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Fig. 5. Discharge coefficient.

U, = superficial liquid velocity based
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Uy, = liquid velocity through holes [my/s]
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ON THE PERMEATION MECHANISM OF ULTRAFILTRATION
WITH AN ANODIC ALUMINUM OXIDE MEMBRANE
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Introduction

The pore model originally proposed by Ferry® for
the mechanism of ultrafiltration has been developed
by a number of investigators.®*:'2 However, the
validity of the model has not been sufficiently exam-
ined since most investigators in past experimental
work employed polymer membranes with complex
pore structures.

Recently, the authors reported a preparation
method for an inorganic membrane, porous anodic
aluminum oxide film,* which had a well-defined pore
structure in terms of the straightness of the pores and
the narrow distribution in pore size. The present work
is aimed at examining the validity of the pore theory
using this membrane.

1. Experimental

To improve the poor resistance of the aluminum
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oxide membrane to water,'" the surface of the mem-
brane was chemically modified by a condensation
reaction* prior to experiments. Figure 1 shows the
efficiency of the surface modification observed in the
preliminary experiments of water permeation. The
reduction in permeation rate that occurred with the
unmodified membrane scarcely appeared with the
modified one.

Experiments were conducted in a permeation cell
equipped with a stirrer at its center. A modified
membrane was located at the bottom of the cell.
Figure 2 presents the dimensions of the cell. In each
run, dilute aqueous solutions were used. The solutes
used were monodispersed polyethylene glycol (PEG)
of three different molecular weights, bovine serum
hemoglobin and bovin serum y-globulin. The con-
centration of the aqueous solutions was adjusted to

* Stearic acid was used as condensation agent, and dicyclo-
hexylcarbodiimide as a condensation catalyst. Stearic acid reacts
with hydroxyl groups existing on the surface of aluminum oxide
substances in the presence of the catalyst.”
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Fig. 1. Experimental results for permeation rate of mod-
ified and unmodified aluminum oxide membranes.
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Fig. 2. Dimensions of permeation cell.

0.1 wt% in all experiments. The concentrations of the
permeate solutions were measured at different stirring
speeds and pressures in the cell.

The properties of the membranes and the solutes
are presented in Tables 1 and 2. As shown in Table 1,
two modified membranes of different pore sizes were
prepared for the present experiments. The pore sizes
of the membranes,* rp', were determined by the gas
permeation method* previously reported. The values
of the molecular radius in Table 2 were determined
from the diffusion coefficients? with the following
Stokes—Einstein -equation:

r,=kT/(6nuD,) (M

where D, is a diffusion coefficient, & Bolzmann’s
constant, and u the viscosity of the solution.

2. Results and Discussion

2.1 Pore theory
In pore theory,>*!*) a number of assumptions have

* The pore sizes determined by the gas permeation method were
consistent with the values determined from water permeation rate
with the Hagen-Poiseuille equation.
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Table 1. Properties of modified membranes

Membrane 1 Membrane 2
rp,*  [nm] 8.8 5.0
/ [um] 67 50
N [em™F 4.6 x 101°
4, -] 0.112 0.036

* For pore size determination, nitrogen gas was used at a
temperature of 290K in a pressure range of 100 to
800 mmHg.

Table 2. Properties of solutes (at 20°C)

Solute Molecular weight D, x 107 * T
[em?/s] [nm]
PEG 7500 7500 8.46 2.54
PEG 18000 18000 5.07 4.24
PEG 39000 39000 3.22 6.67
Hemoglobin 64000 6.30 3.41
y-Globulin 150000 4.40 4.88

* Cited from the literature.

been made: 1) the molecules of a solute have a rigid
and spherical shape; 2) a membrane has straight,
cylindrical pores, of uniform diameter, which are
perpendicular to the membrane surface; 3) solute
transfer in the membrane consists of filtration and
diffusion flows; and 4) the molecular force between
pore wall and solute or solvent can be ignored.

On the basis of these assumptions, hydrodynamic
equations of motion were solved and their analytical
results were used to determine membrane rejection
defined by the following equation:

Rt = (Cm - Cp)/cm (2)

where C,, is the solute concentration in feed on the
surface of the membrane, and C, the concentration of
the permeate solution. According to previous work-
ers, 51012 whose results were reviewed by Nakao
and Kimura,® an approximate analytical solution for
membrane rejection is expressed as follows:

Ri=0(1-F)/(1—0aF) (3)
where
F=exp{—J(1-0)/P} “4)

In these equations, J, is the volume flux, ¢ the
reflection coefficient, and P, the solute permeability.
The functional forms of ¢ and P are given by

o=1-g(@{2(1-9?*-(1-9)*} (5)
P,=D,f(q)(1-q)* A/l (6)

where
q=rJr, (N
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f@=(1=2.1g+2.1¢3—1.7¢° +0.73¢°%)/
(1-0.764%) @®)
9(q)=(1-0.67¢*>—0.2¢°)/(1—0.764°) &)

And A, is the ratio of total cross-sectional pore arca
to effective membrane area and / the pore length. The
parameters of the model are D, 4y, /, r, and r,, the
values of which are listed in Tables 1 and 2.
2.2 Comparison of theoretical and experimental re-
sults

Under the experimental conditions, the volume flux
of permeate solution ranged from 4.43x107° to
1.59 x 1073 (cm?/cm?-s). With values of the flux in
this range, calculation of the rejection R, from Eq. (3)
showed that the term F, which includes the effect of
diffusion, can be neglected in comparison with o.
Therefore, the theoretical value of R, is dependent
only on the radius ratio r./r, and is thus independent
of the pressure difference AP and the stirring speed #,.

Owing to concentration polarization on the mem-
brane surface, the.value of R, is usually different from
the experimentally obtained rejection, R, which is
defined by the following equation:

Robs = (Cb - Cp)/Cb (10)

where C, is the bulk concentration of feed. The value
of R, will probably be consistent with that of R, only
when n, is sufficiently high and AP is sufficiently low.

Figure 3 shows the experimental results of R, for
the membrane with r,=8.8nm using the solute of
PEG (M,=7,500). In the figure, the experimental
data reveal the dependence of R, on n, and 4P. Thus
the effect of concentration polarization on rejection
was not eliminated under the present experimental
conditions. Itis clear, then, that concentration polari-
zation must be considered to obtain R, values from
the experimental results.

According to the concentration polarization model
proposed by Kimura and Sourirajan, the bulk con-
centration Cj is related to the surface concentration
C,, as follows:

Jy=k - In{(C,,— C)/(C—C,)} (11

where k is the mass transfer coefficient in the boun-
dary layer on the membrane. The value of £ is a
function of the impeller Reynolds number and can be
given as

kocn? (12)

T

In addition, the experimental results indicated the
direct proportionality of J, to 4P. Using this relation
and Eq. (12), the following equation is obtained from

Eq. (11):
In{(1—-R)/R}=In{(1 - Ryp.)/Rops} —(b/n3)- AP (13)
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Fig. 3. Experimental results of Roys for membrane with r, =
8.8 nm using solute of PEG 7500.
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Fig. 4. Comparison of theoretical and experimental results
of rejection. Exp. for r,=8.8nm: (O) PEG 7500; (A) PEG
18000; (1) PEG 39000. Exp. for v,=5.0nm: (@) hemo-
globin; (A) PEG 18000; () globulin.

where a and b are constants.

This equation indicates that the values of R s
converge to the R, value with decreasing AP.
According to Eq. (13), the experimental values of R
for different impeller speeds are plotted in Fig. 3. The
values of R, at ecach impeller speed are found to
converge to a certain value when AP becomes zero,
as expected from Eq. (13). Therefore, this kind of in-
terpolation method was applied in this work to
determine R, values from the experimental values of
Ry
In Fig. 4, all the data of R, obtained experimentally
are compared with theoretical values from Eq. (3).
Pore theory is found to be useful for prediction of
values close to the experimental ones, although the
experimental data for both PEG (M, = 39,000) with
r,=8.8nm and PEG (M, =18,000) with r,=5.0nm
are somewhat different from the theoretical values.
These discrepancies may be due to the inadequacy of
the assumption of molecule rigidity, since chain
polymers such as polyethylene glycol are apt to be
distorted easily owing to shear stress in membrane
pores, especially when molecular-to-pore radius ratio

479



g is relatively large.
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ratio of total cross-sectional pore area to

effective area —]
constant [—]
constant ]
bulk concentration in feed [mol/cm?]
concentration in feed on the surface

of membrane [mol/cm?]
concentration of permeate solution [mol/cm?]
diffusion coefficient of solute [cm?/s]

mole flux of Knudsen diffusion
volume flux

[mol/ecm? 5]
[cm?/cm? -s]

Boltzmann’s constant [J/K]
pore length [em]
molecular weight [g/mol]
pore density [em™2]
stirring speed [s71
solute permeability [emy/s]
pressure difference [Pal
rry ]
gas constant [J/mol-K]

1
=]

observed rejection
rejection

T = pore radius [cm]
I = solute radius [em]
o = reflection coefficient [—1
u = viscosity [kg/cm-s]
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