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Recycling of Abrasives From Wasted Slurry by
Superconducting Magnetic Separation

Shigehiro Nishijima, Yoshinobu Izumi, Shin-Ichi Takeda, Hiroki Suemoto, Atsushi Nakahira, and Shin-Ichi Horie

Abstract—Abrasives have been recovered from the slurry —
wasted of the factory where the silicon wafers for solar battery
are processed. The slurry consists of oil and abrasives and is used
in the wire saw. The viscosity of the slurry is carefully controlled

to maintain a high cutting performance though it tends to be high
as the silicon powder is accumulated in the slurry. The cutting
performance of the slurry decreases as the amount of the silicon
powder increases. The abrasives, however, still have enough
performance to cut the silicon wafers. Iron segments of the wire
saw were found to attach to the SiC abrasives. The iron segments
magnetize the abrasives in the mechanochemical process and thus
reduce the cutting performance of the abrasives. Due to the iron
segments presence the abrasives with poor cutting performance
could be separated from the slurry by means of superconducting
magnetic separator. After the magnetic separation a centrifugal
separator was used to separate the silicon powder. It was con-
firmed that the superconducting magnetic separation is applicable
to this practical application.

Index Terms—Abrasive, magnetic separation, slurry, silicon,
wafers, solar battery.

Fig. 1. A schematic of wire-sawing machine

I. INTRODUCTION ) ) ) )
field produced by superconducting magnets. Amagnetic seeding

I N MAGNETIC separation, magnetic particles are separatggthnique has been developed for separating and recycling
or collected by means of magnetic forces originated by thenmagnetic materials such as biological, nonmetallic or liquid

gradient magnetic field [1]. The research and development gt iarials [11].

magnetic separation have been made [2]-[6] and the method i, this work, a superconducting magnetic separation has

now applied, for example, to the purification of clay [7]. Sincgeen applied to the recycling of wasted slurry from solar battery
the recent development of superconducting magnets cooledifyiory. |t was found that an alternative technique to magnetic
a cryocooler, the high magnetic field can be easily producedeging can be applied successfully to obtain the recycling the
without liquid helium. The superconducting magnetsystemwlgbrasives in the slurry: The open gradient superconducting
cryocooler has promoted anew research and developmentwithiggnet system. This open gradient superconducting magnetic
superconducting magnetic separation [8]-[10]. We have trigdharation system was confirmed to be commercially available.
to develop the superconducting magnetic separation system
for the environmental preservation and/or the recycling of
resources. Valuable resources to be recycled show usually low
magnetic susceptibility and hence the magnetic separation haghe wire saw is used for cutting the silicon blocks to pro-
not been applied commercially even under the high magnefidce wafers for the solar battery (Fig. 1). The silicon blocks
are pressed toward the wires on which the slurry (a mixture of

. . . abrasives and viscous oil), is poured. The abrasives move with
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TABLE | w—_— .
CHEMICAL COMPOSITION OFSLURRY BEFORE ANDAFTER WIRE-SAWING P \ &
[ Before Use ] | 3 ¥
grain oil slurry oS ;@,v Fe —
Weight % 55 45 100 : % : B
Volume % 25 15 100 3 .. 'L si Ae
Density 321 087 1.45 ' . iuoui-T ‘ e
(a) (b)
Viscosity 20 100
(mPa-s) Fig. 3. SEM photograph of abrasives involved in wasted slurry, (b) Elemental
analysis of the abrasive surface.
[ After Use ]
grain oil  silicon others slurry Fig. 3(a) shows the SEM observation of SiC abrasives in
the wasted slurry. It was confirmed that the abrasives were not
Weight % 43 42 12 3 100 broken. The oil in the slurry was found not to be oxidized and
Volume % 20 72 7 ] 100 to be reusable. When the abrasives and/or the 0|_I are recovered
from the wasted slurry, the expenses for waste disposal and for
Density 321 087 230 482 147 buying the new slurry are reduced. Though centrifugal sepa-
Viscosity 20 180 ration is able to recycle the abrasives, the abrasives separated
by this method do not show high cutting performances. It was
(mPas) needed to clarify why this happens and to establish other eco-
nomical methods to recycle the abrasives in the wasted slurry.
[ll. SUPERCONDUCTINGMAGNETIC SEPARATION
14 Horential ) 100 . _
ot differentia &}é’ integral In order to elucidate the cause why the centrifugally sepa-
S q@ rated abrasives do not show high cutting performances, XRD
- 10 3 patterns of the separated abrasives are also studied and shown in
§ gt 10 & Fig. 3(b). It was found that the iron segments adhere to the abra-
9 % sives especially area “B” in the figure. The iron segments of the
% 6T 140 3 wire saw adhere to the abrasives through mechanically assisted
© 4+t 4 % chemical reaction. It is known that the cutting performance of
. i &,ﬁ 1m © the abrasives decreases when other matter attaches to their sur-
2 (" \ face. Consequently the poor cutting performance of the centrifu-
0 o ¥ ; i 0 gally separated abrasives is ought to be mainly caused by the
01 1 10 100 1000 attached iron segments. The amount of the iron attached to the

abrasives was estimated to be approximately 1% by weight. It
was also found iron within the solid matter of the slurry rep-
resents about 4% by weight. It suggests that fragments of iron
Particle size distribution of particulate materials involved in wasthom the wire saw also accumulate in the solid matter of the
slurry. This iron fragments present within the slurry are thought
to be the other cause of its lower cutting performance, as the cen-
and oil. The density of the slurry is approximately 1.45 gfcmtrifugal separation can not divide them from the iron attached
and the viscosity is 20 mPa After wire sawing the viscosity SiC, hence they are put together in the recycled slurry.
is 180 mPas, and the cutting accuracy is worse. The silicon The following process is proposed to recycle the abrasives
powder increases the viscosity of the slurry and its fraction mé&ym the wasted slurry i) the iron attached SiC or the iron frag-
be as high as approximately 12% in weight. ments are separated magnetically; ii) the centrifugal separation
Fig. 2 shows the particle size distribution (PSD) in wasted performed on the remaining slurry to separate the silicon
slurry. Particles having the diameter of 100, 15 ,and®show powder and the abrasives.
high content. The particles with 1&m in diameter are the SiC  The recycling of the oil can also be made by the centrifugal
abrasives. Those with;2m are fragments of SiC, wire saw andseparation. A superconducting magnetic separation was decided
silicon powder. The diameter of the abrasives before use rang@be introduced to answer the following demand,; i) to solve the
from 5 to 25pum and the mean diameter is 18n. It was ad- problem of the decrease in the cutting performance, ii) to fit the
mitted that most of the abrasives were not broken during tharious types of cutting process (the amount of iron attached to
cutting and are reusable. The particles having A@0diameter the abrasives depends on the cutting process), iii) to increase the
are flocculated SiC. flow speed by about ten times in near future.

Diameter( ¢ m)

Fig. 2.
slurry
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TABLE Il
RESULTS OFMAGNETIC SEPARATION (2 T); (&) AMOUNT OF WASTED SLURRY,
(b) RECOVEREDSLURRY AND (c) CAPTURED SLURRY

Volume Solid Content Abrasive content(g) SiC Fragment Iron Content Ms
(mL) (@ ()} ()] (9) (Tikg )
a 3,000 2,200 1,716 418 66 10.7
b 2,500 1,700 1,376 324 0 0.346
c 500 500 340 94 66 53.4
14
12
Fig. 4. The superconducting magnet equipped with a separation canister
attached to the warm bore. ~ 10 |
<
> 8t
TABLE I 2
SPECIFICATIONS OFCRYOCOOLED SUPERCONDUCTINGMAGNET SYSTEM g 6
g
=
Warm bore 100 mm 41
Inductance 38H 2t
Operating Current 120A(at 107) 0 s sopocRnTL:
Stored Energy 286kJ(at 10T) 01 1 10 100 1000
Axial Length 460 mm Diameter( 4 m)
Outer Diameter 680 mm . . N ) ) .
Fig.5. Particle size distribution of particulate materials discharged from outlet
Weight 250 kg of chamber after magnetic separation (5T).

flew down the screw inside the canister toward the outlet at a

Based on the amount of the iron attached to the abrasives &i@ting speed of 6 rpom (which was the rotation used in all the
on the iron fragments in the solid matter in the slurry, 0.02 migsts presented in this paper). Preliminary test for the original
of the flow speed, 2 T of external field and 10 T/m of magnetiglurry (as received from the factory) showed that the viscosity

field gradient are estimated to be needed. was too high to achieve separation with an economically reason-
able flow rate, so the actual separation test was done after ad-
I\V. DEVELOPMENT OF THEMAGNETIC SEPARATOR justment of the viscosity with dilution of the slurry by a thinner

slurry : thinner = 4 : 1 by volume) to obtain a final viscosity

P50 mPas. The adopted flow rate was 0.02 m/s, which was set

can be ggnerated by a open gr_ad|¢nt superconducting MaghCine economically desired separation rate, using the valve just
A separating system as shown in Fig. 4 was developed. The S¥neath the slurry reservoir

perconducting magnet is tilted by 30 degree and the S5eir)arat'0':|'able [Il shows the results obtained from the recovery test

canister was installed in the warm bore. The specifications Afa magnetic field strength of 2 T. The amount of wasted slurry
the superconducting magnet system are presented in Tabl Bcessed was 3 L and the recovered amount of itwas 2.5 L, cor-
The wasted slurry is stored in the slurry reservoir and then i >sponding to a recovery of abrasives of about 80% Magnétiza—
troduced to the separation canister. The iron attached abra_s&YS: of the recovered slurry was found to be smaller'than that of

and the iron fragments are c_apj[ured on the wall of the canistse originally wasted slurry. This reduction of the magnetization
by the open gradient magnetic field while the slurry flows in th ints that the magnetic component involved in the slurry was

ge?:rat|oq (;harq_tr)]er. lTO stlrtQE sILtJr_ryaschr_evr\]/ devm;)e IS |nste|1I arated. The same tendency of magnetization change after
in the canister. The slurry without iron which can be recycle agnetic separation was obtained at 5 T.

is discharged from the outlet of the canister. The external fiel In order to clarify the efficiency of the magnetic separation

:f;:?;gﬁgﬁgsed to remove the iron attached abrasives andaW§ to make sure if the particle size of the abrasives was still

maintained even after sawing, PSD was measured for both be-
fore and after a separation performed at 5 T. The obtained distri-
bution is shown in Fig. 5. The distribution obtained for the 2 T
Separation tests for the wasted slurry obtained from the icase is similar in tendency to the 5 T case, but as the latter allows
dustrial factory were performed using the separator shownbetter PSD curves it is the one cited for discussion. The PSD
Fig. 4. To change the magnetic gradient, magnetic field strengitlrves suggest that the peak at 100 corresponds to the floc-
was set at 2 in one test and 5 T in another. An amount of 3dulated particles size of SiC, which will be easily deflocculated
of wasted slurry was used for separation tests. This slurry wagshear flow. It is worth noting that PSD of the captured slurry

The gradient of the magnetic field needed for the separati

V. EXPERIMENTAL PROCEDURE ANDRESULTS
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Fig. 6. XRD patterns of abrasives and silicon particle separated by
centrifugation after magnetic separation.

3)

after separation has a new peak below: fregion and the peak
corresponds to the iron fragments (SiC broken particle with iron

in some extent also could be included in this PSD region). This 4)
conclusion is supported by the fact that, in the captured slurry,
only the iron component increases after separation as shown in
Table Ill. Hence, the particles having a peak atib in PSD

curve are inferred to be SiC particle with iron component. Sum-

1599

VI. CONCLUSION

A fundamental study was performed on the application of su-
perconducting magnetic separation technique to recycle wasted
slurry from the solar battery factory. It was shown the appli-
cability of this technique to treat the wasted slurry of abrasives.

the results presented in this work, several conclusions con-

cerning the use of magnetic separation technique can be drawn:

Since the wasted slurry contains not only nonmagnetic
abrasives but also SiC abrasives (mechanochemically re-
acted with iron during wire-sawing), the latter particles,
which decreases the cutting performance, can be easily
recovered by magnetic separation.

The iron fragments coming from the wire during sawing
also can be recovered by magnetic separation.

SiC abrasives can be divided from silicon fragments using
centrifugation after magnetic separation, which can lead
the way for recycling the SiC abrasives wasted from solar
battery factory.

When the rotating rate of centrifugation was changed to a
high rate such as 3000 rpm, and after the magnetic sepa-
ration step, separated oil can be obtained from the wasted
slurry, with better results than the ones obtained by only
using centrifugation.

marizing: the results on the PSD curves demonstrate that magSummarizing: superconducting magnetic separation tech-
netic separation technique can separate the particles even wistogy is able to recover the SiC abrasives and oil from the

iron in small content.

wasted slurry successfully, and thus establishing a viable

We have encountered also some difficulty to use the recycleztycling system of the wasted slurry from the semiconductor
slurry after dilution using thinner, because of the high viscosifactory.

presented by the resulting slurry. Thus the material for dilu-
tion should be changed from thinner to other material or other
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technique should be applied to reduce viscosity. The idea thatrhe authors are grateful to Mr. T. Niki from Niki glass Co.,

heating the slurry to 60 can reduce viscosity was drawn from q. f
the viscosity change with temperature observed for the samegirk.
used in this slurry. Therefore, magnetic separation of the wasted
slurry after heating up to 6@ was made at 2 T, and subse-
quently centrifugation at 2000 rpm was performed for the slurry 1]
discharged from the outlet of the canister. Fig. 6 shows the XRD
patterns obtained from the slurries before and after centrifugalz]
tion. Itis clear that the solid component of the slurry before cen- 3]
trifugation was silicon and SiC particle. On the other hand, the
upper and lower portions of the slurry after centrifugation were 4
found to be silicon in supernatant and SiC particle in sediment,
respectively. It was also found that centrifugation at higher rota- (5]
tion rate such as 3000 rpm can have capability to even separate
silicon fragments, and result in recycling the oil separated from!€]
the slurry. 7]
Summing up, a scenario for recycling the wasted slurry from
solar battery factory was tested. It was confirmed that the pro—[S]
cedure proposed here, which is comprised of magnetic sepa-
ration, adjustment of the oil temperature, and centrifugation,®]
can be practically operated. When the treatment rate of wastegh;
slurry is higher than 700 L/day, this technique is to be employed
with matching economical demand and hence superconductir{ﬂ:j1
magnet separation is found to be used in practical applications.

or the assistance putting the superconducting magnet to
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