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Magnetic Separation of Graphite and Magnesia
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An ensemble of graphite and magnesia particles was successfully separated into different groups of materials
by translating them in an area of magnetic field produced by a NdFeB magnetic-circuit. The absolute value of
diamagnetic susceptibility |χdia| was 2.6 � 10�7 emu/g in magnesia; previously the separation of diamagnetic
grains was possible in materials with |χdia| values above 5 � 10�7 emu/g. Terminal velocity observed in a area
outside the magnetic field in the magnesia particles having different mass between 0.12 to 0.35 mg, converged to
a constant value 1.27� 0.05 cm/s; the value was consistent with a theoretical value based on a simple conversion
rule between magnetic potential and kinetic energy assumed in the particles. Similar result was obtained for the
graphite particles. The technical improvements introduced in the present study to translate the MgO particles can
be applied to realize magnetic separation of diamagnetic materials in general.
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1. Introduction

In a recent report, a mixed ensemble of weak mag-
netic (i.e. diamagnetic & paramagnetic) particles was
dynamically separated into fractions of different mate-
rials by applying a low field produced by Nd magnetic
circuit (maximum field   0.8T) [1]. Formerly, dynamical
motions of weak magnetic materials were not expected
to occur unless an ultra-strong field above 10 T was in-
troduced in the experiment [2]. In order to realize the
above separation, the particles were translated in a area
of monotonically decreasing field; they were allowed to
translate freely in a diffused area (� 100 Pa) by applying
a short microgravity condition. The sample pieces con-
sisted of diamagnetic bismuth, diamond & graphite as
well as two paramagnetic olivine with different Fe con-
centrations. Furthermore, material of the separated par-
ticles could be identified from its magnetic susceptibility
χ (per unit mass) that was determined from the trans-
lating velocity. A simple method is required in analyti-
cal science to extract and identify minor solid particles
from a ensemble of heterogeneous particles, and the mag-
netic separation can be used in such method of pretreat-
ment [1].

In the present report, improvements were made in the
procedure to realize the separation of diamagnetic mate-
rials that posses small |χdia| value [3]. The mass depen-
dence of the field-induced translation were examined in
graphite and magnesia particles to examine the efficiency
of energy conversion rule during the process of magnetic
separation.

2. Experimental

The short microgravity (µgq condition used in the ex-
periment was produced by a drop shaft that had a length
of 1.8 m. The experimental setup to observe the grain
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motion was installed in a wooden drop box (30� 3� 20
[cm]) which was attached to the ceiling of the drop shaft
using an electromagnet; free fall of the drop box started
by shutting down the power supply of the electromag-
net [1]. The effective microgravity duration of the system
was about 0.5 seconds. The setup installed in the drop
box consisted of a small magnetic circuit (maximum field
intensity: 0.86 T), a transparent vacuum chamber that
enclosed the magnetic circuit and a high speed camera
with an illumination system to observe the translation.

The magnetic circuit that produced a suitable field gra-
dient to induce the grain translation was composed of
a pair of NeFeB plates (4.0 � 3.0 � 1.0 [cm]) as shown
in the upper part of Fig. 1. A direction which had the
largest gradient of monotone decreasing field was defined
as a �x-axis, whereas the �z-axis was defined along the
magnetic line of force produced between the N pole and
S pole in the circuit. A collecting plate was placed in the
translating areas to examine the result of magnetic sepa-
ration. The grain ensemble was set at a position located
along the x-axis; this position was at the edge of the
magnetic circuit (see Fig. 1) with field intensity B0. The
grain ensemble consisted of sub-millimeter size pieces of
graphite and magnesia; they were produced from high-
quality bulk materials. Details of chemical and mag-
netic analysis of the materials have been described else-
where [4]. Mass m of individual particles is listed in Ta-
ble I. The circuit together with the particles was enclosed
in the glass tube, and the inner pressure was reduced to
� 100 Pa to eliminate the effect of air resistance.

Shortly after the beginning of µg condition, the sample
stage set inside the stage-holder (attached at the above
position) was levitated for about 0.5 mm; this movement
was effective in releasing the samples in the diffuse µg
area with small initial momentum; the stage was sponta-
neously levitated by a small field gradient located in the
+z direction [1]. In a microgravity experiment, it was
generally difficult to release a substance in a diffuse µg
area with small initial velocity.
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Fig. 1. Time sequence photograph of magnetic separa-
tion observed between graphite and magnesia particles
that was observed in a short microgravity condition.

In order to minimize the effect of Coulomb attraction
force which prevented the release of grains, deionization
of sample particle was performed in the present study
for a long duration (� 1 hr) using a commercial appara-
tus before it was set on the sample stage. After setting
the particles on the stage, surface charge of the parti-
cles together with the stage was again neutralized by a
portable deionizer. Local field distribution around the
sample holder was altered as well by attaching additional
magnetic plates near the holder, which increased the field

Fig. 2. Relationship between mass m and χdia ob-
tained for graphite particles. The χdia values were cal-
culated from the translating velocity of the particles
measured in the course of magnetic separation.

TABLE I

Numerical data of MgO and graphite particles used in
the experiment of magnetic separation.

Sample
mass vt χdia meas. χdia other

[�10�4 g] [cm/s] [�10�7 emu/g]
MgO #1 3.5 1.2 �2.6� 0.4

,///.
///-
� 2.6

MgO #2 1.2 1.2 �2.6� 0.4

MgO #3 1.9 1.3 �3.2� 0.5

MgO #4 2.3 1.2 �2.6� 0.4

graphite #1 2.6 5.4 �60� 7
,///////.
///////-

� 52

graphite #2 2.7 5.4 �59� 2

graphite #3 3.3 11 �56� 1

graphite #4 1.9 12 �59� 2

graphite #5 4.5 11 �60� 2

graphite #6 1.3 10 �52� 2

gradient in the z-direction. The alteration was expected
to induce the release of diamagnetic samples with small
|χdia| values.

Trajectory of the sample translation was recorded by
the high-speed camera, CASIO EX-F1 (spatial resolu-
tion: 0.004 cm, time resolution: 0.033 fps), which was set
outside the glass tube [1]. Image of the sample motion
was taken from the direction of a �y-axis. The v�x rela-
tions of the samples were obtained from time-sequential
photographs to obtain terminal velocity vt of the sample
in the B � 0 region.

3. Results and discussions

An example of magnetic separation observed in the
mixture of graphite and magnesia particle is shown in
Fig. 1 as a time sequence photograph. The particles
were separated into two different groups of material as
they translated towards the direction of decreasing field
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(i.e. �x-axis). It is seen that the above-mentioned pro-
cedures were effective to realize the translation and sepa-
ration of the particles It is also confirmed from the figure
that separation is completed within the short duration of
microgravity.

The χdia values (per unit mass) of the particles are
obtained by inserting the numerical values of vt and B0

in the equation of a energy conservation described as
1{2mv2T � 1{2mχdiaB

2
0 � 0, (1)

where m denote mass of the particles [1, 4]. As shown
in Table I, the χdia values of the translated particles ob-
tained in this manner agreed fairly well with the pub-
lished values; the deviations between the measured and
published values were probably caused by contamination
of some small particles attached to the sample. It is
generally difficult to detect the magnetization of a weak
magnetic material from a reduced size sample (e.g. di-
ameter   0.5 mm). This is because the interference of
background signals emitted from the sample holder is not
negligible; m measurement of the sample becomes diffi-
cult as well. It was suggested that the χdia measurement
based on field-induced translation could avoid the above-
mentioned difficulties [3].

The results of χdia measurement performed in differ-
ent sample sizes are compiled in Table 1 as well as in
Fig. 2, and no significant correlation were seen between
χdia and m. The data show that the translation of the
particles followed the conservation rule of Eq.(1) through-
out the separation process. In order to apply the present
method of separation & identification in various practi-
cal purposes, it is important to confirm the efficiency of
the above-mentioned conservation rule at various sample
sizes. In this sense, it is necessary to extend the χdia v.s.
m measurement in the micron-size & cm-size particles.

It was suggested that the significance of magnetic sep-
aration could be comparable to that of the chroma-
tography separation commonly used to extract the or-
ganic molecules, because extraction of new solid phases
from heterogeneous grain ensemble would lead to impor-
tant discoveries [1]. However, the separation of diamag-
netic particles was formerly possible in materials that
had |χdia| values above 5 � 10�7 emu/g, whereas pub-
lished |χdia| data of many materials ranged between
10�7 and 5 � 10�7 emu/g [4] (i.e. calcite: 3.55, cellu-
lose: 4.2, corundum: 3.60, lead: 1.1, silver: 1.9, silicon-
carbide: 3.2� 10�7 emu/g).

In this sense, further technical improvement is required
to realize the separation of diamagnetic materials in gen-
eral, and the procedures introduced in the present study
to translate the MgO particles may provide a break-
through to achieve the separation.
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