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FACILITATED TRANSPORT OF MOLECULAR OXYGEN IN
MEMBRANES OF MACROMOLECULAR COBALT-PORPHYRIN
COMPLEX: MODIFICATION OF DUAL-MODE TRANSPORT
MODEL

E. TSUCHIDA, * H. NISHIDE, and M. OHYANAGI

Department of Polymer Chemistry
Waseda University
Tokyo 160, Japan

ABSTRACT

Transport of molecular oxygen is facilitated in poly(butyl methacrylate)
membranes containing the cobalt(I)-a,a’ " ,&'"-meso-tetrakis(o-pival-
amidophenyl)porphyrin-1-methylimidazole (CoPIm) complex which
forms oxygen adduct rapidly and reversibly. The facilitated transport
of oxygen is studied by modifying a dual-mode transport model for gas
permeation. The diffusion coefficient of oxygen via the fixed CoPIm
complexes (Langmuir mode) is assumed to depend on oxygen concen-
tration, and the modified dual-mode transport equation is described for
the permeation steady state. The modified equation represents the ef-
fect of upstream oxygen pressure on the permeability. The oxygen per-
meation behavior through the macromolecular-metal complex mem-

brane is discussed.
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INTRODUCTION

Oxygen permselective polymer membranes have been fairly widely studied
for the production of oxygen-enriched air [1]. Recently, polymer membranes
containing a metal complex that interacts specifically and reversibly with a
gaseous molecule have been noted as facilitated transport membranes for the
gas molecule. The concept is successfully applied first to oxygen separation by
a liquid membrane containing hemoglobin [2], then to a liquid membrane
containing a cobalt Schiff base complex [3]. Oxygen exhibited high perme-
ability in the membrane. However, the liquid membrane itself cannot be used
under a differential gas pressure and the liquid medium containing the metal
complex evaporates in use. Thus, it is difficult to employ a liquid or wet mem-
brane as an oxygen-enriching membrane from air. Therefore, attention has
been attracted to study of a dry polymer membrane containing such a metal
complex as a fixed carrier of oxygen.

The authors recently succeeded in preparing poly(alkyl methacrylate)
membranes containing a cobaltporphyrin complex or a cobalt Schiff base
complex with reversible oxygen-binding ability and found facilitated oxygen
transport attributed to the cobalt complexes fixed in the polymer membranes
[4]. The membrane containing the cobalt(Il)-a,a’ @ o' -meso-tetrakis(o-
pivalamidophenyl)porphyrin-1-methylimidazole (CoPIm) complex is assumed
to sorb oxygen by a dual mode: Henry’s law sorption to the polymer domain
and additional Langmuir sorption to the complex. Oxygen ad- and desorption
to the CoPIm complex in solution are known to be very rapid and reversi-
ble. If the CoPIm complex is fixed in the membrane with preservation of
its oxygen-binding ability, oxygen interacts with the fixed CoPIm com-
plex rapidly and reversibly and is not immobilized by it during passage
through the membrane. In fact, oxygen transport was accelerated by the
additional Langmuir mode besides the Henry mode. Although the facilitated
oxygen transport could be discussed in terms of the dual-mode transport
model, the facilitation of oxygen transport was remarkably enhanced at ex-
tremely low upstream pressure, and the permeability coefficient deviated
from the values estimated by the dual-mode transport model.

In the present paper the dual-mode transport model is modified to repre-
sent the oxygen permeation behavior in the CoPIm membrane even under
low upstream oxygen pressure. The diffusion coefficient of oxygen via
the fixed cobalt complex according to the Langmuir mode in the dual-mode
model is assumed to depend on the oxygen concentration in the membrane.
The effect of oxygen upstream pressure on oxygen permeation is analyzed
by the equation modified for the permeation steady state.
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EXPERIMENTAL

Materials

[a,0 0" @""-meso-Tetrakis(o-pivalamidophenyl)porphinato] cobalt(1l)
(CoP) was synthesized as in the literature [5] and complexed with 1-methyl-
imidazole (Im) in toluene under a nitrogen atmosphere. Toluene solutions
of the CoPIm complex and poly(butyl methacrylate) (PBMA) (MW 320 000)
were mixed, and the mixed toluene solution was carefully cast on a Teflon
plate under an oxygen-free atmosphere, followed by drying in vacuo, to
yield a transparent, wine-red membrane with a thickness of 60-65 um con-
taining 2.5 wt% CoPIm. A blank membrane containing an inert Co(IIT)PIm
complex with no oxygen-binding ability was prepared by the same procedure.

Permeation Measurements

Oxygen permeation coefficients for various upstream gas pressures were
measured with a low-vacuum permeation apparatus (Rika Seiki Inc. Model
K-315 N-01), as reported in previous papers [4].

RESULTS AND DISCUSSION

Effect of Oxygen Upstream Pressure on Permeability in the
Macromolecular-Metal Complex {(CoPim/PBMA) Membrane

Figure 1 shows the effect of upstream gas pressure, p,, on the oxygen per-
meation coefficient, Pg,, in the membrane containing 2.5 wt% CoPIm. Al-
though the dependence of P on p, has been reported for glassy polvmers [6],
in this case the glass-transition temperature is 20°C for the CoPIm/PBMA
membrane, and the membrane was in a rubbery state at the temperatures of
the permeability measurement. In fact, Pg, is independent of p, (0,) for
the blank Co(II)PIm/PBMA membrane [the Co(III)PIm complex does not
interact with oxygen], but Pg, obviously increases with decreasing p,(0,)
in Fig. 1.

The enthalpy change for oxygen binding of the CoPIm complex in the
PBMA membrane has been estimated to be -14 kcal/mol [4], and the oxygen-
binding constant K of the complex decreases with temperature. Thus, it is
assumed that the contribution of the Langmuir population decreases with
temperature. However, p,(0,) is enhanced at higher temperature as is seen
in Fig. 1. This means that for CoPIm, the oxygen-binding kinetics predomi-
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FIG. 1. Effect of upstream oxygen pressure on the permeation coefficient
for the CoPIm (or blank Co(III)PIm)/PBMA membrane (circles: CoPIm;
squares: blank Co(III)PIm).

nantly influence the oxygen transport rather than the oxygen-binding
equilibrium.

The time course of gaseous molecule permeation through membranes
often shows an induction period (time lag) followed by permeation with a
constant slope (steady state). For a macromolecular-metal complex mem-
brane, the time lag in the permeation-time course should be enhanced be-
cause the fixed complex interacts with the penetrant and retards its diffu-
sion into the membrane. The oxygen permeation time lag for the CoPIm/
PBMA membrane is also governed by both the Henry and the Langmuir
modes.

The time lag (6) for oxygen permeation also depends on p, (0, ), asshown
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FIG. 2. Effect of upstream oxygen pressure on the time lag for the CoPIm
(or blank Co(III)PIm)/PBMA membrane (circles: CoPIm;squares: blank
Co(ITIPIm).

in Fig. 2, in the same manner as the permeation coefficient. This behavior in-
dicates that oxygen clearly interacts with the CoPIm complex in the mem-
brane. This is further supported by the results that 0 is independent of the
upstream gas pressure for oxygen permeation in the blank Co(IID)PIm/PBMA
membrane. Notice in Fig. 2 that 6, and the p, (0, ) dependence of 60,
decrease with temperature. 8¢, and the p,(0, ) dependence of ¢, are both
based on oxygen binding to the fixed complex and enhanced at lower temper-
ature because K of the fixed complex increases and the dissociation rate con-
stant of bound oxygen from the complex, ko ¢y, decreases with decreasing
temperature [4].
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Analysis of Oxygen Permeability through the Macromolecular-Metal
Complex Membrane According to the Dual-Mode Transport Model

The membrane containing the CoPIm complex as a fixed carrier is assumed
to sorb molecular oxygen by a dual mode: Henry’s law sorption to the poly-
mer domain, Cp, and additional Langmuir sorption to the complex, Cc, is
represented by

C=Cp +Cc =kpP, + Cc'Kp, /(1 +Kp,). (1)

Here, kp is the Henry’s law solubility coefficient, Cc' is the saturated amount
of oxygen reversibly bound to the fixed complex, K is the oxygen-binding and
dissociating equilibrium constant of the fixed complex, and p, is the upstream
gas pressure.

The oxygen transport through the macromolecular-metal complex mem-
brane can be described by the following expression for the total mass flux, N,
of oxygen, as has been previously reported [4],

oC 9C
N=-Dp- 2 D=5, @)
0x ax

where Dp and D¢ are taken as constants and interpreted as diffusion coeffi-
cients for the oxygen molecules in the physically dissolved and the reversibly
complex-bound modes, respectively. With the assumption that the local
oxygen-exchanging equilibrium between the two modes is rapidly established,
Cp and Cc are related by

C=Cp +Cc=Cp +RCp/1 +yC(Cp), (3)
where R = Cc'K/kp and v = K/kp. Then the permeability is given by
P=kpDp[1 +FR/(1+Kp,)], )

where F'= Dc/Dp. The effect of upstream oxygen pressure on the permea-
tion coefficient in Fig. 1 is analyzed according to Eq. (4) in Fig. 3. The per-
meation coefficients in the blank Co(III)PIm membrane which has no oxygen-
binding ability are used as the intercepts. Notice in Fig. 3 that the facilitation
of oxygen transport is appreciable at extremely low upstream pressure and the
permeability coefficient deviates from the straight lines based on the dual-
mode transport model.



18: 05 24 January 2011

Downl oaded At:

FACILITATED TRANSPORT OF MOLECULAR OXYGEN 1333

14.0 [~

13.0

10.0 — 0

op go—o T ]

8.0 -  20°C O

10 cm3(STP)cm
1077 Pop ors cn)1Hg
o)
T
W
<
(]

7.0

1/ (1 +Kpy )

FIG. 3. Oxygen permeation coefficient in the CoPIm/PBMA membrane
analyzed according to dual-mode transport model (Eq. 4).

Empirically Modified Equation of the Dual-Mode Transport Model

For oxygen permeation in the macromolecular-metal complex membrane,
the following two assumptions will be used: 1) There are complexes uni-
formly distributed and fixed in position throughout the macromolecular
matrix; 2) local equilibrium between the two modes (the physically dissolved
and the complex bound) is very rapidly established.

The oxygen-permeation rate, V'p, through the matrix in the macromolecu-
lar-metal complex membrane can be described by

VD =Ap2’ (5)
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where A4 is a constant and p, is the upstream or external pressure. Equation
(5) is supported by the following well-known equation:

Qs =kpDpp/L, (6)
where Q is the same as Vpy, and L is the thickness of the membrane.

On the other hand, the oxygen-binding and -dissociating equilibrium reac-
tion is as follows in the macromolecular cobaltporphyrin complex membrane.

Kon

CoPIm + O, CoPIm-0,. 7)

kott

Here, kop, and ko fr are oxygen-binding and -dissociating kinetic constants.
Then the oxygen-dissociating rate, Vs, can be described by

Votr = korr[CoPIm-O, ]

CC’KPz

=k . 8
off1+Kp2 (®)

As the concentration gradient is constant in the steady state of the oxygen
permeation, the diffusion via the complex may be represented as an increas-
ing function of Vog/Vp:

Vott/ Vb =kotiCc'K/A(1 + Kpy), )
Dc = f(Vo15/ VD). (10)

Accordingly, we assign different diffusion coefficients to the oxygen
molecules sorbed by each of the two mechanisms and obtain the following
expression for the flux rather than Eq. (2) of the original model.

9Cp

aCc
N=-Dp-—-Dc(Cp)— - (1)
ox ox

Here, it is assumed that the total oxygen concentration may be divided into a
mobile part with a diffusion coefficient D and concentration Cyy,, while the
remainder, C' - Cp,, is totally immobilized. Furthermore, we assume that all
of the oxygen previously associated with Cp as well as a fraction F of that
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associated with Cc has this finite mobility, while the remaining fraction, 1 - £,
of C¢ has zero mobility. This leads to

3Crm
N=-Dp—, (12)
ox
where
Cm=Cp+FCc [F=Dc(Cp)/Dpl. (13)

If we assume D is constant and set p, = 0 (and thus Gy, ; = 0), we obtain at
the steady state

Cm = Cma(1 - x/L). (14)

Here, p, and Cp,; are the downstream pressure and concentration, respec-
tively, and p, and Cy, , are the upstream pressure and concentration, respec-
tively. From Egs. (12), (13), and (14), we see that the permeability is given
by

Cc'KDc(Cp)

P=kpDp + ——Mm——. 15
pDp [+ Xp, (15)

From Egs. (9), (10), and Fig. 3, we take the following empirical equation
for the diffusion based on the original model of dual-mode transport:
D¢°

0+ K 1o

Dc(Cp) =

where Dc° and § are constant at any given temperature. If 8is 1, Dc(Cp) is
independent of Cp (= kpp, ), which means that Eq (11) reduces to the original
model. Equation (15) is converted to the following equation by substituting
Eq. (16) in it:

[43
P=kpDp + ———— (e = Dc°Cc'K). (a7
(1+Kp,)
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TABLE 1. Permeability Parameters for Eq. (17)

T,°C «a ] (a+kpDp)/kpDp
20 1.8 X 10710 1.8 1.3
25 4.3 X 1070 43 1.5
30 6.4 X 1071° 9.3 1.6

Analysis of the Oxygen Permeation Behavior by an Empirically
Modified Equation

Equation (17) is converted for easier analysis of oxygen permeation ac-
cording to the empirically modified equation as follows:

In(P-kpDp)=Ina-BIn(1+Kp,). (18)
14.0
13.0 k‘ 30°C
12.0 -

cm3(STP)cm
cm? s curg
o

25°C
g 100 =
3
2 9.0 |
8.0 |- 20°C
7.0 2
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FIG. 4. Oxygen permeation coefficient in the CoPIm/PBMA membrane
analyzed according to the empirical equation (Eq. 17).
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FIG. 5. Oxygen permeation coefficient dependence on the partial pres-
sures represented by the parameters of the dual-mode transport model (Eq. 4)
and the empirical equation (Eq. 17).

Here, the oxygen permeation coefficients through the blank Co(HII)PIm/
PBMA membrane are used as the values of k\pDp. When In (P- kpDp) is
plotted against In (1 + Kp,) according to Eq (18), o and § are determined
from the intercept and the slope of the linear relationship and listed in Table
1. The efficiency of the facilitated oxygen transport is represented as (« +
kpDp)/kpDp and is also listed in Table 1. The value increases with temper-
ature, which suggests that an increase in & ¢y is effective.

Calculated o and B values are substituted into Eq. (17) and P is plotted
against 1/(1 + Kp, )P in Fig. 4, which shows good linear relationships. P is
plotted against p, using Eq. (17) and substituting the values of « and 8,
which is compared with the represented curves using parameters calculated
by the dual-mode transport model in Fig. 5. The oxygen permeation be-
haviors in the macromolecular-metal complex membrane were found to be
well-explained in terms of the empirically modified equation in this work.
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