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Abstract A challenge in chemical engineering is the separation and purification of rare-earth elements and their
compounds. We report the design and manufacture of a dielectrophoresis (DEP) microchip of microelectrode arrays.
This microchip device is constructed in order to use DEP to capture micro-particles of rare-earth oxides in petro-
leum. Dielectrophoretic behavior of micro-particles of rare-earth oxides in oil media is explored. The dielectropho-
retic effects of particles under different conditions are investigated. It is showed that the prepared microchip is suit-
able for use in the investigation of dielectrophoretic responses of the rare-carth oxides in oil media. The factors such
as frequency, particle size and valence of rare-earth metal are discussed. When the frequency is fixed, the transla-
tion voltage decreases as particle size increases. Lower frequencies are more effective for manipulation of inorganic
particles in oil media. Particles of the same rare-earth oxide with different size, as well as particles of different
rare-earth oxides, are captured in different regions of the field by regulating DEP conditions. This may be a new
method for separation and purification of particles of different rare-earth oxides, as well as classification of particles

with different size.

Keywords dielectrophoresis, microchip, rare-earth oxide, separation

1 INTRODUCTION

Dielectrophoresis (DEP) involves induced po-
larization and motion of particles suspended in a me-
dium with different dielectric characteristics when an
AC electrical field is applied. It has the advantage of
operating at lower voltages, so in recent years it has
become one of the most widely used techniques for
separating particles by microfluidic manipulation and
received increasing attention in microfluidics [1].
Since its discovery by H. A. Pohl in 1956, DEP has
undergone significant development and is now used
widely in biology, chemistry, medicine, environmental
science and nano-technology [2].

Pohl gave the definition of dielectrophoresis [3]
after his pioneering research on inorganic particles
using DEP from the late 1950s to the mid 1960s. Dur-
ing the past decades, the application of dielectropho-
resis to collecting, positioning and separating particles
suspended in liquids has advanced tremendously due
to improvements in the micro-fabrication techniques
[4], which is useful for routing particles to precise lo-
cations in microfluidic channels [5]. DEP forces are
variable and can be modified simply by changing fre-
quencies or by arranging different sets of electrodes in
an array to modify the shape of the DEP focusing [5]
DEP has been widely applied to purification [6] and
assembly [7] of carbon nanotubes to prepare nano-
devices [8], and to concentration from mineral wastes
[9] and purification of petroleum products [10]. With
recent rapid development of lab-on-a-chip technolo-
gies, DEP has been extensively applied to on-chip
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manipulation of artificial or biological particles [11].

Metal oxide micro-particles, especially nano-
particles [12], may be useful in cosmetics, paints and
environmental treatment due to their outstanding per-
formance in whitening and photocatalysis. Rare-earth
elements and their compounds, due to their special
structure of 4f electrons, have a wide range of applica-
tions in optical materials, magnetic materials, catalysts
and medicines. Products of rare-earth oxides with high
purity have extensive uses in industries and technolo-
gies because of their special physical and chemical
properties [13]. However, the separation of these
compounds is very difficult since the properties of
different rare-earth elements are quite similar. At pre-
sent, the separation and purification of rare-earth is
mainly carried out by wet methods such as ion-exchange
and solvent extraction, which often require multiple
repetitions to achieve adequate purity. Therefore, it
remains an important goal in rare-earth chemistry to
find efficient and widely applicable methods [14]. A
major challenge in the chemical industry is to innovate
new processes with less pollution and high energy
efficiency [15]. Of various available techniques, DEP
is useful in separation of some micro- or nano-particles,
which are difficult to classify by traditional physical
or biochemical methods [5-7].

In this study, we prepare a um-scale DEP mi-
cro-array chip, assemble an experimental system and
investigate the DEP response to several rare-earth ox-
ides. Different conditions are applied for the capture
of different rare-earth oxide particles and classifica-
tion of particles with different size. Separation by DEP

* Supported by the 985 Foundation of Central University for Nationalities (CUN985-3-3) and the National Natural Science

Foundation of China (90305011).

** To whom correspondence should be addressed. E-mail: huiyingrchen@yahoo.com.cn



Chin. J. Chem. Eng., Vol. 18, No. 6, December 2010 1035

does not require additional reagents or processing, so
it is an environmentally friendly technique.

2 THEORY

Subjected to a non-uniform electric field £y, a
neutral but polarizable particle of radius R and density
pp suspended in a medium of permittivity &, experi-
ences a time-averaged DEP force Fpgp,

Fopp =21R’e, Re[K (w)]VE® (1)

where o is the field frequency and K(w) is the Clau-
sius-Mossotti factor, which describes the electrical
properties of the particle and the medium [16],
Re[K(w)] stands for the real part of K(w).
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E is the root mean square (rms) value of the electric
field, ¢ the complex permittivity, subscripts p and m
denote particle and medium, respectively.

If Re[K(w)]>0, i.e. the electrical polarizability of
particles exceeds that of the suspending medium, the
particles tend to move to the regions with strong elec-
tric field, positive DEP. In the case of negative DEP, the
particles will move towards weak-field regions. The
direction of DEP depends on the polarizability as well
as the applied frequency [17]. Particles can be trapped
in or released from a specific area by applying electrical
signals with suitable frequency and amplitude [16].

3 EXPERIMENTAL

We chose one particle for investigation, located
between the tips of a pair of opposite electrodes. The
particle diameter was measured using analytic soft-
ware (DN-2, YXOPT, China). Fig. 1 shows the princi-
ple of positive dielectrophoresis.

)

Figure 1 The principle of positive dielectrophoresis [3]
3.1 Experimental apparatus

The electrode arrays of the microchip comprise
several inter-parallel fingers (100 um long, 20 um

wide, and 20 pum inter-electrode gap). We designed the
pattern and the size of the chip. The microelectrodes
were fixed on an insulating substrate by a vacuum
evaporation technique (ISCAS) (Fig. 2). The elec-
trodes were deposited on quartz glass substrates. The
polymethyl acrylate chamber (40 mmx10 mmx1 mm)
was conglutinated with UV curing adhesives. The
electrode array was connected to a signal generator
and was observed using a digital video camera at-
tached to a PC (Fig. 3).
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Figure 2 A schematic drawing of the chamber
1 —microelectrode arrays; 2—chamber wall of polymethyl
acrylate; 3—glass substrate; 4—gap between arrays

Figure 3 Schematic for DEP
1—signal generator; 2—DEP microchip; 3—microscope; 4—
video; 5—PC

3.2 Particles, media and experimental procedure

The particles of rare-earth oxides were suspended
in aviation kerosene (1.0 g-L™" final concentration). Its
conductivity was measured with a conductivity meter
(DDS-11D, Shanghai Lida, China). An ultrasonic dis-
persion device was used to avoid particle aggregation.
The liquid sample (~15ul) was injected into the
chamber. Then the DEP trapping of particles to the
microelectrode was performed with AC voltage in
frequency of 20200 kHz and amplitude of 5-100 V.

3.3 Field generation and observation

AC fields were applied using a signal generator
(SG1648 Hongze, Jiangsu, China). The frequencies of
the generator were in the range from 10 Hz to 2 MHz
with amplitudes of 0-150 Vp-p. Positive DEP of the
particles occurred when AC electricity was applied to
the electrodes. Observations were made using a micro-
scope (CN-15, KONKYO, YXOPT, China) and a
video camera (HDCE-30, YXOPT, China), connected
to a computer and video recorder for data collection
and analysis. Particle diameters were determined us-
ing analysis software (DN-2, YXOPT, China). All



1036 Chin. J. Chem. Eng., Vol. 18, No. 6, December 2010

experiments were performed in a static state.

4 RESULTS AND DISCUSSION

4.1 Relationship between voltage and radii of
particles

Figure 4 shows that the translation voltages (TV)
of particles decrease with increasing radii of rare-earth
oxide particles under positive DEP. The bigger parti-
cles are captured more easily. This can be explained
using Eq. (1). Fpgp is proportional to R>, the radius of
particle. When particles with similar sizes, such as
2.3-3.0 pm in this case, are put in different regions of
a non-uniform electric field under the same voltage,
the particles of the same oxide can be classified ac-
cording to their sizes. Yasukawa et al. [18] also sepa-
rated micro-particles of different sizes based on DEP
in a channel [18]. When the difference in particle size
is very small, multi-step DEP can be used to achieve
the separation [19].
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Figure 4 Relationship between TV and radius of rare-earth
oxide particles
n Dy203, A C602; * La2O3

4.2 Effect of frequency on translation voltage

Particles of similar size were selected to investi-
gate the effect of variation in frequency. Fig. 5 shows
that the particles translate more readily at lower fre-
quencies under positive DEP. A lower frequency is
better to manipulate particles of rare-earth oxides us-
ing DEP. This is consistent with the previous result
[20], in which the positive DEP in a latex-in-water
system is in an extremely low frequency range, around
15 Hz. However, biological particles exhibit positive
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Figure 5 Relationship between TV and frequency
| Dy203, A C602

DEP in a high frequency range. Under our experi-
mental conditions, we lowered the frequency to make
the particles exhibit positive DEP at low voltage. Al-
daeus et al. [19] observed that a lower frequency could
increase the positive dielectrophoretic motion due to
the formation of counter-ion cloud. It can be also seen
from Egs. (1) and (3) that as frequency w increases,
the dielectric constant ¢ of particle decreases. The par-
ticle with lower dielectric constant requires higher
field strength.

Figure 5 shows that as the frequency increases,
the translation voltage of dysprosium oxide changes
little, while the translation voltage of cerium oxide
increases greatly. In the same medium we can separate
different rare-earth oxides completely in the dielec-
trophoretic separation device, by adjusting the voltage
at a given frequency (500 Hz). Chen et al. [21] pointed
out in their study on dielectrophoretic behavior of
polystyrene particles that different particles can be
separated on the basis of the parameters, in particular
the frequency of electric field, dielectric properties of
particles and the surrounding medium. And Wei et al.
[22] found, in their research of CNT sorting, frequency
is more important than the number of purification.
This will be significant for practical implementation
of DEP to separate different particles for biosensors
and medical application [23].

4.3 Effect of valence of the metal in rare-earth
oxides

For the sizes within 2.392-2.972 um and the fre-
quency at 50 Hz, the relationship between the transla-
tion voltage of rare-earth oxide particles and valences
of the rare-earth metals are investigated. Table 1 shows
that the translation voltages of different rare-earth ox-
ide particles differ although the particle sizes are close.
Particle with higher valence requires higher voltage
for DEP translation. This result is significant, which
implies that particles with different valences may be
captured at a fixed frequency by adjusting the voltage.
If the difference in valences for two rare-earth oxides
is small, as for La,O; and Dy,0O; in Table 1, we can
still separate different rare earth oxides by means of
multi-step DEP. For metals with significantly different
valences, their oxides, such as La,O3; and CeO,, or
Dy,0;3 and CeO,, can be easily separated using DEP.

Table 1 The translation voltage of rare-earth oxide
particles of different valences

Particle Particle Translation  Translation Metal
name radius/um  frequency/Hz voltage/V ~ valence
dysprosium oxide 2.792 50 14 3
lanthanum oxide 2.972 50 22.5 3
cerium dioxide 2914 50 40 4

In summary, DEP behavior of three types of rare-
earth oxide particles in an oil medium was explored
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by using a micro-fabricated electrode system. Within a
certain range of particle size, particle translation volt-
age decreases as particle size increases. Particles of
the same rare-earth oxide can be classified based on
their sizes by regulating the voltage. Low frequencies
are better to manipulate rare-earth oxide particles by
DEP, so that it is energy-efficient. Rare-earth oxides
with different valences can be separated. Under higher
frequency conditions, rare-carth oxide particles with
different size are captured using one-step DEP by
regulating the voltage. At frequency of 50 Hz different
rare-earth oxides may be separated by means of
multi-step DEP.
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