminoethanethiol can be achieved with water solubility via a ligand exchange process.
The EDS spectrum, not shown here, exhibits C and O
peaks attributed to the TEM grid substrate and surfactants
in addition to Fe and Pt detections. The composition, averaged from 3 positions, indicates a much higher fraction of
Pt (~60%) over Fe (~15%). Magnetic properties of dried
nanoparticles are represented by Figure 1. The variation in
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Figure 2: TEM image of as-synthesized particles from the nanosuspension with (a) high concentration of 2 mg/mL and (b) low concentration
of 0.2 mg/mL. Insets are magniﬁed images.
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Figure 3: TEM images of large precipitates from the ﬁrst precipitation using ethanol : nanosuspension ratio of (a) 3 : 4 (sample A1) and (b)
4 : 4 (sample B1).
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Figure 4: TEM images of particles from the second precipitation using ethanol : nanosuspension ratio of (a) 3 : 4 (sample A2) and (b) 5 : 4
(sample B2).

magnetization in changing ﬁelds up to 10 kOe without hysteresis is a superparamagnetic characteristic.
3.2. Size-Selective Precipitation. Before the size-selective precipitation, most as-synthesized particles in Figure 2(a) are
overlapped due to the magnetic interaction in concentrated
nanosuspension (2 mg/mL). Only some areas show the separation of particles as shown in the highly magniﬁed inset
of Figure 2(a). The nanoparticles can be approximated as
spheres with diameter around 5 nm. In Figure 2(b), the
average spacing between nanoparticles is increased by the
dilution of the nanosuspension to 0.2 mg/mL. However,
the overlapping particles are not separated, and the sizeselective precipitation is therefore necessary. After the
size-selective precipitation, samples A1 and B1 from the
ﬁrst precipitation are compared in Figure 3. Both samples
contain aggregates larger than 5 nm in diameter, but the
larger amount of ethanol (Sample B1) leads to more isolated nanoparticles.

The amount of ethanol shows a pronounced eﬀect in the
second precipitation as shown in Figure 4. Nanoparticles of
smaller size can be uniformly distributed in Figure 4(b) by
using larger amount of ethanol in the size-selective precipitation. The ethanol : nanosuspension ratio of 4 : 4 in the ﬁrst
precipitation allows the separation of aggregation, and the
ratio of 5 : 4 in the second precipitation collects smaller particles with uniform size distribution. The size distribution in
forms of log-normal curves and the mean diameters with
standard deviation of as-synthesized nanoparticles are compared to those from the second precipitation in Figure 5.
Whereas the as-synthesized nanoparticles have a broad distribution up to 8 nm, nanoparticles from the size-selective
precipitation exhibit narrower curves with negligible particles beyond 7 nm. By using a larger amount of ethanol, the
average diameter of sample B2 is reduced to 3.56 nm and
about half of detected nanoparticles have a diameter ranging
between 3 and 4 nm. The eﬀect of ethanol is consistent with
other nanoparticles in the literature [16].

4
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Figure 5: Size distribution of FePt nanoparticles: (a) before the size-selective precipitation, (b) sample A2 from the second precipitation using
smaller amount of ethanol (the ﬁrst condition), and (c) sample B2 from the second precipitation using higher amount of ethanol (the second
condition).
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Figure 6: TEM image of sample C after sonicating at 200 W (a) without surfactants and (b) with addition of oleic acid and oleylamine for
30 min (insets are magniﬁed images). The eﬀect of sonication time and power is compared with TEM images in (c) with a longer time of
60 min and (d) with a smaller power of 170 W.

3.3. Aggregate Reduction. Sample C, a combination of larger
particles from sample A1 and sample B1, was sonicated in
order to reduce the agglomeration. At the same sonication
power and time (200 W and 30 min), overlapping particles
still exist in Figure 6(a) after sonication without surfactants

whereas the additions of oleic acid and oleylamine result in
less aggregation and no overlapping particles in Figure 6(b).
This marked diﬀerence clearly suggests that the surfactants
facilitate the aggregate reduction. However, a prolonged sonication can have adverse eﬀect on the aggregate reduction. In
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Figure 6(c), the sonication for 60 min leads to the formation
of aggregated clusters and uneven distribution. The agglomeration is likely due to the collision by energy supplied and
removal of surfactants [9–11]. Finally, the inﬂuence of sonication power on the aggregation is shown in Figure 6(d).
With the same surfactant addition, more aggregates remain
in sample C after the 30 min sonication at a lower power of
170 W.
By using both size-selective precipitation and aggregation
reduction, a substantial yield of nanoparticles compared to
precursors are obtained. The nanoparticles with narrower
size distribution is of order of mg in this work, but the production scale can be enhanced. The increase in precursors
and the size-selective precipitation are straightforward; however, the eﬀect of sonication on aggregate reduction by sonication over much larger volume of nanosuspension needs
further tests.

4. Conclusion
The size-selective precipitation was used to improve the
monodispersity of FePt-based nanoparticles synthesized
from the reaction of Fe (tmhd)3 and Pt (acac)2. TEM was
used to visualize the size and morphology of the nanoparticles, and log-normal size distribution curves were obtained
from the analysis of TEM images by ImageJ program. The
increased ethanol in the ﬁrst precipitation enabled more separation of large aggregates, and the further increase in the
ratio of ethanol-to-nanosuspension in the second precipitation promoted the collection of smaller particles with narrow
size distribution around 3.5 nm. Furthermore, the size of
aggregates from the ﬁrst precipitation was reduced by the
sonication with addition of surfactants. Eﬀects of sonication
power and time were also demonstrated.
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