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Abstract

Magnetic migration (magnetophoresis) and extraction of Dy** ions by magnetite
(Fe,0,) nanoparticles functionalized with diethylenetriaminepentaacetic acid
(MagNP@DTPA) were probed using an analytical balance and an external
weighing device comprising a miniature neodymium (Nd,Fe  ,B) magnet and a
Lego® system. Contrary to our expectation, when the paramagnetic Dy** ions
were captured by the superparamagnetic nanoparticles, the overall magnetization
decreased, due to the anti-ferromagnetic dipolar interactions between the
lanthanide ion and the superparamagnetic core. This finding allowed to monitor,
in real time, the lanthanide extraction process (nanohydrometallurgy) and the
nanoparticles migration in the magnetic field.
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Introduction

Superparamagnetic nanoparticles (MagNP) are being extensively explored
in nanotechnology, and one of the recent applications deals with magnetic
separations at the nanoscale (magnetophoresis) [1-5] and elemental processing
in the mineral area [6, 7] (magnetic nanohydrometallurgy) [8-10]. The
understanding of such processes can lead to important technological advances
in metal ion extraction, separation and recovery, as well as in electrowinning
processes, including environmental remediation involving the capture and
removal of heavy metal contaminants from industrial efluents [11, 12]. Because
of the magnetic recycling capabilities, they provide a powerful strategy towards a
green and sustainable chemistry [13-17].

In order to understand the features of this work, it is important to note
that magnetic nanoparticles encompass many thousand paramagnetic atoms
undergoing simultaneous magnetization, yielding a very strong response in the
presence of the magnetic field. However, in the absence of the magnetic field, the
spins keep randomly distributed, exhibiting no spontaneous magnetization. The
magnetic response is similar to that observed for paramagnetic ions, but it can
achieve several orders of magnitude higher intensities.

The nanoparticles magnetism is usually probed by means of expensive
vibrating magnetometers and SQUID instruments, not available in most
chemical laboratories. However, such facilities are also not suitable for real time
monitoring the processes involving superparamagnetic nanoparticles in solution.
For this reason, a simple and rapid way of performing magnetic measurements
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in the laboratory is quite desirable. In this sense, one could
try to use the classical Gouy [18] and the Faraday balances
[19] which are widely employed for probing paramagnetic
and diamagnetic substances, exhibiting typical magnetic
susceptibilities around +10™ and -10° emu g™, respectively.
However it should be noticed that in the case of Fe,O,
nanoparticles the magnetization intensity can reach 92 emu
g, reflecting an enhancement of 6 orders of magnitude in
the magnetic behavior in relation to the paramagnetic ions.
For this reason, if one tries to perform the measurements
using the Faraday balance in a similar way as for conventional
paramagnetic substances, instead of employing a typical 10
mg sample, the measurement would require 10® g of the
superparamagnetic nanoparticles. This is clearly impossible
to handle, even by using the best analytical or electronic
balance available. Conversely, if one uses for instance, 10 mg
of superparamagnetic nanoparticles in the Faraday balance,
the magnetization becomes so high that the pending sample
will jump towards the Faraday magnet pole, invalidating the
measurement, independently of the experimental setup and
precautions employed.

For this reason, in order to circumvent this limitation, we
have improved on the external weighing technique previously
developed in our laboratory [20], allowing to adapt the
classical analytical balance for the Gouy method. Our device
is set in a miniature scale, using a Lego® platform placed on
the analytical balance plate, in addition to a small Nd Fe B
magnet. The magnetic sample is introduced into an Eppendorf
tube tightly inserted into a silver ring fixed at the end an EPR
or NMR tube used as a cantilever. By means of the Lego®
platform, the cantilever provides efficient sample positioning,
ensuring reproducibility and accuracy.

Our preference for Lego® toys to support the cantilever and
magnet rail was due to their admirable micrometric precision
and versatility. Such qualities have already been successfully
explored by Quercioli et al. [21] in the design of versatile
optomechanic systems. As a matter of fact, Lego® blocks can
be conveniently assembled on the balance platform, allowing
many distinct arrangements for supporting the cantilever, and
also providing the necessary counterpoise for equilibrating the
device when it is submitted to strong magnetic forces.

The Lego® design can be fitted into any analytical
balance and can be easily removed, without compromising
its normal function in the laboratory. Its greatest advantage
is the possibility of probing directly the superparamagnetic
nanoparticles in solution, as well as their magnetophoretic
response, in a rather simple way. The application of this practical
approach to the investigation of the magnetophoretic behavior
of superparamagnetic nanoparticles in solution, and their
performance in the capture of Dy** ions for hydrometallurgical
applications, is reported in this paper.

Materials and Methods

Synthesis of MagNP@DTPA and their characterization

The engineered nanoparticles were synthesized and
characterized as reported before [22]. The process employed

was based on the co-precipitation method [23], by reacting
a mixture of FeCl,.6H,O and FeSO,.7H O with ammonium
hydroxide. After treating with tetramethylammonium
hydroxide the nanoparticles were magnetically confined using
an external Nd Fe B magnet, washed with water and kept
under vacuum.In a second step, the MagNPs were coated with
SiO, by the Stober [24] method, using tetraethylorthosilicate,
in glycerol/water mixtures. In a third step, the particles
were coated with ethylenediaminepropyltrimethoxisilane
and finally, the amino-functionalized nanoparticles were
treated with DTPA anhydride, in DME, and isolated in solid
form after washing with water and drying under vacuum.
Characterization included elemental analysis, TEM, DLS,
Zeta size, FTIR, Raman, EDX and vibrating magnetometer
measurements [22].

Experimental Lego’setup

The Lego® setup is shown in Figure 1. It consists of a
diamagnetic cantilever (EPR tube) with a silver ring tightly
inserted into the open end.The cantilever is fixed at the base by
means of three internal Lego® pieces (Figure 1 inset), allowing
it to slide easily under application of a mild force. After
attaching the cover, the cantilever keeps tightly fixed into the
support. In order to accommodate the microtube (Eppendorf)
sample, a silver ring was precisely hand moulded in order to
prevent any displacement by the magnetic field. The magnet
was supported on a mobile, vertical Lego® rail support, allowing
movements along the z-axis, with its positioning controlled
by a lateral ruler. A parallel projection of a laser pointer on
a millimetric paper has also been used for improving the
precision. By means of the adjustable vertical Lego® rail, the
magnet was kept at a specific height (e. g. 0.40 cm to 2.00 cm)
from the microtube sample, allowing to manage the influence
of the magnet-sample distance in the measurements.

counterpoise

e | internal view of the cantilever support

1 sample tube
cantilever i

Analytical
me | balance

Figure 1: Lego® assembly for external weighting in ananalytical balance,

consisting of an adjustable diamagnetic cantilever with a tightly fixed silver

ring for inserting the microtube sample. The miniatureNd, Fe, B cylindrical

magnet (1.1 T, 2.0 cm x 1.0 cm), is placed on the mobile, vertical Lego®
\rail support. Inset: internal view of the cantilever base.

Magnetophoresis and capture of Dy** by the MagNP@
DTPA nanoparticles

Magnetophoretic assays were carried out in three steps,
as illustrated in Figure 2. First, 1 mL of 0.1 mol L' Dy*
solution was transferred to the microtube and its magnetic
response evaluated using the Lego® assembly (Figure 2A).
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Then, 8 mg of MagNP@DTPA was added and the weight
precisely determined in the absence of the magnet, providing
the exact mass of nanoparticles (Figure 2B). The sample was
stirred for 300 min. in order to accomplish the capture of the
Dy* ions by MagNP@DTPA. After applying a magnetic field
(Figure 2C), there is a rapid magnetophoretic deposition of
the nanoparticles, leading to a dramatic increase of the relative
weight measured in the analytical balance.

Figure 2: Pictorial representation of the capture of Dy ions in the

presence of the magnet: (A) Initial Dy* solution (0.1 mol L-1); (B)

after adding MagNP@DTPA and stirring without applying the magnet;

(C) magnetophoretic deposition after the capture of Dy** ions by the
L superparamagnetic nanoparticles.

Results and Discussion
Magnetic nanohydrometallurgy [8-10] deals with the

capture of metal ions by superparamagnetic nanoparticles
and their magnetophoretic separation for processing the
elements. The application of superparamagnetic nanoparticles
(Fe,O0,) coated with the diethylenetriaminepentaacetic
(DTPA) complexing agent for the extraction and separation
of lanthanide ions (Ln = La* and Nd*) has already been
successfully accomplished in our laboratory [22].In this work
we focused on Dy** ions, because their strongest magnetic
properties in the lanthanide series were expected to be more
interesting for magnetophoretic applications.

MagNP@DTPA + Ln** = MagNP@DTPA-Ln

The engineered nanoparticles employed in the
experiments exhibit a nanocrystalline magnetite core of
about 15 nm determined by TEM, coated with an about 7
nm SiO, protecting shell estimated from the difference to
the hydrodynamic radius. This shell also encompasses the
salinization with triethoxibis (ethylenediamine)propylsilane
(EAPS), followed by the covalent binding of DTPA. It can
be represented as MagNP@SiO (EAPS)DTPA, or simply
MagNP@DTPA, as illustrated in Figure 3.

In solution, the average nanoparticle hydrodynamic radius
was 22 nm, and their zeta potentials were pH dependent,
starting from 20 mV at pH 3, reflecting the positive charge
from the protonated amino groups, and the presence of neutral
carboxylic acid groups. Above pH 5, the carboxylic groups are

deprotonated, and the nanoparticles become electrostatically

stabilized by a negative charge, yielding -30 mV zeta potential.
Considering the zeta potentials and the pKa of the Dy*
ions, the capture experiments with the MagNP@DTPA
nanoparticles were carried out at pH 6, using MES buffer. At
this pH most of the carboxylic groups are depronated, with no
risk of precipitating the metal ion hydroxides.

(en)propylsilane coating

Complexing shell
containing DTPA

$i0, coating

Figure 3: (A) Schematic representation of superparamagnetic
nanoparticles (Fe,O,) coated with SiO,, ethylenediaminepropylsilane,
and diethylenetriaminepentaacetic (DTPA) (B) Structural view of the
MagNP@DTPA/Dy* nanoparticles, showing the anti-ferromagnetic
coupling between the paramagnetic ion and the central core.

The capture of the lanthanide ions (La* and Nd*)
has already been investigated in our laboratory [22] using
expensive energy dispersive X-ray fluorescence equipments.
The procedure requires collecting, periodically, suitable
samples for the analysis. Real time monitoring is not possible
using such instrumentation. For comparison purposes, the
same methodology has been applied for the capture of Dy*
ions by MagNP@DTPA, yielding an adsorption equilibrium
constant of 2.57 x 103 g(MagNP) L™ in comparison with 2.92
x 10* and 4.22 x 10 g(MagNP) L7 for the La* and Nd*
ions, respectively. The maximum amount of captured Dy** ions

corresponded to 63.2 mg(Dy)/g(MagNP).

Probing magnetophoresis

Magnetophoresis deals with the nanoparticles migration
in the presence of an applied magnetic field. Its understanding
is essential for the application of nanoparticles in magnetic
separation processes, however, the theory involved is yet
under development and has been the subject of many recent
discussions [1-5].In addition the advances in the experimental
procedures remain yet quite limited.

There are lots of benefits associated with the use
of magnetic nanoparticles in separation processes [25].
However, since magnetic nanoparticles are very small, their
magnetophoretic pathway can be perturbed by the thermal
energy and the viscous drag forces [26]. For this reason, a
strong magnetic force is necessary to overcome the thermal
randomization.Because of the high complexity of the analytical
solutions dealing with inhomogeneous magnetic fields, no
attempt will be made to discuss the theoretical formalisms and
approximations involved. Instead, we will concentrate on the
experimental procedure employed, using the basic theory just
as a guide.

The simplest theoretical approach considers the
magnetophoretic displacement of the isolated nanoparticles
of radius R and magnetic moment m as a function of the
applied field H, under the attractive force of the magnetic field
gradient,
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oH

F,.. =m(H)u, o

mag

Where mo is the magnetic constant (equal 1 in cgs unit).

In this work, it should be noted that the major
measurements were carried out under the so called low field
magnetophoretic regime [27, 28] where magnetic particles are
distant from the magnet and the gradients are smaller than
100 T/m. In this case the moment is proportional to H,
(m= yH),and equation 10 becomes

OH
F = yuH|
mag Zﬂo ar

'The opposite viscous drag force exerted by the solvent, is
given by
F

vis 67[ 77 RV
Where 1 is the viscosity, and v = velocity. The balance of

such forces allows to evaluate the magnetophoretic velocity v,
as

1 oH

— yu,H
67nR At or

Vv =
Under this condition, the migration of the isolated

nanoparticles should be directly proportional to the magnetic
field H and to the magnetic field gradient (0H/or).

It should be noticed that at the high field limit, — a
situation where the particles are very close to the magnet, —
the magnetic moment (m) approaches saturation, becoming
almost insensitive to changes in the field [3]. However, its
contribution to our measurements is completely negligible,
since the nanoparticles close to the bottom of the microtubes
should undergo instantaneous deposition, without contributing
to the measured magnetophoretic rates.

By using a simple analytical balance arrangement, the
magnetophoretic migration can be easily monitored by the
relative weight increase as long as magnetic nanoparticles
reach the bottom, attracted by the magnet (Figure 4). The
contribution of gravity and of the magnetic attraction on the
paramagnetic ions in solution is completely negligible with
respect to the relative weight increase observed experimentally.
In this way, from the successive weighing measurements
as a function of time one can obtain the magnetophoretic
deposition rates, from which it is possible to evaluate the
corresponding kinetics, and to extract the velocity constants

(Figure 4).

As one can see in Figure 4A, it is easy to follow the
magnetophoretic decantation process, employing a simple
weighing procedure in real time. The response monitored
in this way actually reflecs an average profile, because
of the convective fluid motion induced by the different

magnetophoretic velocities that the particles can have at the
top and at the bottom of the system [1].

By changing the distance from the magnet, the kinetics
and the relative weight at the equilibration point are strongly
affected by the magnetic field as shown in Figure 4B and 4C.
As predicted by eq. 13, the magnetophoretic rates decrease at
longer distances from the magnet (Figure 4D and 4E).
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Figure 4: (A) Time lapse image showing a typical magnetophoretic
response for the MagNP@DTPA nanoparticles (10 mg); (B) Typical
kinetic curves collected for nine different heights of the magnetic in
relation to the sample, from 0.4 cm (a) to 2.0 cm (i); (C) Exponential
correlation between the magnetic weight increase and the specific heights;
(D) Expansion of the kinetic curves collected at two different heights, (I)
a=04cmand (II)i=2.0cm.

J

Monitoring the Dy** capture by magnetophoresis
The capture of Dy** ions by the MagNP@DTPA

nanoparticles and the analysis was carried out under rigorous
conditions, as reported in the experimental section. The
reaction can be represented as

MagNP@DTPA + Dy** = MagNP@DTPA-Dy

In order to monitor the capture of Dy* ions, the
magnetophoretic experiments were carried out according to
the three steps previously described in Figure 2. In this case,
the application of magnetic field to 1 mL of the starting 0.1
mol L Dy* solution produced practically no change in the
apparent weight, indicating a negligible contribution of the
paramagnetism of the Dy* ions.Then, 8 mg of MagNP@
DTPA was added to the Dy* solution, in the absence of
the magnet, and the mixture was kept under stirring for 300
min. After this, the corresponding magnetophoretic curve
was obtained, as shown in Figure 5. A similar experiment
was repeated in the absence of Dy* ions. The comparison,
shown in Figure 5 revealed that a systematic decrease of
magnetism, by 5.9 = 1 % results after the binding of the
Dy* ions.This result is consistent with the occurrence of an
anti-ferromagnetic coupling between the paramagnetic Dy**
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ions and the superparamagnetic core.This can be better seen
in Figure 3B, where the Dy* ions are shown in a region of
negative magnetic field gradients in relation to the applied

field.
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Figure 5: Magnetophoresis of MagNP@DTPA before (a) and after (b) the
binding of Dy** ions (magnet distance = 0.40 cm) showing the decrease
of magnetization in the presence of the lanthanide ions, and the slower
L magnetophoretic rate (inset).
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'The magnetophoretic velocityis also slightly reduced after
the binding of Dy** ions, with the curve slopes decreasing
from 8.98 to 8.52. This is consistent with the decrease of the
magnetization of the nanoparticles and with the increase of
the hydrodynamic radii due to the presence of the Dy** ions.

We have demonstrated that the decrease of magnetization
can be precisely probed with the external weighing device.
Actually, this property provides an effective way of monitoring
the binding of the Dy* ions to the magnetic nanoparticles.
In order to explore this feature, the experiments of the
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Figure 6: Kinetics behavior of the static and dynamic capture of Dy*
ionsby the MagNP@DTPA nanoparticles, showing that stirring is
|_necessary to accelerate the process.

J

capture of Dy* ions by MagNP@DTPA nanoparticles were
conducted under static and dynamic regimes.In the first case,
the nanoparticles were added to the Dy** solutions without
stirring, and the weight monitored after the magnetophoretic
deposition. In this regime, the weight started to decrease very
slowly, commanded by the diffusional capture of Dy** ions,
as shown in Figure 6. The process proceeds rather slowly,
requiring several days to be complete.

'The experiment was repeated under the stirring regime.In
this case the relative weights were monitored intermittently,
after 25 min stirring’ showing an exponential decrease until
achieving stabilization, because of the saturation of MagNP@
DTPA with the Dy** ions. These results are shown in Figure 6.

The magnetophoretic results revealed that the capture of
the Dy* ions by the MagNP@DTPA nanoparticles involves a
slow Dy?** diffusion controlled adsorption kinetics, calling the
attention for the time required for equilibration (> 200 min),
and for the importance of stirring in the absence of magnetic

field.

Conclusions

'The reported magnetic weighing device allowed to convert
a classical analytical balance into a practical magnetometer
which can be used in many laboratory experiments. By keeping
the same experimental arrangement and a constant distance
from the magnet, an excellent reproducibility can be obtained
for the measurements. On the other hand, by using a standard
material (e. g. high quality Fe O, = 92 emu g™) for calibration,
one can evaluate the saturation magnetization of the samples,
in a rather simple way.

The possibility of evaluating the magnetic behavior of the
nanoparticles in the presence of solvent is another particularly
relevant aspect. In most typical magnetic experiments, the
necessity of previous isolation of the solid materials and their
drying can have strong influence on the results, considering the
interactions occurring in the aggregation of the nanoparticles.

The comparison of the magnetophoretic behavior
of MagNP@DTPA and MagNP@DTPA-Dy revealed
a 5.9% decrease of magnetization after the binding of
the paramagnetic Dy** ions. 'This result was ascribed to
antiferromagnetic dipolar interaction between dysprosium
ions and the magnetic nanoparticles. The observed decrease of
magnetization correlates with the captured amount (6% w/w)
of the Dy** ions, allowing to probe the metal ion extraction’
from the changes in the magnetophoresis response.

Acknowledgements

We greatly acknowledge the support from FAPESP
(Grant 2013/24725-4) and CNPq (Grant 405301/2013-8).

References

1. Leong SS, Ahmad Z, Lim J. 2015. Magnetophoresis of
superparamagnetic nanoparticles at low field gradient: hydrodynamic
effect. Soft Matter 11(35): 6968-6980. https://doi.org/10.1039/
C55M01422K

NanoWorld Journal | Volume 3 Issue 2,2017

42


http://pubs.rsc.org/en/Content/ArticleLanding/2015/SM/C5SM01422K%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2015/SM/C5SM01422K%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2015/SM/C5SM01422K%23%21divAbstract
https://doi.org/10.1039/C5SM01422K
https://doi.org/10.1039/C5SM01422K

Magnetophoresis of Superparamagnetic Nanoparticles Applied to the Extraction of
Lanthanide Ions in the Presence of Magnetic Field

de Melo et al.

10.

11.

12.

13.

14.

Benelmekki M, Martinez LM, Andreu ]S, Camacho ], Faraudo
J. 2012. Magnetophoresis of colloidal particles in a dispersion of
superparamagnetic nanoparticles: theory and experiments. Sof¢ Matter
8(22): 6039. https://doi.org/10.1039/c2sm25243k

Andreu JS, Camacho ], Faraudo ], Benelmekki M, Rebollo C, et al.
2011. Simple analytical model for the magnetophoretic separation of
superparamagnetic dispersions in a uniform magnetic gradient. Phys
Rev E Stat Nonlin Soft Matter Phys 84: 1-8. https://doi.org/10.1103/
PhysRevE.84.021402

Faraudo ], Andreu JS, Camacho ]. 2013. Understanding diluted
dispersions of superparamagnetic particles under strong magnetic
fields: a review of concepts, theory and simulations. Soft Matter 9(29):
6654-6664. https://doi.org/10.1039/c3sm00132f

Friedman G, Yellen B. 2005. Magnetic separation, manipulation and
assembly of solid phase in fluids. Curr Opin Colloid Interface Sci 10(3-4):
158-166. https://doi.org/10.1016/j.cocis.2005.08.002

Toma HE. 2015. Magnetic nanohydrometallurgy: a nanotechnological
approach to elemental sustainability. Green Chem 17(4): 2027-2041.
https://doi.org/10.1039/C5GC00066A

Bruce T, Sen IJ. 2005. Surface modification of magnetic nanopaticles
with alkoxysilanes and their application in magnetic bioseparations.

Langmuir 21(15): 7029-7035. https://doi.org/10.1021/1a050553t

Condomitti U, Zuin A, Silveira AT, Araki K, Toma HE. 2011. Direct
use of superparamagnetic nanoparticles as electrode modifiers for the
analysis of mercury ions from aqueous solution and crude petroleum
samples. ] Electroanal Chem 661(1): 72-76. https://doi.org/10.1016/j.
jelechem.2011.07.018

Condomitti U, Zuin A, Silveira AT, Toma SH, Araki K, et al. 2011.
Superparamagnetic carbon electrodes: a versatile approach for
performing magneticcoupled electrochemical analysis of mercury
ions. Electroanalysis  23(11):  2569-2573. https://doi.org/10.1002/
¢lan.201100278

Condomitti U, Zuin A, Silveira AT, Araki K, Toma HE. 2012. Magnetic
nanohydrometallurgy: a promising nanotechnological approach for
metal production and recovery using functionalized superparamagnetic
nanoparticles. Hydrometallurgy 125-126: 148-151. https://doi.
0rg/10.1016/j.hydromet.2012.06.005

Han KN. 2003. Interdisciplinary nature of hydrometallurgy. Mezall
Mater Trans 34: 757-767. https://doi.org/10.1007/s11663-003-0082-1

Williams ME, Latham AH. 2008. Controlling transport and chemical
functionality of magnetic nanoparticles. Acc Chemn Res 41: 411-420.
https://doi.org/10.1021/ar700183b

Toma HE. 2013. Developing nanotechnological strategies for green
industrial processes. Pure and Appl Chem 85(8): 1655-1669. https://doi.
org/10.1351/PAC-CON-12-12-02

Wu W, He Q, Jiang C. 2008. Magnetic iron oxide nanoparticles:
synthesis and surface functionalization strategies. Nanoscale Res Lett
3(11): 397-415. https://doi.org/10.1007/s11671-008-9174-9

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Chang YC, Chen DH. 2005. Preparation and adsorption properties
of monodisperse chitosan-bound Fe,O, magnetic nanoparticles for
removal of Cu(Il) ions. J Colloid Interface Sci 283(2): 446-451. https://
doi.org/10.1016/j.jcis.2004.09.010

Cornell RM, Schwertmann U. 2003. The iron oxides: structure,

properties, reactions, occurrences and uses, 2" ed., WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany.

Hunt AJ, Matharu AS, King AH, Clark JH. 2015. The importance
of elemental sustainaility and critical element recovery. Green Chem
17(4): 1949-1950. https://doi.org/10.1039/c5gc90019k

Saunderson A. 2002. A permanent magnet Gouy balance. Phys Edu
3(5): 272-273. https://doi.org/10.1088/0031-9120/3/5/007

Morris BL, Wold A. 1968. Faraday balance for measuring
magnetic susceptibility. Rev Sci Instrum 39: 1937-1941. https://doi.
org/10.1063/1.1683276

Toma HE, Ferreira AMC, Osorio VKL. 1983. External weighing
with analytical balances determination of magnetic susceptibility
of inorganic compounds. J Chem Edu 60: 600-601. https://doi.
0rg/10.1021/ed060p600

Quercioli F, Tiribilli B, Mannoni A, Acciai S. 1998. Optomechanics
with LEGO. App/ Opti 37(16): 3408-3416. https://doi.org/10.1364/
AQ.37.003408

Almeida SDN, Toma HE. 2016. Neodymium(III) and lanthanum(III)
separation by magnetic nanohydrometallurgy using DTPA
functionalized magnetite nanoparticles. Hydrometallurgy 161: 22-28.
https://doi.org/10.1016/j.hydromet.2016.01.009

Ahn'T,Kim JH, Yang HM, Lee JW, Kim JD. 2012. Formation pathways
of magnetite nanoparticles by coprecipitation method. J Phys Chem C
116(10): 6069-6076. https://doi.org/10.1021/jp211843g

Stober EBW, Fink A. 1968. Controlled growth of monodisperse silica
spheres in micron size range. J Colloid Interface Sci 26(1): 63-69. https://
doi.org/10.1016/0021-9797(68)90272-5

Goémez-Pastora J, Bringas E, Ortiz 1. 2014. Recent progress and future
challenges on the use of high performance magnetic nano-adsorbents
in environmental applications. Chem Eng J 256: 187-204. https://doi.
01g/10.1016/j.c¢}.2014.06.119

Lim J, Lanni C, Evarts ER, Lanni F, Tilton RD, et al. 2011.
Magnetophoresis of nanoparticles. ACS Nano 5(1): 217-226. https://
doi.org/10.1021/nn102383s

Schaller V, Kraling U, Rusu C, Petersson K, Wipenmyr J, et al. 2008.
Motion of nanometer sized magnetic particles in a magnetic field
gradient. J Appl Phys 104: 93918. https://doi.org/10.1063/1.3009686

Andreu JS, Barbero P, Camacho ], Faraudo J. 2012. Simulation
of magnetophoretic separation processes in dispersions of
superparamagnetic nanoparticles in the noncooperative regime. J
Nanomater 2012: 678581. https://doi.org/10.1155/2012/678581

NanoWorld Journal | Volume 3 Issue 2,2017

43


http://pubs.rsc.org/en/Content/ArticleLanding/2012/SM/c2sm25243k%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2012/SM/c2sm25243k%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2012/SM/c2sm25243k%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2012/SM/c2sm25243k%23%21divAbstract
https://doi.org/10.1039/c2sm25243k
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.84.021402
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.84.021402
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.84.021402
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.84.021402
https://doi.org/10.1103/PhysRevE.84.021402
https://doi.org/10.1103/PhysRevE.84.021402
http://pubs.rsc.org/en/Content/ArticleLanding/2013/SM/c3sm00132f%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/SM/c3sm00132f%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/SM/c3sm00132f%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/SM/c3sm00132f%23%21divAbstract
https://doi.org/10.1039/c3sm00132f
http://www.sciencedirect.com/science/article/pii/S1359029405000555
http://www.sciencedirect.com/science/article/pii/S1359029405000555
http://www.sciencedirect.com/science/article/pii/S1359029405000555
https://doi.org/10.1016/j.cocis.2005.08.002
http://pubs.rsc.org/en/Content/ArticleLanding/2015/GC/C5GC00066A%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2015/GC/C5GC00066A%23%21divAbstract
https://doi.org/10.1039/C5GC00066A
https://www.ncbi.nlm.nih.gov/pubmed/16008419
https://www.ncbi.nlm.nih.gov/pubmed/16008419
https://www.ncbi.nlm.nih.gov/pubmed/16008419
https://doi.org/10.1021/la050553t
http://www.sciencedirect.com/science/article/pii/S1572665711003547
http://www.sciencedirect.com/science/article/pii/S1572665711003547
http://www.sciencedirect.com/science/article/pii/S1572665711003547
http://www.sciencedirect.com/science/article/pii/S1572665711003547
https://doi.org/10.1016/j.jelechem.2011.07.018
https://doi.org/10.1016/j.jelechem.2011.07.018
http://onlinelibrary.wiley.com/doi/10.1002/elan.201100278/abstract;jsessionid=F5D3014AD907B745B84A3D89A1E9D2D4.f03t03
http://onlinelibrary.wiley.com/doi/10.1002/elan.201100278/abstract;jsessionid=F5D3014AD907B745B84A3D89A1E9D2D4.f03t03
http://onlinelibrary.wiley.com/doi/10.1002/elan.201100278/abstract;jsessionid=F5D3014AD907B745B84A3D89A1E9D2D4.f03t03
http://onlinelibrary.wiley.com/doi/10.1002/elan.201100278/abstract;jsessionid=F5D3014AD907B745B84A3D89A1E9D2D4.f03t03
https://doi.org/10.1002/elan.201100278
https://doi.org/10.1002/elan.201100278
http://www.sciencedirect.com/science/article/pii/S0304386X12001375
http://www.sciencedirect.com/science/article/pii/S0304386X12001375
http://www.sciencedirect.com/science/article/pii/S0304386X12001375
http://www.sciencedirect.com/science/article/pii/S0304386X12001375
https://doi.org/10.1016/j.hydromet.2012.06.005
https://doi.org/10.1016/j.hydromet.2012.06.005
https://link.springer.com/article/10.1007/s11663-003-0082-1
https://link.springer.com/article/10.1007/s11663-003-0082-1
https://doi.org/10.1007/s11663-003-0082-1
https://www.ncbi.nlm.nih.gov/pubmed/18251514
https://www.ncbi.nlm.nih.gov/pubmed/18251514
https://doi.org/10.1021/ar700183b
https://www.iupac.org/publications/pac/pdf/2013/pdf/8508x1655.pdf
https://www.iupac.org/publications/pac/pdf/2013/pdf/8508x1655.pdf
https://doi.org/10.1351/PAC-CON-12-12-02
https://doi.org/10.1351/PAC-CON-12-12-02
https://nanoscalereslett.springeropen.com/articles/10.1007/s11671-008-9174-9
https://nanoscalereslett.springeropen.com/articles/10.1007/s11671-008-9174-9
https://nanoscalereslett.springeropen.com/articles/10.1007/s11671-008-9174-9
https://doi.org/10.1007/s11671-008-9174-9
http://www.sciencedirect.com/science/article/pii/S0021979704009063?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S0021979704009063?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S0021979704009063?via%3Dihub
https://doi.org/10.1016/j.jcis.2004.09.010
https://doi.org/10.1016/j.jcis.2004.09.010
http://pubs.rsc.org/en/Content/ArticleLanding/2015/GC/C5GC90019K%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2015/GC/C5GC90019K%23%21divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2015/GC/C5GC90019K%23%21divAbstract
https://doi.org/10.1039/c5gc90019k
http://iopscience.iop.org/article/10.1088/0031-9120/3/5/007/pdf
http://iopscience.iop.org/article/10.1088/0031-9120/3/5/007/pdf
https://doi.org/10.1088/0031-9120/3/5/007
http://aip.scitation.org/doi/abs/10.1063/1.1683276
http://aip.scitation.org/doi/abs/10.1063/1.1683276
https://doi.org/10.1063/1.1683276
https://doi.org/10.1063/1.1683276
http://pubs.acs.org/doi/abs/10.1021/ed060p600?journalCode=jceda8
http://pubs.acs.org/doi/abs/10.1021/ed060p600?journalCode=jceda8
http://pubs.acs.org/doi/abs/10.1021/ed060p600?journalCode=jceda8
https://doi.org/10.1021/ed060p600
https://doi.org/10.1021/ed060p600
https://www.osapublishing.org/ao/ViewMedia.cfm?uri=ao-37-16-3408&seq=0&guid=4831c466-c5ab-0d5d-f8b1-389315859c1d
https://www.osapublishing.org/ao/ViewMedia.cfm?uri=ao-37-16-3408&seq=0&guid=4831c466-c5ab-0d5d-f8b1-389315859c1d
https://doi.org/10.1364/AO.37.003408
https://doi.org/10.1364/AO.37.003408
http://www.sciencedirect.com/science/article/pii/S0304386X16300093
http://www.sciencedirect.com/science/article/pii/S0304386X16300093
http://www.sciencedirect.com/science/article/pii/S0304386X16300093
https://doi.org/10.1016/j.hydromet.2016.01.009
http://pubs.acs.org/doi/abs/10.1021/jp211843g
http://pubs.acs.org/doi/abs/10.1021/jp211843g
http://pubs.acs.org/doi/abs/10.1021/jp211843g
https://doi.org/10.1021/jp211843g
http://www.sciencedirect.com/science/article/pii/0021979768902725
http://www.sciencedirect.com/science/article/pii/0021979768902725
https://doi.org/10.1016/0021-9797(68)90272-5
https://doi.org/10.1016/0021-9797(68)90272-5
http://www.sciencedirect.com/science/article/pii/S138589471400881X
http://www.sciencedirect.com/science/article/pii/S138589471400881X
http://www.sciencedirect.com/science/article/pii/S138589471400881X
https://doi.org/10.1016/j.cej.2014.06.119
https://doi.org/10.1016/j.cej.2014.06.119
https://www.ncbi.nlm.nih.gov/pubmed/21141977
https://www.ncbi.nlm.nih.gov/pubmed/21141977
https://doi.org/10.1021/nn102383s
https://doi.org/10.1021/nn102383s
http://aip.scitation.org/doi/abs/10.1063/1.3009686?journalCode=jap
http://aip.scitation.org/doi/abs/10.1063/1.3009686?journalCode=jap
http://aip.scitation.org/doi/abs/10.1063/1.3009686?journalCode=jap
https://doi.org/10.1063/1.3009686
https://www.hindawi.com/journals/jnm/2012/678581/
https://www.hindawi.com/journals/jnm/2012/678581/
https://www.hindawi.com/journals/jnm/2012/678581/
https://www.hindawi.com/journals/jnm/2012/678581/
https://doi.org/10.1155/2012/678581

	Magnetophoresis of Superparamagnetic Nanoparticles Applied to the Extraction of Lanthanide Ions in t
	Abstract
	Keywords
	Introduction
	Materials and Methods
	Synthesis of MagNP@DTPA and their characterization
	Experimental Lego setup 
	Magnetophoresis and capture of Dy3+ by the MagNP@DTPA nanoparticles

	Results and Discussion
	Probing magnetophoresis
	Monitoring the Dy3+ capture by magnetophoresis

	Conclusions
	Acknowledgements
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6


