
A Superconducting Filter to Separate an Oxygen and Argon Mixture
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Abstract.  Hotisostatic pressing in an oxygen atmosphere,known as 02~HIP method,has been used successfully

to synthesize oxide rnate五 als,as well as to produce porous inaterials.In this paper a porous superconducting oxide

's synthesized by this method and its application as a gas■ lter is described. PorOus superconductors can be used
~to separate a m破 ture of paralnagnetic and diamagnetic gases,such as oxygen and argon.Separation occurs after a

magnetic neld is applied and is based on the Meissner emcct.Experilnental results showed that thc oxygen content

of an oxyge」 agon m破ture increased after passing through a nlter with large pore sizc(about 10 μm).

Keywords:  superconducting nlter9 gas separation,rnagnetic gradient,Mcissner emect

l htroduction

Since the boiling points of oxygen and argon are sinli―

lar,itis dimcult to remove argon impurities fronl oxy―

gen using conventional inethods. Chenlical lnethods

also cannot be used because argon is an inert gas.Oxy―

gen and argon,however,do exhibit direrent rnagnetic

behavior,paramangnetism and dialnagnedsm,PSpec―

tively.This dilference can be utilized in separating the

two materials.

A magnetic force,F,acting on a materi〔 咀in a mag―

netic neld is given by

F〓

where ttr is thc lnagnetic ncld,3 is the inagnetic nux

dcnsity,μO is the relat市 e permeability,and ν is the

magnetizationo NIIagnetization iイ is given by

″ =χ″〃=盪LB     (2)
μo

where χ
“
is the magnetic suscep● bility.The mag―

netic susceptibility of paralnagnetic materials(suCh as
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oxygcn or carbon dioxide)is pOSitive and that of dia―

magnetic materials(suCh as argon,nitrogen or water)

is negative.Equations(1)and(2)can be rearranged to

give

F=鶯 B響     (3)
According to Eq。 (3),if a magnetic fleld is applied

to an oxygen/argon m破 ture,the force acting on the

oxygen molecules is opposite to the force acting on

dle argon atoms. In other words,a mixture of oxygen

ind argon can be separated in a magnetic neld. It is,

however,dimcult t。 。btain a high magnetic gradient

(BdB/′χ)using a standard perlnanentFnagnet or acoil,
and therefore aporous superconducting mate五 alcan be

used to overcome this problem.

If an external inagnetic neld is applied to a porous

superconducting nlter before cooling down,the mag―

netic nux pЖses through the entire material,as shown

in Fig.1(a). The Meissner effect of a superconductor

prevents the magnetic■ ux from passing through the

material. If the material is then cooled down below

the cHtical temperature,the magnetic aux only passes

through the penetrating pores,as shown in Fig.1(b).

If an external magnetic neld is applied after the ma―

terial is cooled down,the magnetic aux does not pass

through the material at all,as shown in Fig。 1(C).

The external magnetic neld should be less than the

lower critical ield,Icl,or else the material will no
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{a)

etic flux

(b)

(C)

ng f  Magnetic flux around the porous superconducting fllte■

(al rnagnetic flux before cooling down the superconducting lltet

(b)magnetic nux after cooled to atemperature lowerthan the cHtical

temperature from the state(o,and(C)magnetic aux applied a■ er

cooling down the fllter Note that inagnetlc flux is concenmted in

pores in(b),alld the gradient of magnedc■ux becomes hgher atthe

surface of pores ofthe superconducting nlter Pore diameter should

be larger than the London penetration depth,λ .

longer be superconducting. In Fig。  1(b)the magni_

tude of the magnetic nux density in the vicinity of a

hole is higher than that of the outside, and thus the

gradient of the magnedc aux density on the surface

of the superconducting mate五al becomes very high.

The porc dialneter must be larger than the penetration

depth of London,入 ,about 150 n■ 1[1]. If the diarn―

eter of the penetrating pores is less than this depth,

the magnetic rlux passes through the superconduct―

ing body adiaCent to the pore within the limits of this

depth.■us,the rnagnetic flux cannot be concentrated
in the pores, and cannot generate a large separating

force.

To obtain ahigh magnetic gradient(Bグ 3/グχ),theef_
fective length(∂χ)in Fig.1(b)ShOuld be sn■ 」lenough
to create a high value of BdB/グ χ.A porous supercon―
ducting material is capable of generating such a high

magnetic gradient. The magnetic aux density passing

through the pene廿 江ing pore,3p∝c,is always higher
han that ofthe ext∝ nal■ ux denslり ,3。頭・■enら。

“
is given by

Bp。

“
=κ Bout (κ >1) (4)

The value of K is a function ofthe geometric shape ol、 _

the pores,and is approxilnately 4-10 when the open

porosity is about O.3(see Appendix).ThiS means βpore

is atleast 4 times higherthan 3。 u● A superconducting

material with a high■ and reasonably high rた l is
required.The 123 phase(YBa2Cu307-χ )haS these
properties and is useful for this experiment.

Reich et al. have already shown that a supercon―

ducting membrane can be used to separate gases that

have a substantial direrencc in paramagnetism.  A

porous 123 membrane was used with an average pore

diameter of less than l nm. They demonstrated that

oxygen(a parallnagnetic substance)could be separated

from nitrogen(a diamagnetic matenal)using the mir―

ror principle. Better nltration results were achieved

without a magnetic fleld than widl it. When an ex―

ternal inagnetic neld was applied,the separating force

was reduced[2,3].Clearly they did not make use

of the Meissner e“ ect.  We believe that the pore

dialneter of their sample is too sman to develop a、 _´

large separating force even when the magnetic neld

is applied after cooling down. 4ヽoreover the porous

mate五 als with nanopores are not easy to produce.

The pore size should be larger than the penetration

depth(about 150 nm)if the Meissner emect is to be

used.

In this paper,it will be shown that applying an exter―

nal magnetic fleld to aporous superconducting mateЁ al

with large sized pores enhances the separation mecha―

nism.By applying an externallnagnetic neld,the rnag―

netic force acting on the oxygcn and argon molecules

is generated whenever large―sized pores are used. It

was conflrmed that a porous superconducting mate五 al

with few μrn sizcd pores are useful for gas separation,

butthe optimunl pore diameter was not obtalned.Note

thatthis force does not depend on the mil■ or principle.



Ft8 2  Scanning electron nncrographs ofthe suface of a porous

superconducting flltcn

2  Experimental Procedure

Powder of the 123 phase was ground by a mOrtar,

scrcened through a 330-mesh(lesSthan 45 μm),shaped
into a disk, and 02~HIP treatcd to creatc open pores

[4]undcr high oxygen partial pressurc to keep thc 123

phasc as supcrconducting phasc[5].02~HIPing was

caried out at 1000° C,under 200 MPa ofthe total gas

pressure in a l`ろ Oxygcn and argon■ lixture(i.e. the

oxygen partial pressure was 2 MPa)fOr 5 h[5].The

disk was then annedcd at 400° C in air for 24 h and

used as the niten scanning clectron micrographs of

the surface ofthe nitcr and its pore size distribution are

shown in Figs.2 and 3,respectively.く )pen porosity of

the■ lter was O.4 and mean pore diameter was 2′ιm.
Figurc 4 shows a schematic representation of the

experilnental system.An oxygen and argon inixture is
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fIふ ,  Pore size dismbutiOn Of a porous superconducting■ lter

measu,d by the mercury porosimetry method.

ngィ  schematic illustratlon of the expedmental system Ⅳ■F
indicates m¨s■ow meter The buffer reduces the pressure increase

in the System caused by argon wich cannot pass through the 123

1lter

introduced to the bumc■ The mixing ratio is controlled

by the mass■ ow controller(SttC Co.,model SEC―

400MK3).Thc miXture passes through the nltcr and

into the oxygen analyzer(Osaka sanso Kogyo Ltd.,

mode1 0M2-B).

The expc五rnents were carried out using two Hnds

of oxygen/argon mixture. A50% oxygen and 50%

argon lnixture was used in the experilnent l, and a

90%♭ oxygen and 109ら argon lnixture in the experilnent

2.The totalflow rate ofthe Oxygen and argon mixture

was about O.03m3s-1.

After 30 minutes of■ owЪ allthe gas in the buffer was

completely replaced by thc Oxygen and argonm破 ture.
ThepressureofthernixtureinthebufferwasO.125 MPa

(950 mmHg).At this moment,the oxygen analyzer
indicated theinitial oxygen contentofthem破 ture(50%

Ｓ
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inthe experimentl and 90%intheexperiment2).Next,

an electric current was introduced to the coil and the

fllter was cooled down by nlling the cup with liquid

nitrogen(77K).The OXygen concentration was then

measured as a function oftime.

3 Results and Discussion

Figurc 5 shows the rcsult of thc experiinent l. The

external magnetic neld was o.03■ and time zero is

nxed afterthe nlteris cooled down with liquid nitrogen

(When thC nnal boiling is stopped).After few seconds,

oxygen concentration increased up to 687♭ ,and at40 s,

the concentradon decreased to 61%. This concentra‐

tionぬen held constant for more than 160 s. Figure 6

shovls the results of the experiment 2. Solid circlcs

indicate the results obtained in the neld B = o.o3

■ and Open circles in 3 =0.015 T The measured

oxygen concentration reached 100%♭  in both cases,

but this is not convincing proof that the gas passed

through the fllter was pure oxygen.  The results of

both experil■ ents l and 2 indicate that the oxygen

concentratlon of the mixture increased after passing

through the nlten  Note that argon remains in the

bumer during both experiments l and 2. In the ex‐

periment without an external magnetic neld and in

the experiment in which an external magne饉 c fleld

was applied after cooling down the fllter, no change

was detected in the oxygen concentration of the gas

nllxture.

tirne/s

■g _5.  Oxygen concentration after passing through the 123 1lter

50%oxygen and 50%argon nuxture was used Temperature was

ixed at 77 K and the extemal magnetic flled、 vas 0 03■ The flow

rate ofthe nuxture was about 0 03 m3s-l Time zero isthe inoment

when the inidal violent boiling stops.

O― OO000

∞ ∞ ・

● :日薇=0.03 丁

O:亀涎=0・015T

0            50            100

time/s

月g6 0xygen concentration after passing through the 123 1lter

90%oxygen and 10%argon nuxture was used Open crclesindicate

the results in the external fleld B =0.015 T and solid circles h

B=0 03 T All other cond■ ions were same asin Fig 5

The increase followed by a decrease in oxygen con‐

centration atthe beginning of cool down in Fig.5 may

be due to the temperature of the gas lnixture.The oxy‐

gen/argon gas inixture at room temperature was intro―

ducedtothe nltercontinuously causing the temperature

ofthe nlter to increase slightly.The oxygen content of

the gas passing through the nlter then decreased.

According to Eq.(3),oxygen mOlecules are forced

to enter the penetrating pores but renlain in the pores

because the magnitude of Bグ3/グχ at the end of the

pores is equal to but opposite to that of the fleld

at the entrance.   The experiment was successful

because the pressure at the pore exit was ambient

(760 mmHg),whereas the pressure atthe entrance was
higher(950 mmHg).
Ъ e authors believe that the technique described

above can be applied for pure argon production.Since

the product, in this case, is argon which remains in

the burer(not oxygen which passes through the niter),

cach impurity oxygen molecule must approach the sur―

face of the fllter impartially,and the systen■ shown in

Fig.4 should be arranged.Thin and porous■ lter with

high strength is also necessary.

4  Conclusion

A superconducting fllter to separate argon from oxy‐

gen has been demonstrated.  Separation is achieved

by applying a magnetic neld to the■ ltal The NIleiss―

ner e“ect prevents the magnetic llux from passing
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through the material. If the porous superconducting

nlter is c。。led down after a inagnetic n91d is applied,

the magnetic nux is concentated through the pene_

trating pores and therefore the gradient of the mag―

netic flux density, which is prOportional to the mag‐

netic force acting on each molecule,becomes very high

at the surface of the nlte. By applying a magnetic

neld, pores of large size can be used to separate the

mlxture.

Appendix:Pore CodlguratiOn Factor

Calculation of the pore connguration factor κ from
the open porosity is as f0110ws.It is assumed thtt the

v´1lter is thin enough so that the cross sectional area

of a penetration pore is almost constant through the

pore.  The shape of a penetrating pore is assumed

to be straight.The cOnflguratiOnね ctoL κ is given
by

κ=轟  0
where Atot is a pЮ jection area ofthe nlter and ApO“ is

a cross sectlonal area of a penetraung pOre as shown

in Fig.7. ne open pOrosity Of the porOus inaterial is

given by

where ttЪ is the tOtal volume ofthe open pore and V is

the volume ofthe pOrous lnate五 al. Thc v01ume ofthe
penettating pores,Vf7,is given by yrp=7ち ,whcre
γ haS Value between O.3 and O.8[6],and κ can be

、`ンιalCulated as

K=轟 2券 =舟
   0

Assuming that the open porOsity is O.3,this valuc is

calculated to be between 4-10. Since the real pores

are not straight,the true value for porous rnaterials

probably exceeds 10.

A SupercOnductor Filter   155

supercOnducting bOdy

Atot

totai area A pore

,3 Z SChclllladc illustrttion Of the distrlbution of penetrating

pores in the superconducting body Aporc is the total area ofpenetrat―

ing pores and Alot is the total pr● ectiOn area ofthe nlt∝ Magnedc
flux passes through penetrtting pOres and notthrough the supercon―

ducting body,thus the rnagnetic flux density in pores is cOncentrated

by the factor(At。 /ApO・ )
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