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We have developed new asymmetric hifsuperconducting (BksPhy 35 Sh «Ca 1CUs 1010+ membrane
with high efficiency for nitrogen separation from air. This membrane with controlled pore structure can
be prepared by the electrophoretic deposition of colloidal {8y 35Sh dCa.1Cus 1010+5 NANOsheets on
the substrate pellet. The presence of mesopores in the asymmetric membrane plays an important role in
achieving high gas selectivity through the enhancement of magnetic interaction between the superconductor
membrane and oxygen molecules. Also, we have found that the control of experimental factors like the
orientation of magnetic field, temperature, and pressure difference across the sample is of special
importance in optimizing the gas selectivity of the membrane. The present results underscore the
applicability of the superconductor membrane as a gas separation device.

Introduction netic oxygen molecules through the pores. To date, however,

. . o highly efficient HTSC membrane has been reported for
Over the past decades, inorganic membranes have attracteﬁ1 ) . 10 S
e separation of nitrogeén?? Taking into account the fact

intense research interest as alternatives for polymer mem- . .
) . that the repelled magnetic flux is concentrated on the pore
branes because of their excellent thermal, chemical, and

. o, o : : of the superconductor membrane, a magnetic interaction of
mechanical stability:? In principle, the functionality of the . )
. . . . : the membrane with paramagnetic oxygen molecules would
inorganic membranes for the purification of mixture is based

L 11 .
on their shape and size selectivity. Although limited numbers pe enhanced by_ decreasing its pore é.&%‘b' However, it
. .is not easy to finely tune the pore size of the membrane
of successes have been reported for the size-based separation . . . . .
. : consisting of microcrystalline HTSC particles. Recently we
of gas or solvent moleculég,the inorganic membranes are

hardly applicable for the separation of 6 N, gas from air were successful in synthesizing the colloidal suspension of

because of e smier moeculr sizes (.46 Al PIST08 O (1 7 o 9 Sbeeondr
3.64 A for N,).2 Instead, the possible separation of nitrogen )

gas was achieved by the use of the oxide ionic conduction _The resulting nanosheets were found to be relatively uniform

of Bi-based cupratéHowever, a high operation temperature in size with 200 nm in average and high stability in acetone
(800 °C) of this system ma’ cause serious problems like solvent. Their positive surface charge of 25 mV allowed us

- yS y . brob to apply them to fabricate porous HTSC membrane via
low durability and high-energy consumption. In this regard, . "

. .~ electrophoretic deposition.

alternative attempts have been made to apply porous high- . .
T, superconductor (HTSC) membranes for the separation of In the present study, we have fabricated asymmetric porous
nitrogen from ai? These works are based on the perfect Hf:[r SC medmbrang of (B-bd,a Qgsészg-gc%-lcﬁlolloﬁ (herr1e— ,
diamagnetic property of HTSC repelling external magnetic arter we enote It as.(Bl,P ) 3) y the e ecFrop. F’re“c
field into pores, which prevents the permeation of paramag- deposition of the colloidal suspension. The applicability of
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Figure 1. FE-SEM images of the top surface and cross section for (a, b) the (Bi,Pb)2223 substrate pellet, (c, d) the as-deposited asymmetric membrane, and
(e, f) the annealed membrane.

the membrane as a gas-separation filter has been systematfour different conditions: (1) at room-temperature without external
cally investigated as a function of applied gas pressure andmagnetic field, (2) at 77 K without external magnetic field, (3) at

the orientation of applied magnetic field. 77 K with external magnetic fieldHOc, H = 130 mT) via
electromagnet, and (4) at 77 K with external magnetic fiéidc(

H = 200 mT) via permanent Nb magnet. In the present experiment,
a weaker magnetic field thét; (650 mT) of the (Bi,Pb)2223 was
Sample Preparation. The substrate pellet of (Bi,Pb)2223 was applied to conserve the perfect diamagnetism without vortex
prepared by high temperature heat-treatment for the pressedformation. When the external magnetic field was applied to the
precursor pellet of metal oxides and metal carbonkitess a superconducting membrane, particularly, the sample should be field-
precursor for the colloidal suspension of exfoliated nanosheets, thecooled (FC) under an applied magnetic field to concentrate the
Hgl-intercalated (Bi,Pb)2223 was synthesized by stepwise reac- magnetic flux in the pores. If the superconducting membrane was
tions!2 First, the iodine intercalated (Bi,Pb)2223 compound was zero-field-cooled (ZFC), the magnetic field will be excluded from
obtained by heating the vacuum sealed tube containing the pristinethe surface of the superconducting membrane, and hence the

Experimental Section

(Bi,Pb)2223 with 5 equiv of iodine per formula unit of hdsThen, magnetic flux cannot be concentrated in the pores.
the intercalation of Hgl was carried out by reacting the iodine
intercalated (Bi,Pb)2223 and Hg(mole ratio of 1:5) in a Pyrex Results and Discussion

tube of which the end was opened to air at 2&3for 24 h. To

facilitate Hgk intercalation, 1 mol of free iodine as transporting FE-SEM Measurement. The morphology of the HTSC
agent was introduced into the tube. The obtainec Hgércalated membrane has been examined with field-emission scanning
(Bi,Pb)2223 was subjected to _uItrasound with_28 kHz in ar_:etone electron microscopy (FE-SEM). As illustrated in Figure 1a,b,
sglvent, leading to the formation O.f th_e colloidal suspension c_’f the substrate pellet of the pristine (Bi,Pb)2223 shows the
bismuth-based cuprate. All the sonication processes were carrledrandomly restacked assembly of microcrystalline plates with

out in an ice bath to protect the samples from overheating. The . . .
resulting colloidal suspension was precipitated by a high-speed the size of~20 um. An electrophoretic deposition of the

centrifugation at 15 000 rpm for 30 min. The precipitate was washed (Bi:Pb)2223 colloidal suspension on the substrate pellet

with acetone to remove the disintercalated Hgblecules and then prOdPC?S uniformly coated |ayer3. (thiCkf‘ess 8 um) _
redispersed in fresh acetone solvent. The asymmetric porousConsisting of exfoliated nanosheets, indicating the formation

(Bi,Pb)2223 membrane was fabricated by electrophoretic depositionof asymmetric HTSC membrane (Figure 1c,d). Because the
of colloidal suspension on a 25 mm disk-shaped (Bi,Pb)2223 crystallite thickness of each nanosheet (a few tens of
substrate pellet at 100 V for 5 min, in such a way that both sides angstrom) is much smaller than the penetration depth of the
of the substrate pellet were deposited by the colloidal particles. (Bi,Pb)2223 fap = 250 nm,A. = 178 nm)*°we annealed
Gas Separation Experiment.In the course of gas separation e as-deposited membrane at 880for 6 h toenhance the
experiments, a mixture gas (20% ® 80% Np) was used as feed g ,herconductivity of the coated layer. Upon annealing, the
gas. To prevent the liquidation of oxygen gas (bp 90 K) under a crystallites of exfoliated (Bi,Pb)2223 nanosheets grow up

liquid nitrogen temperature of 77 K, air was diluted in helium gas t0 6 ized mi lat ith the f i f
with a volume fraction of 90% determined by mass spectroscopy 0 b um-sSized micropiates wi € tormation ot sponge-

(MS). The permeate gas was analyzed as a function of pressure"ke Iay_ers (marked by white arrows in Figure 1f). AI_SO’ the
gradient across the membranR) by gas chromatography (GC). annealing at elevated temperature leads to the partial forma-
Gas separation experiments for the substrate pellet and asymmetri¢ion of macropores in the deposited top layers (i.e., black
porous (Bi,Pb)2223 membrane were carried out under the following holes in the inset of Figure 1e), which would have a
detrimental effect on gas separation efficienCurrently we

(13) Choy, J.-H.; Lee, W.; Hwang, S.-I.Mater. Chem 200Q 10, 1679. are trying to tune the annealing condition not only to
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Figure 2. Pore size distribution curves of (a) the substrate pellet and (b) the asymmetric (Bi,Pb)2223 membrane via mercury intrusion method (detection
range: 5 nm-10 um).
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minimize the formation of the macropores in the top layer 0.00 M~ 0—0—0—0—0—0

but also to improve the performance of the resultant — _

asymmetric membrane as a gas separation filter. g’ o Substrate
Pore Size MeasurementsThe pore size distribution of e

the substrate pellet and asymmetric membrane of (Bi,Pb)- =t porous (B1,Pb)2223

2223 has been measured with mercury intrusion experiments. 2 0041

Figure 2 represents the pore size distribution curves of the 8

substrate pellet and the asymmetric (Bi,Pb)2223 membrane. 'é

The substrate pellet shows the presence of macropores with S -0.06 1

the average size of 700 nm and the porosity of 24%, = Ve

indicating that this material is a microfiltration membrane - 0.08 H/azﬁ”

consisting of macropores 60 nm). After the deposition of —

the colloidal suspension of (Bi,Pb)2223 nanosheets, the 0 30 60 S0 120 150 180
. . Temperature (K)

average diameter of macropores and the value of porosity o

remain unchanged while mesopores with the average diam £ 2 Temperaure dependent curvesof 27 ce magretzaton for e

eter of~6 nm are newly formed, indicative of the formation (triangles).

of the ultrafiltration membrane. The observed mesopores

surely originate from sponge-like (Bi,Pb)2223 layers depos- function of pressure differenc&P) across the samples. The

ited on the substrate pellet, underscoring the formation of permeances of the substrate pellet and the asymmetric porous

mesoporous sponge-like (Bi,Pb)2223 layers deposited on theBi,Pb)2223 membrane are plotted in Figure 4 as a function

substrate pellet. Judging from the pore diameter of each layer,of pressure difference across the sample. The permeance of

viscous or Poiseuille flow would be developed in the the substrate pellet becomes larger asAReéncreases from

substrate pellet whereas Knudsen flow would be generated0.1 to 1.0 bar but decreases as the temperature increases from

in the mesoporous top layers. Because, in the Knudsen25 to 80 °C, indicating that gas transport through the

diffusion, collisions between gas molecules and the pore wall macroporous substrate corresponds to viscous ffo@n the

are more frequent than those between the gas moletiiles, other hand, the asymmetric (Bi,Pb)2223 membrane shows

is highly feasible that magnetic attractive interaction between similar dependency of permeance AR and temperature

the (Bi,Pb)2223 membrane and oxygen would be dominantto the substrate. However, the permeance values and their

in the top layer. Moreover, this mesoporous layer with slope againsAP are much smaller than those of the substrate.

smaller pore size is more effective in concentrating magnetic This can be regarded as an evidence of the Knudsen flow in

flux on the inside of pores compared to the macroporous this material due to the presence of the mesoporous top
substrate. layerst?

dc Magnetization Measurement.The superconductivity . o
: Figur hows th lectivi fth r
of the substrate pellet and the membrane was examined by gure 5 shows the gas selectivityo,) of the substrate

) . o pellet and asymmetric (Bi,Pb)2223 membrane as a function
measuring the ZFC direct current (dc) magnetizations as of pressure difference\fP) across the samples. The selective
function of temperature. As presented in Figure 3, both the P pies.

SR . ; permeances of gas molecules were measured under the
samples were distinctively superconducting with.@f 108 ; ” )
! control of experimental conditions like the strength and
K without any appearance of secondary onset due to the ™. . ) o
. . ; , orientation of applied magnetic fields and measurement
formation of impurity phases. Also, both the materials unfold o
. . : . temperature. Gas selectivity(,0,) can be calculated as the
nearly identical values of diamagnetic signals-@.08 emu/g following equation
at 77 K, corresponding to the superconducting shielding ged '
fraction of ~80%.
Permeation Measurements.We have examined the
permeation of air (10%)He (90%) gas mixtures as a

_ N,(permeateM,(feed)
10, = 0 (permeated,(feed)

1)
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Figure 4. Permeances of (a) the substrate pellet and (b) the asymmetric porous (Bi,Pb)2223 membrane as a function of pressure difference across the
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Figure 5. Gas selectivity ¢n,0,) of the substrate pellet (closed symbols)
and asymmetric (Bi,Pb)2223 membrane (open symbols) as a function of
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magnetic flux applied perpendicularly to tleeaxis of the
(Bi,Pb)2223 membrane passes alongdbelane of mem-
brane, leading to the negligible trapping of the magnetic flux
on the pores. On the contrary, the application of magnetic
field oriented parallel to the-axis gives rise to an effective
concentration of magnetic flux on the pores of the HTSC
membrane; see Figure 6b. In this case, significant field
gradient (dH/dx) is created in the cavity of the (Bi,Pb)2223
membrane, leading to the trapping of paramagnetic oxygen
molecules.

A magnetic forceF between applied magnetic field and
particle can be expressed as the following equatin:

_y@H_MdB_ Zn B
I:_de Uo OX #025& @)

whereM is the induced magnetization of a particjg, is

pressure differenceAP) across the samples. The dashed line represents the magnetic susceptibility{ is the applied field intensity,
theoretically calculated Knudsen selectivityc(= 1.07).

B is the induced magnetic field intensityBix is the
magnetic field gradient, angh is the magnetic permeability

For the substrate pellet, the gas selectivity remains close toof a vacuum. On the basis of this equation, the magnetic
unity for all the present experimental conditions, strongly forceF is expected to be larger for the mesopores with larger
suggesting that magnetic interaction in this material is too dB/dx than for the macropores with smalleB/dx. Hence,

weak to trap oxygen molecules. Such a poor selectivity of paramagnetic oxygen molecules can be effectively trapped
the macroporous HTSC pellet was already reported for in the mesopores of the top layer under parallel-aligned

(Bi,Pb)2223 and YB#us0O7-s.8 To overcome such a draw-

magnetic field HIlc), verifying the usefulness of the forma-

back, we came up with an idea that the asymmetric (Bi,Pb)- tion of the asymmetric membrane. In contrast, diamagnetic
2223 membrane under investigation would exhibit a marked nitrogen molecules can pass through the membrane without
dependence of gas selectivity on the orientation of magneticany influence of the magnetic field.

field and measurement temperature. While the room-tem-

On the other hand, all of the present selectivity data show

perature data without magnetic field represent no marked similar pressure dependences, in which the increagePof

enhancement ady,o, value from unity, the lowering of the

results in the improvement of selectivity in tiad region

temperature to 77 K distinctly increases the gas selectivity of 0.2—0.8 but depresses the selectivity beyond an optimum
above the value of the Knudsen selectivity (= 1.07) for
high AP region. Similar degree of selectivity increase can selectivity with respect ta\P in the low-pressure region is

be induced by the application of magnetic field along the contrasted with the expectation that attractive interactions
HOc direction. Of special interest is that the application of between oxygen molecules and magnetic flux would be

magnetic field parallel to thec-axis of the membrane

remarkably enhances the gas selectivity to 1.268Rt= 0.8

(Figure 5), as expected.

condition AP = 0.8). The observed improvement of

enhanced at lowAP condition. However, in the high-pressure
region, the condensation and liquidation of oxygen molecules
diluted in He gas are expected to frequently occur. It has

The observed remarkable dependence of gas selectivitypbeen well-known that the magnetic susceptibilijp)( of
on the field orientation can be understood as follows. As liquid oxygen (7.67x 10°° m3mol) is larger than that of
illustrated in the schematic diagrams of Figure 6a, the gaseous oxygen (3.40 10-° m¥mol).** Hence, an attractive



3844 Chem. Mater., Vol. 19, No. 15, 2007 Jang et al.

Electromagnet

(a) N (b)

Nb magnet

| | (= =N
o (ir+He) —

He for AP
P ——

Permeate 4+——— —————» Feed

analysis analysis
| n \[Bi,Pblzzza
membrane
) Air
Hlc Air (20%0, + 80%N,) Hll c

A |

m—

Figure 6. Schematic representations of the orientation effect of magnetic fields on the concentration of fluxes inside the pbiigs:aial) (b)Hllc.

,,—_,_,-— T E—

= 1

force F becomes increased through the condensation of membrane plays an important role in achieving high gas
oxygen molecules. This phase change allows us to explainselectivity through an enhancement of magnetic interaction
the observed increase of selectivity witi? at lower pressure  between HTSC membrane and oxygen. In addition, we have
region. Also, we are able to attribute the depression of found that the control of experimental factors like the

selectivity beyond the optimum pressureR(= 0.8 bar)to  ogrientation of magnetic field, temperature, and pressure
the enhanced escape of trapped oxygen, because in thigjifference across the sample is of special importance in

region the kinetic energy of gas molecules would prevail optimizing the gas selectivity of the membrane.
over the magnetic interaction with the HTSC membrane.

In summary, we are successful in developing the asym- ] o _
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pellet. The presence of mesopores in the asymmetric CM070656S



