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ABSTRACT .
An idea of using magnetic field to enhance oxygen transport, as an effective factor for the air enrichment, has
already been successfully demonstrated. Direct consequence of this concept was to produce polymeric magnetic
membranes by casting technique. An analysis of experimental data, obtained from transient and stationary states
of mass transpart, allowed to formtulate a hypothesis of a “dead thickness” of magretic membranes in question, i.e.
the bulk polymer phase as a part of membrane with no magnatic channels but limiting the overall transport through
it, It will be shown that removing this part increases the rate of transport and enhances the air separation. To
complete the overall approach, the theory is provided both on phenomenological and molecular levels. The simulation
by Monte Carlo and Brownian dynamics, to show some molecular properties of magnetic field and its activity

during separation, was performed.

Keywords: Alr separation, diffusive transport, magnetic membranes, Monte Carlo modelling, dead thickness

1.0 INTRODUCTION

Animportance of alr enrichment in oxygen or final
air separation to pure oxygen and nitrogen
contaminated by noble gases, carbon dioxide, water
vapour, etc. is unquestionable. The list of potential
users of an enriched air (to say nothing about pure
oxygen) is rather long, ranging from hospitals, steel
factory and biotechnology plants to regular
habitants of large cities with polluted air. The
crucial factor in handling this problem is the cost.

With no detalled analysis, one can say that .

membrane separation is unbeatable on this respect
as compared with cryogenic, and swing adsorption
methods. Among the membrane techniques, there
is however still a large variability. The membranes
working as molecular sieves [5] can be pretty
expensive while magnetic membranes [4], are
much, much cheaper.

* Corresponding to: A. Rybak (email: Aleksandra. Rybak@polsl.plh)

It should be emphasized that gas separation is
Just one of the two most important membrane
processes. The other one, the liquid separation is
even more important for it covers the water
purification, distillation, etc. [6, 7, 8]. The high
guality water is one of the crucial importance ina
global sense both for social, and industrial reasons
19, 10].

The concept of air enrichment by magnetic
membranes, i.e. the polymer membranes (matrix)
with dispersed magnetic powder finally magnetized
up to 1.75 mT has been intreduced only recently
(1, 2,3, 4].

Although the idea is promising it definitely needs
further improvements. In this paper, we will present
alogical “feedback” between the theory, modelling
and experiments, Special emphasis is put on the
granulation of magnetic powder, which has a direct
connection with the magnetic channels size and
also on the “dead length” of magnetic membrane,
ie. the part of memhrane with no magnetic
channels,
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2.0 METHODS

2,1 Membranes’ Casting

The flat ethylcellulose (EC) and poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO) membranes of
thickness 20-80 pm, EC and PPO magnetic
membranes of thickness 90-370 um (depended on
magnetic powder granulation, and on the amount
of added powder), were obtained using casting
method. Membranes were cast from 3% EC
solution in 40:60 ethanol/toluene or 2.5% PPO
solution in trichloroethylene (FCE).

Magnetic membranes were made by pouring
the EC or PPO solution with a dispersed
neodymium magnetic powder (of the appropriate
amount: 1.3-1,8 g and granulation; 20-32 pm), into
a Petri dish and then evaporating the casting
solvents in the external field of a coil (stable
miagnetic field with the range of induction 0-40
mT) for 24 h. Obtained membranes were removed
from Petri dish (with some distilled water) and
dried in 40°C for at least two days before any
analysis. For membranes with dispersed magnetic
powder, the permeation measurements were
carried out, before (just powder) and after
magnetization (magnetic membranes). These
membranes were magnetized in the magnet
field with magnetic induction B approximately of
2.5 T. Teslameter FH 54 was used fot measurement
of membrane magnetic induction. The membranes
were stored in an exsiccator under the vacuum
conditions {p=3 mm Hg).

2.2 Permeation Set Up

Experimental setup APG-1 (Figure 1), described
in paper [2] was used for measurement of the
nitrogen, oxygen and air permeability. This setup
was furnished with a gas chromatograph HP
5890A, which let us to measure the oxygen and
nitrogen concentration in permeate. The main part
of this experimental setup was a diffusive chamber,
where the membrane in the form of a disc was
placed it1. The membrane effective area was 19.63
cm?, This setup was used for a low-pressure (from
0.1to 1.0 MPa) analysis of gas permeation. After
installation of membrane in the diffusive chamber,
the suitable pressure difference was established

Figure I Scheme of the experimental setup
APG-1, G - gas cylinder, F - flowmeter,
DRF - digital registrar of flowmeter,
PC - pressure controller, DCP — digital
controller of pressure, M - diffusive
chamber, GC - gas chromatograph.

{0.3-0.7 MPa, depending on membrane} and
controlled by an electronic pressure meter and
controller EL-press P-506C.

After that, the flow rate of permeate was
recorded using Flow-Bus flowmeter (with a range
0-3 ml/min) with a computer data acquisition,
All measurements were carried out in room
temperature, The Time Lag method and D1-D8
system were used for analysis of experimental data
[2, 4]. Few important diffusion and permeation
coefficients, like: Dy, D, P were obtained using
Time Lag method, while D, 1J,, D coefficients
were obtained by D1-D8 system {2, 4].
Experimental permeation data for the oxygen and
nitrogen, both for individual, pure gases, as well as
components of air were collected to analyse the
system, Le. membrane and permeating gas, using
appropriate formulas [2] supported by the
percentage of air enrichment.

3.0 THEORY
3.1 Mathematical Description (Modelling)

Since we postulate that magnetic membrares have
the porous structure, the porous medium equation
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should be the one to describe the transport through
them. Porous medium equation (PME) is the
nonlinear, parabolic partial differential equation
(PDE) that is supposed to describe the transport
of gases and liquids through the porous medium
(membrane) as well as thermal propagation in
plasma [1].

To derive the PME we start with an equation of
state [12]

plx, B =pop“(x, 1), as[l, «] (1_)

supplemented by the mass conservation
« aa_’; +div(zV) =0 @

and Darcy's law
WW=uvp 3

where: p,, e - constant, 17 - velocity, v - viscosity,
i - permeability, p(x,) - pressure, p(x, 1) - density,
K~ the porosity (it specifies what amount of mass
with specified velocity actually gets through the
pore in the mass balance equation).

Eliminating pand 17 from the above (eqgs. 1-3),
we get
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m=1+o, we get
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For the Clapeyron gas, m=2.

To meet expectations of the present
experimental data we have modeled our system by
the set of two, weakly coupled, position and
induction dependent differential equations of
the form [13]:
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Where:
Dy, - diffusion coefficient of the oxygen in the
polymer phase,
Dy, - diffusion coefficient of the nitrogen in the
polymer phase,

Dy, - magnetic channel diffusion coefficient,

P, - aggregation prabability between oxygen
and nitrogen, .

L - dead length of the magnetic membrane
with no magnetic particles,

Wy - average length of travel within a magnetic
channel

Wz - represents the effect of membrane
magnetization (B) on length of travel within
a magnetic channel,

COz‘u and CNz‘u represent the feed concentrations of

oxygen and nitrogen, respectively.

Please, observe that mathematical modeling is
not unique ie. there can be two or more formal
descriptions of one given problem.

3.2 Molecular Modelling

The simulation was based on Monte-Carlo methods
addressed to random walk of oxygen and nitrogen
molecules, respectively, The diffusion space was
modeled (schematically presented on Figure 2) as
3D lattice with 100*100*500 nodes, with constant
node displacement dx = 0.2 im which corresponds
to physical dimensions of simulated membrane
equal to 20 x 20 x 100 pm (cross sectional area
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limited due to computational effort), assuming
the average diameter of neodymium powder
varying from 100 nm to 30 pm. The structure
shown in Figure 2 is only a part of the magnetic
membrane including one abstract percolation
cluster (created for the modelling), which is a
system of interconnecied magnetic particles. The
distribution of particles of magnetic neodymium
powder (of given size) in the lattice was used as
determined in another simulation based on random
walk of neodymium particles in external magnetic
and gravitational fields, The nodes adjacent to these
particles were assumed as a region of magnetic
channels. The net magnetic field in all nodes was
determined. Finally, a random walk of paramagnetic
oxygen and diamagnetic nitrogen in the presence
of a magnetic field was performed on the lattice.

The initial and boundary conditions were as
follows:

Clx, 3,z t=0) =0,Cx, 5, z=0pum, §) = const,
Clx, v, z=100pm, H = 0

The remaining boundary conditions were of
reflecting type.

The probabilities for entering of oxygen
molecules to the channels or to stay in the
polymeric region were said to be proportional to
Boltzmann factors of the form:

-AU
B; = —_

where AU is a change of potential field values
hetween channel and polymeric region in
appropriate position, kis the Boltzmann constant

(11)

and 7'is the temperature. For diamagnetic nitrogen

the changes in potential energy are negligible
compared to thermal energy, so these probabilities
are assumed to be equal [13]. The oxygen in turn
becomes attracted due to the magnetic Weiss field
interaction energy.

The diffusion coefficient in polymeric
membrane is approximately equal to D=107"
[cm?/s]. The Knudsen diffusion coefficient for a
channel of radius r [m] can be determined from
the formula [14].

8RT 2
M (12}

Dy =—r

where R is a gas constant [J/{mol K)], T'is a
absolute temperature [K] and M is molar mass
[kg/mol]., The value of Knudsen diffusion
coefficient, even for very narrow channels,
(nanometers in size) is at least few orders of
magnitude greater as compared to the normal
diffusion coefficient in polymer membrane. The
polymer membranes are dense. But in the case of
magnetic membranes we suspect that at the border
between magnetic particle and a polymer appear
somie pores. We do not know their size, but we
suspect that if is no less than the Van der Vaals
diameter of the oxygen, nitrogen or their aggregate.

So, when a diffusing moiecule s found to he in
the channel region it undergoes random wall in it,
but it performs at least few jumps within the time
needed for one jump in polymeric region {since
D = §%r, § fixed). The ratio is assumed to be
grater for oxygen which “sticks” to the magnetic
neodymium surface better than the nitrogen.

After performing the desired number of jurnps
maolecules can go back to the polymeric region
or stay in the channel. The probabilities are
determined in similar ways as described previously.
The channel is open on the permeation side of the
membrane, so eventually molecules can also leave
the membrane directly from the channel.

As aresult of simulations fluxes of oxygen and
nitrogen were obtained as a function of applied
magnetic field and neodymium granulation.

g
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Figure 2 The schematic 2D representation of a
model
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4.0 RESULTS AND DISCUSSION

So far, accumulated experimental data are collected
in Table 1 and 2, just for one size of magnetic
neodymium (actually the Nd-Fe-Nb-B alloy) of
about 20-32 1m in average.

The maximum air enrichment, for this
granulation,' was about 60% (Figure 3).

oxyglen content in permeate [%]

Dependence of the oxygen content in
permeate vs. magnetic field induction.
Points marked as rhombus were obtained

* Figure 3

in experirgent for EC matrix, points
marked as triangles were obtained in
experiment for PPO matrix. Straight
lines were predicted by the theory

The limit of about 609 of air enrichment could
be overcome by decreasing the magnetic powder
granulation that is clearly shown by molecular
moedelling (Figure 4).

00
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B8 3588388

=
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Average diameter of magnetic neodynium powder particles [Lmj

Figure 4 Plot of the oxygen concentration in the
enriched air as a function of average
diameter of the neodymium powder
particles. Simulation was performed for
diameters ranging from 0.1 um to 30 gm

The above results support an idea of magnetic
channels created in the neighbourhood of
magnetic powder percolation clusters (c.f.
Figure 5).

Figure 5 An {over) simplified illustration of
the magnetic channel operation.
Paramagnetic oxygen (a red-blue
magnetic dipole) is latched within the
channel, while diamagnetic nitrogen '
{brown particle) is not

One thing should be strongly emphasized,
namely that smaller size of magnetic particles
creates the narrower magnetic channels, and
consequently, the means for disaggregating the
N»-O,-0; clusters. To make the overall picture
complete let us recall the results of mathematical
modelling (egs. 7-10) of experimental data and.
hypothesis, of “dead” thickness of magnetic
membrane (c.f. Figure 6).

% increase in Op conient
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Figure 6 Percentage of oxygen concentration in
permeate as a function of “dead”
thickness




Table T Mass transport coefficients for pure gases

Membrane N, pure O, pure
B [mT] P D D D, D, Dy P D D, D, D, D;s
10" [(em®sppem)/ 5o 10" [(con’gppem)/ 5o
: ‘10 /
(cm®scmHg)] 107 [em/s} (cmz's‘cmHg)] [em®/s]
FlatEC 0.00 19.54+1.23 0.8 0.8 1.1 0.9 1.1 23.19 1.1 1.0 1.1 1.0 1.2
=0.2 0.2 +=0.2 0.1 +0.2 *£1.28 +0.1 +0.1 +0.2 +0.1 0.1
EC+ 0.60 220.7618.34 0.9 1.3 1.5 1.1 1.0 240.67 1.2 2.2 3.4 0.6 0.9
1,30g Nd +0.2 $0.22 0.3 +0.2 +0.2 +9.22 40.1 +0.2 +0.5 +0.1 £0.1
EC+ 0.50 310.75+9.11 1.3 1.1 1.4 1.3 0.9 520.11 2.5 6.1 5.2 0.8 1.0
1,30g Nd +0.2 +0.2 0.3 +0.2 +0.2 +£10.17 +0.2 +0.6 0.5 +0.1 0.1
EC+ 0.79 340.29%11.25 1.4 1.0 1.3 1.1 0.9 630.73 3.0 8.6 7.2 0.9 i.5
1,38g Nd +03 +0.2 403 £0.2 +0.2 +11.11 +0.3 +0.8 +0.7 £0.1 £0.1
EC+ 1.25 420.341+24.72 1.8 1.5 1.6 1.0 1.1 1180.78 5.6 14.3 13.7 1.4 3.4
1,49g Nd =0.3 +0.3 0.3 0.2 +0.2 +25.36 0.5 1.0 =1.1 =0.1 0.3
1010 [ (em®gpprom)/ 107 Tem? 10%0 [em’gypem)/ 107 [en?
Membrane B [mT] (cm®s 0] 10° [em®/s} {cmg_s_man) I 10" [cm®/s]
FlatPPQO  0.00 2.70+0.25 1.8 1.6 1.9 1.5 1.6 10.01 1.2 1.3 1.2 1.4 1.5
+0.4 £0.3 *0.4 +0.3 +0.3 +1.11 £0.2 +0.2 +0.3 0.1 =02
PPO+ 2.90 1.9 2.1 2.2 1.7 1.6 10.80 1.4 2.6 3.6 0.9 1.1
1,30g Nd 0.00 =0.29 +0.4 +0.3 +0.4 +0.3 30.3 +1.11 +0.2 =0.3 0.4 0.1 *0.2
PPO+ 18.50 2.6 2.3 2.5 2.2 2.5 80.94 7.6 10.1 15.4 3.5 8.5
1,40ge Nd 090 +1.25 0.4 +0.3 +0.4 +0.3 +0.3 +6.20 0.8 +0.9 +1.3 +0.3 £08
PPO+ 32.50 3.3 2.9 3.0 2.9 3.4 144.00 13.3 17.9 28.1 53  14.7
1.80gNd 1.70 +2.98 +0.6 0.5 =0.6 +0.5 =0.7 +8.20 =1.1 +1.2 +2.3 +0.5 +1.2

9t



Table 2 Mass transport coefficients for nitrogen and oxygen in air

Membrane N, in air O, in air
B [mT] P D Dy D, D, Dy P D D, Dy D, D,
_1010 [(C]I]SSTP.CHI)/ 5 2 '1010 [(CmssTP'Cm)/ 5 2
1 )
{cm®s'emHg) ] 0" fem?/s] (cm*s-cmHg)] 107 [em”/s]
Flat EC 0.00 19,10 0.9 0.9 11 0.9 1.1 22.04 0.9 0.9 1.4 1.0 1.2
+i.12 +=0.2 02 04 0.1 +0.2 +1.23 +0.1 +0.1 +0.2 +0.1 0.1
EC+- 220.45 1.0 2.5 4.1 0.1 0.8 220.98 0.9 2.8 3.1 0.05 08
1,30g Nd  0.00 +7.14 +0.2 +0.4 +08 005 =£0.1 +8.29 +0.1 +0.2 +0.3 =0.01 0.1
EC+ 460.75 2.2 6.5 5.6 0.7 0.4 770.65 32 68 8.1 1.0 0.5
1,30g Nd  0.50 +9.23 =0.4 *1.2 +1.0 =01 0.1 +10.02 +0.3 0.6 £03 F0.1 £0.05
EC+ 940.23 4.5 11.7 12.2 1.2 1.0 2230.23 9.4 18.6 25.5 2.5 1.8
1,38gNd  0.79 +14.11 +0.9 2.2 24 X£0.2 =02 +13.07 +09 412 427 02 +0.15
EC+ 1980.63 8.9 24.2 25.8 2.0 2.6 5790.76 22.5 42.9 51.7 5.0 4.9
1.49g Nd 1.25 +23.21 +1.8 +4.2 +4.4 +0.4  E£04 +15.37 +1.9 =38 x5H2 =04 04
10" [(em®gpp'em)/ 10" [(em®gppom)/
M B TP anT 2 STP anT 2
embrane B [mT] (cm?“s‘c mHg)] 10" [cem®/s] (cm?semil o) 10 [em®/s]
FlatPPC .00 3.07 1.8 1.8 1.0 i4 1.4 10.23 1.4 1.3 1.6 1.2 1.2
+0.34 +0.3 x03 0.3 +0.1 =0.2 +1.12 +0.1 +0.1 =0.2 £0.1 =£0.1
PPO+ 3.40 1.9 2.9 7.9 1.5 1.1 11.00 1.5 4.1 3.7 0.7 0.8
1.30gNd 0.00 +0.35 +04 403 408 0.3 +0.3 +1.11 £0.2 =04 =£0.3 0.1 £0.2
PPO+ . 30.20 12.9 7.5 28.2 6.3 2.2 132.41 39.4 22.6 90.2 16.1 5.2
1.40g Nd  0.90 =+0.25 109 +07 +24 +06 HO3 +11.21 +32 £2.1 +9.3 +iz2 F05
PPO+ 54.30 22.7 13.0 51.6 10.3 3.0 241.00 73.1 417 1690 293 88
1.80g Nd 1.70 +5.01 +1.1 +1.0 +3.1 09 £0.2 +15.01 +6.8 =30 £i43 £2.2 0.8

LE
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from Figure 6 one can easily see that the smaller.
“dead"” thickness i.e. the thickness of a membrane
with no magnetic particles in it, the larger
percentage of the air enrichment.

The limit of about 65% is supposed to be due to
the hypothesized aggregation between O, and N,
in the ratio 2:1 [15]. There is some realistic hope
that for smaller channels (fine magnetic powder),
this effect (aggregation) disappears i.e.
nanochannels are needed,

5.0 CONCLUDING REMARKS

The results presented in this paper are. the
“product” of three scientific toals: experiments,
theory and modelling. An interplay between
them produces a very interesting output in case
of the air enrichment by magnetic membranes,
that is, the detailed understanding of the overall
Process.

Consequently, we are aware of at least two
crucial things that should he handled to improve
our method of the air enrichment:

()  the “dead” thickness of magnetic membrane
should he cut off -
the magnetic channels should be narrowed
i.e. finer (as fine as possible) magnetic
powder is needed,

(i)

We are in the process of managing both of the
above,
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