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ABSTRACT: An attempt was made to establish a method for evaluating the pore charac­
teristics of porous polymeric membrane having the mean pore diameter larger than 10 nm through 
electron micrograph with help of stereology (EM method). For this purpose, ellipsoidal, spherical, 
and straight-through cylindrical pore models were adopted. Theoretical equations relating the pore 
radius distribution function N(r) to the distribution function F(x) of the length x of test lines cut off 
by pores in an electron micrograph were derived as follows; 

4 
N,(r)= -- {d(F(x)/x)/dx} 

n<P e 

(for ellipsoidal pore) 

4 
N,(r)= --{d(F(x)/x)/dx} (for spherical pore) 

1[ 

Joo N(r) 
F(x =x dr 

) (4r2-x2)112 
x/2 

(for straight-through cylindrical pore) 

where, cp, is a shape factor and the suffix e and s denote ellipsoidal and spherical pores. The mean 
pore radii, porosity, and pore radius distribution functions were evaluated from N(r) and compared 
with those determined by various methods including mercury intrusion, fluid permeability and 
bubble pressure, flow rate, surface area, apparent density, and swelling methods for porous 
regenerated cellulose membrane prepared by micro-phase separation method and polycarbonate 
membrane Nuclepore. ® 
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A variety of performance of porous poly­

meric membrane is predominantly governed 

by its pore characteristics, especially the pore 

radius distribution, from which numerous 

parameters characterizing the pore can be 

derived. 1 The determination of the pore radius 

distribution is paramountly important in de­

signing the performance and quality control of 

a membrane and can be carried out by various 

methods, such as methods of electron micro­

scope (EM), mercury intrusion (MI), fluid 

permeability and bubble pressure (BP), 

ultrafiltration-permselectivity (UP), and gas 

permeability (GP).2 All of these methods, ex­

cept for EM method, need an assumption on 

the pore shape; In contrast, EM method gives 

us the direct information on the shape and 

radius of pores existing in the membrane. 

Scanning electron microscopic (SEM) meth­

od is applicable only to the membranes with 

pore diameter larger than ca. 10 nm, because 

of lower resolving power of SEM.2 When the 

pore diameter is less than 10 nm and probably 

larger than 1 nm, we can apply transmission 
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electron microscopic (TEM) method, instead 
of SEM method, to the ultra-thin section, with 
ca. 100 nm thick, the membrane swollen with a 
solvent3 or stained with a heavy metal.4 

It should be noticed that all the pore radius 
distributions estimated hitherto using EM 
method5 •6 are derived assuming that the pore 
radius distribution on the surface of a mem­
brane is same even at inner part of the mem­
brane and that the shape of pores is circular. In 
other words, these distributions are, in the 
strict sense, reliable only in the case of straight­
through cylindrical pores. This assumption is 
not generally acceptable for the actual mem­
branes and therefore a more reasonable and 
accurate EM method is highly anticipated. 

In this study we intend to propose a sophis­
ticated EM method for evaluation of the pore 
characteristics with help of stereo logy 7 and to 
clarify the feature of the new EM method in 
comparison with other methods, such as MI, 
BP, surface area (SA), flow rate (FR), ap­
parent density, and swelling methods. For this 
purpose, we adapt the model membrane with 
straight-through cylindrical pores and that 
with pores of complicated shape. 

THEORETICAL BACKGROUND 

The pore on the membrane can be classified 
from the view point of the state of its con­
nection into three types: isolated, semi-open, 
and open pores. In this paper, the shape of 
pores on any sectional plane parallel to the 
membrane surface is assumed to be circular, 
though most of actual membranes have pores 
with non-circular shape. 

Consider six typical pore models different in 
pore shape and in pore dispersion as dem­
onstrated in Figure l. The straight-through 
cylindrical pore in Figure l(a) is the simplest 
and ideal pore model to explain fluid per­
meation phenomena of the membrane and is 
actually observed in a polycarbonate mem­
brane, Nuclepore. ® The truncated cone shape 
pore model in Figure l(b) was proposed by 
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(a) (b) (c) (d) (e) (f) 

Figure 1. Schematic representation of six different 
pore models: (a), straight-through cylindrical pore; (b), 
truncated cone shape pore; (c), spherical isolated pore; 
(d), spherical open pore; (e), ellipsoidal isolated pore; (f), 
ellipsoidal open pore; r, radius of pore (r., front side; 
rb, back side). 

us8 in order to take into consideration the 
difference in the pore diameter between front 
and back surfaces of a membrane. The spheri­
cal and/or ellipsoidal models of Figure l(c), 
(d), (e), and (f) are applicable to the membrane 
prepared through the micro-phase separation 
method. 9 The open pore may be generated by 
the collision of many pore particles. 10 The 
shape of this open pore can be approximated 
by the shape of the continuous row of the pore 
particle. That is, the open spherical pore model 
in Figure l(d) is regarded as the special case of 
the spherical pore model in Figure l(c), and 
also, the open ellipsoidal pore model in Figure 
l(f) as that of the ellipsoidal pore model in 
Figure l(e). 

Ellipsoidal Pore 
At first, we consider a pore arbitrarily 

chosen in the cubic of the membrane with unit 
length. Set cartesian coordinate, in which the 
original point is placed at the center of gravity 
of the pore and X and Y axes are taken in 
parallel to the membrane surface (and accord­
ingly, Z axis is perpendicular to the surface) 
(see Figure 2). Draw numerous lines parallel to 
the X axis, some of which penetrate into the 
pore in question. The length of the straight 
line, cut off by ellipsoid, (i.e., the distance 
between two intersecting points of the line with 
two sides, faced each other, of a given ellipsoid 
as a pore surface) is expressed by x (see Figure 
2) and hereafter x is referred to as simply the 
cut-off length. A set of nodes where the cut-off 
length is in the range of x and x + dx is shown 
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z 

Figure 2. Ellipsoidal pore in a unit cube of the mem­
brane: r, rotational radius; r', half length of major axis of 
the ellipsoid; x, the distance between two intersecting 
points of the line with the ellipsoid (cut-offlength); dA, a 
collection of the intersecting points of the lines whose 
cut-off length are in the range of x and x+dx. 

as shadowed area between two concentric cir­
cles, (i.e., as "doughnut" shape) in the figure. 
A pair of "doughnut" coexists in one pore. 
Here, the area of a shadowed doughnut is 
expressed by dA and the radius of the pore is 
defined by the maximum value measured along 
the perpendicular direction to the rotational 
axis and denoted by r. 

The ellipsoidal pore can be represented by 
eq 1 

ax2 + by 2 + cz 2 + 2fyz + 2gzx 

+2hxy+d=0 (1) 

where a, b, c, d, f, g, and h are parameters 
characteristic of the pore shape. The prob­
ability, Pe(x, r)dx, that the cut-off length lies 
between x and x + dx, is linearly propotional 
to the shadowed area dA. Since the length of 
the sides of the membrane in question is unity 
then we obtain 

Pe(x, r)dx=dA (2) 

dA in eq 2 is given on the basis of eq 1 by 

(3) 

with 
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z 

X 
Figure 3. Ellipsoidal pore model in the case of mem­
branes prepared by micro-phase separation method: 
(d/a) 112 , rotational radius; (djc)112 , radius perpendicular 
to the rotational axis. 

Combination of eq 2 and 3 yields 

(5) 

Since <Pe is independent of x, y, and z and only 
depends on the parameters characterizing the 
ellipsoid (i.e., a, b, c, d,j, g, and h in eq 1), <Pe is 
called as a shape factor. In general, mem­
branes prepared by the micro-phase separation 
process have the pores with rotating axis pa­
rallel to Z axis, as demonstrated in Figure 3, 
because the phase separation occurs within a 
very thin layer parallel to the surface of a 
casting solution. 10 Accordingly, in eq 1 a=b 
and f = g = h = 0 hold. Equation 4 can be sim­
plified to 

(6) 

Secondly, we consider the membrane con­
sisting of many pores with different pore ra­
dius (i.e., r in the ellipsoidal pore). The shape 
of pore, expressed by <P e• is assumed to be 
independent of r. The pore radius distribution 
function is defined as Ne(r)dr. Here, the suffix e 
means ellipsoidal pore model. 

Consider a unit cubic body in the mem­
brane. The number of the lines, parallel to X 
axis, having the cut -off length of x x + dx per 
unit volume is defined as the distribution of x, 
F(x)dx. F(x) is directly related to the pore 
radius distribution Ne(r) through the relation 
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F(x)dx= loo Pe(x, r)Ne(r)dxdr Jx,z (7) 

Here, note that the lower limit of the in­
tegration of eq 7 is not zero, but x/2, because 
for a given x the pores with 2r < x are not 
counted in the integral. Solving eq 7 for Ne(r) 
by using eq 5, one obtains 

4 
Ne(r)= -- {d(F(x)/x)/dx} (8) 

ntPe 

By observing the electron microphotograph of 
the membrane we can determine the shape 
factor tPe, (i.e., (ajc) 112) and then using eq 8, we 
can estimate Ne(r) for ellipsoidal pores from 
F(x) determined experimentally from the elec­
tron microphotograph of a membrane. 

Spherical Pore 
A spherical pore is a specialized ellipsoidal 

pore with a=c (i.e., tPe=l). In this case, eq 8 
can be simplified as 

4 
N.(r) = --(d(F(x)/x)/dx) (9) 

n 

where, suffix s means sphere pore model and 
N.(r) is pore radius r distribution function. 

Straight-through Cylindrical Pore 
For cylindrical pores (i.e., straight-through 

cylindrical pore model shown on Figure 1(a)), 
tP e is infinite and we cannot apply eq 8 to this 
kind of pores. Another approach starting from 
eq 1 should be adopted for cylindrical pore 
model. 

Figure 4 shows the schematic representation 
of the cross sectional plane obtained by slicing 
along the parallel direction to the membrane 
surface. The observed shape of the pore on the 
surface is a circle. The plane is taken as a unit 
square, with sides parallel to X and Y axes 
respectively. At first, the case of one pore being 
in the unit square is employed and then the 
case of many pores is considered. The origin of 
a cartesian coordinate is set at the center of the 
circle. When we draw a test line with unit 
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Figure 4. Schematic representation of the cross sec­
tional plane in the case of straight-through cylindrical 
pores: r, radius of straight-through cylindrical pore; x, 
length of the test line which crosses the circular pores 
(cut-off length); y, distance between the center of the 
pore circle and test line. 

length parallel to X axis, the line crosses the 
circle representing a cylindrical pore with ra­
dius of r. The cut-off length is represented by 
x. The value of x depends on the coordinate y 
and the radius r. The set of the line whose cut­
off length is between x and x + dx is shown as 
shadowed area in Figure 4. The probability of 
finding the set of the lines with cut-off length x 
for cylindrical pore with radius r is denoted as 
P(x, r)dx, where P(x, r) is the probability 
density of x for the pore with the radius r. 

P(x, r)dx equals to the length of the projection 
of the shadowed area in Figure 4 to the Y axis. 
That is, eq 10 holds 

P(x,r)dx= -2dy (10) 

The minus sign is attached in eq 10 by taking 
into account the positive direction of X and Y 
axes in Figure 4. As the shape of cross sec­
tional view of straight-through cylindrical pore 
on the X, Y plain is circular, eq 11 holds 

(11) 

By differentiating eq 11 with respect to x we 
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obtain Swelling Agents 
Xylene, acetone, dimethylformamide -xdx 

dy 2(4r2-x2)1/2 

Substitution of eq 12 into eq 10 leads 

(12) (DMF), glycerin and water were used as swell­
ing agent for evaluating the porosity by the 
swelling method.2 All of the chemical reagents 
were of guaranteed reagent grade manufac-

(13) tured by Kishida Chemical Company, Ltd. 
(Japan). 

The number of pore whose radius is in the 
range r r + dr in a unit area of a membrane is 
defined by N(r)dr. 2 Here, N(r) is pore radius 
distribution function. F(x)dx is given by eq 14 
derived in the same procedure as eq 7 

F(x)dx= joo P(x,r)dxN(r)dr (14) 
Jx/2 

By substituting P(x,r) ofeq 13 into eq 14, we 
obtain 

loo N(r) 
F(x)=x (4 2_ 2)1/2 dr 

x/2 r X 
(15) 

As eq 15 cannot be solved analytically we 
can only evaluate N(r) from F(x) observed 
through the numerical calculus. 

EXPERIMENTAL 

Sample 
Porous Polymeric Membranes 
The porous cellulose acetate membranes 

were prepared, using a micro-phase separation 
method, from the solution of cellulose acetate 
(combined acetic acid of 54.1 wt%)/ 
CaCI2 · 2H20/acetonejmethanoljcyclohexanol 
according to the method described in the 
previous paper.9 The porous regenerated cel­
lulose membrane were prepared by a micro­
phase separation method from the solution of 
cellulose cuprammonium solutionjacetone.11 

These membranes were used as the model 
membrane with pores of complicated shape. 

A commercially available polycarbonate 
membrane Nuclepore® (Nu 0.08) manufac­
tured by General Electric Co. (U.S.A.) was 
used as a model membrane with straight­
through cylindrical pores. 
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Measurement 
I) Pore Radius Distribution and Mean Pore 

Radius 
Electron Microscopic (EM) Method. Thin 

samples with ca. 0.05 I 11m in thickness were 
prepared by slicing the original membrane 
solidified with acrylic resin and were observed 
under a scanning electron microscope (SEM, 
"JSM-U3" type, manufactured by Japan 
Electron Optics Laboratory Co., Ltd., Japan). 

For the replica micrographs, pieces of the 
membrane were coated with platinum and 
then with carbon. The replica thus prepared 
was peeled off from the membrane piece by 
dissolving the membrane with 99% sulfuric 
acid solution. The replica were washed with 
water and observed by a transmission electron 
microscope (TEM, HU -11 B type, manufac­
tured by Hitachi Co., Ltd., Japan). 

Mercury Intrusion (Ml) Method. A mercury 
intrusion apparatus constructed in our labo­
ratory8 was employed. The volume contradic­
tion of the sample and mercury, .1. V(p ), cor­
responding to the loading pressure p, can be 
detected as the mercury pillar height of the 
dilatometer. 

The pore radius distribution function N(r) 
can be evaluated from the observed d.1. V(p )/ 
dPby 

x{dt1V(p) 
dP 
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where, rx is the pore radius at the position x 
from the membrane surface, Vg the volume of 
mercury in the dilatometer, Vs the volume of 
specimen, ri the interfacial tension of mercury, 
eR the angle defined in Figure l(b) for trun­
cated cone shape pore. All parameters except 
for dl1 V(p)jdP in eq 17 can be determined in 
advance. Equation 17 is a general formula of 
the equation derived in the previous article (eq 
10 in ref 2). 

Fluid Permeability and Bubble Point (BP) 
Method. A membrane was dipped in ethanol 
prior to measurements to make sure the suf­
ficient penetration of solvent into a pore in the 
membrane. The apparatus constructed in our 
laboratory8 was employed. By putting the flux 
of air J as a function of loaded pressure L1P 
into eq 18, N(r) for the straight-through cy­
lindrical pore model can be calculated 

N(r)={ d(l/ P)/d In L1P- 1/ P}/(2rik(2ri/ 11P)4} 

(18) 

where, k is given by n/811d (17, viscosity of the 
fluid; d, thickness of the membrane), and Pis 
(L1P+ 1) atm. 

Flow Rate (FR) Method. 2 The mean pore 
radius rr was calculated by putting porosity Pr 
and the filtration ratio per unit area of a 
membrane J into eq 19 derived under the 
assumption of straight-through cylindrical 
pore model. 

rr={C;:)(:p )r 12 
(19) 

where, 11 is the viscosity of water, d the thick­
ness of the membrane, L1P the loaded pressure 
and rr corresponds to (f3 • f4 ) 112 . Here, f3 and f4 

are the third and the fourth mean pore radii 
respectively defined below in the case of the 
membrane with straight-through cylindircal 
pore. 

(i=1,2,3, ···) 

(20) 
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Surface Area (SA) Method. By using the 
surface area analyzer (Micromeritics® manu­
factured by Shimadzu Seisakusho, Japan),the 
surface area of the membrane, Sr was eval­
uated by Brunauer, Emmett and Teller (BET) 
method. The mean pore radius f 5 can be 
evaluated from the experimental value of Pr 
and Sr using eq 21 derived on the basis of the 
straight-through cylindrical pore model 

f 5 =2Pr/Sr (21) 

the relation of fs = f2 holds for this pore model. 

2) Porosity Pr 
The porosity obtained by the apparent 

density method Prp was calculated by 

Prp = (1- Pal Pp) · 100 (%) (22) 

where, pP is the density of the material con­
structing the membrane and Pais the apparent 
density of the membrane. When the membrane 
is immersed into the solvent with the density of 
p5 , the solvent penetrates into the pore inside 
the membrane. The porosity obtained by the 
swelling method Prs can be calculated by 
measuring the weight of the membrane after 
immersion W5 and using eq 23. 

+ W,) (23) 
Ps Pp Ps 

where wp is the dry weight of the membrane 
and W5 is the weight of the membrane swelled 
with the solvent. 

ANALYTICAL PROCEDURE 

At first, by using the average value of the 
shape factor r}J e determined by electron micro­
scopic observations for the two cross sections 
parallel and perpendicular to the membrane 
surface, we should determine the pore shape, 
i.e., spherical, ellipsoidal, or cylindrical pore. 
For the porous membrane prepared by mi­
crophase separation method, it is hard to de­
termine the pore shape because of the com­
plicated pore shape. In this case, the shape of 
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(a) (b) 

Figure 5. Schematic representation of an electron micrographs of the plane parallel to membrane 
surface. The vacant regions surrounded by dotted area indicate pores; (a), a membrane which has 
ellipsoidal pores; (b), an actual membrane which has complicated pores; x 1 , x2, x3 , · · ·, Xw and xmax 
indicate cut-off length. 

pores on the plane parallel to the membrane 
surface is assumed to be circular. Then the 
analytical procedure for ellipsoidal pore 
should be employed since ellipsoidal shape is 
general case of spherical shape. The average 
value of the ratio of (ajc) 112 (i.e., t:Pe in this 
case) is determined through the electron mi­
crograph of the cross section perpendicular 
to the membrane surface. 

On the electron micrographs of the plane 
parallel to the membrane surface taken with 
the magnitude adequate for scaling the cut-off 
length x for the membrane, some ten test lines, 
which are parallel to each other are drawn. 
The space of the test line is less than the 
average diameter of the pore so as that the 
number of test lines that cross a pore is more 
than one. 

Figure 5(a) shows schematic representation 
of an electron micrograph of the membrane 
with ellipsoidal pores. On this photograph, 20 
test lines are drawn. The cut-off length x1 , x2 , 

x3 , · · • are measured. The maximam of cut-off 
length xmax is determined. The membrane pre-

Polymer 1., Vol. 17, No.6, 1985 

pared by micro-phase separation method has 
complicated shape pore as shown in Figure 
5(b). Even in this case, the cut-offlength x1 , x2 , 

x3 , • · · and xmax are measured in similar 
manner to the case of Figure 5(a). The interval 
of x, flx, can be defined as flx=xmaxfl, where I 
is decided under taking into consideration the 
accuracy of F(x) to be calculated. And the 
total number of data of cut-off length is 50 in 
general case. The data of x is classified in one 
of the range of 0 flx, flx 2flx, 2flx 3flx, 
· · · and so on. We get the number of data [Fxl 
belonging to each range. [FJ reflects F(x) by 
the following equation of F(x)=[Fx]/flx. The 
minor modification of F(x) is carried out by 
representing F(x) vs. x curve with smooth 
curve if necessary. By putting this F(x) into eq 
8, 9, and 15, Ne(r), N.(r), or N(r) correspond­
ing for various pore models can be calculated. 

For instance, by using Ne(r) thus obtained, 
we can calculate porosity Per, pore density Ne, 
and i-th mean pore radii fe; (i= 1, 2, 3, 4) are 
calculating with the use of the following 
equations 
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Per= n Jr 2N.{r)dr (24) 

Ne= I Ne(r)dr (25) 

fel = frNe(r)dr/Ne (26) 

fe2= fr 2N 0(r)dr I frNe(r)dr (27) 

fe3= Jr 3 N 0(r)drl fr 2N 0(r)dr (28) 

fe4= fr 4 N 0(r)dr I Jr 3 N 0(r)dr (29) 

The ratio of fedfei-l reflects the width of the 
pore size distribution and we chose i=4 in this 
paper. These eq 24 29 correspond to eq 20 in 
the case of straight-through cylindrical pore. 

RESULTS AND DISCUSSION 

Pore Radius Distribution 
Figure 6(a), (b) shows the electron micro­

graphs of the back surface and the cross sec­
tion perpendicular to this surface of the re­
generated cellulose membrane. The dark 
regions indicate pores. The shape of the pores 

(a) 

for this membrane is not circular. We must 
judge what these pores should be classified 
into. It is clear from this figure that these 
pores are far from the straight-through cylin­
drical pores. Then we chose ellipsoidal and 
spherical pore models. 

First, we compare N 0 (r) for ellipsoidal pore 
model with N 5(r) for spherical pore model 
obtained for regenerated cellulose mem­
brane. The result is shown in Figure 7(a). 
Here, the front surface (curve I) is the sur­
face from which the solvent in casting solu­
tion vaporized during membrane forming 
process and the back surface (curve 2) is the 
surface opposite to the front surface. The 
observed value of <Pe evaluated from Figure 
6(b) was 0.32, indicating that the ellipsoidal 
pore model was more suitable than spherical 
pore model in order to represent the regen­
erated cellulose membrane. N5(r) curve coin­
cides with N 0 (r) curve if the N 0 (r) curve is 
shifted by log <1> e parallel along vertical axis to 
the positive direction. The front surface has a 
larger mean pore radius and broader pore 
radius distribution than the back surface in 
both models of ellipsoidal and spherical pores. 

Secondly, we compare various N(r) ob­
tained by EM, MI, and BP methods assuming 
straight-through cylindrical pore model, 
though this assumption is not allowable in the 

(b) 

Figure 6. Electron micrographs of the regenerated cellulose membrane: (a), the back surface; (b), the 
cross section perpendicular to the surface of a membrane; a scale bar indicates 5 Jlm. 

782 Polymer J., Vol. 17, No. 6, 1985 



Determination of Pore Radius Distr. of Membrane 

:'\2 . ' 
'' '' ' ' 

a) 

19 2\ 

spherical model 
------- ellipsoidal model 

1, front 2,back 

'e 18 
u 

01 

....:: 17 

.:;.., 
z 
01 
0 

' ' ' ' ' ' ' ' \ 
' ' ' ' 1 \ 

-, ' 
\ ' 
' ' \ ,. 

'\ 
•' •\ 
\\ 
'' '' ' ' ' \ 
\\ \\, 

' ' 

' \\,, 
\ 

0 05 10 
PorE? radius ( pm) 

14 

c:>, 
E 

.!:?-

z 
01 
0 

b) 

!\ -- EM method 
; \ 1,fronl 2,back 

" I \ ------ M I method 
, 1 : ! ............ _ B P method 

2: \ 1 
I \1 \ 

\ \ 
i\ 
1 \ 

\\ 
i \ 

\\ :, 
:\ 
; \ 
. I 

I 
I 
I 
I 

' I I 

Pore radius (fml 

Figure 7. Pore radius distribution of regenerated cellulose membrane by various methods: 7(a), ---, 
spherical pore model by EM;----, ellipsoidal pore model by EM; l, front surface; 2, back surface; 7(b), 
straight-through cylindrical pore model; ---,.by EM method; I, front surface; 2, back surface;----, by 
MI method; · · · · , by BP method. 

strict sense. Figure 7(b) shows the results. EM 
method affords us two N(r) of the front and 
back surfaces. All N(r) cover similar r range, 
but the absolute value of N(r) varies depending 
of the methods employed. BP method gives the 
most sharp N(r) among three methods. The 
broadness of N(r) curve obtained by MI 
method is just between those of front and 
back surfaces of the membrane by EM meth­
od. The difference in these four N(r) curves 
may be originated from the difference in the 
minimum pore radius countable as a pore 
in various methods, and also the difference 
in the pore shape. When the actual minimum 
pore radius of the membrane is larger than 
the minimum pore radius countable for the 
various methods and when the pore shape 
is definitely determined as straight-through 
cylindrical pore as in the case of Nuclepore, ® 
the difference in N(r)-r curves obtained by the 
various methods are negligibly small.2 

Figure 8 shows NJr) estimated by EM 
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method for regenerated cellulose membranes 
with different mean pore radius prepared by 
micro-phase separation method. When the 
mean pore radius increases the peak value of 
Ne(r) decreases and the slope of Ne(r) vs. r 
curve at larger r region becomes smaller. 
Neither Ne(r) nor NJr) could be represented 
by Poisson's distribution or most probable 
distribution. However, Ne(r) shown in Figure 
8 is well reproducible by the theory of pore 
formation, proposed previously.10 

Pore Characteristics Evaluated by Various 
Methods 
Table I summarizes some pore characteris­

tics of a regenerated cellulose membrane and a 
polycarbonate membrane Nuclepore. ® The 
porosity and also the i-th mean pore radii i'i 

evaluated by EM method coincides with those 
by the various other methods for the mem­
brane ofNuclepore® which is ascertained to be 
representable by straight-through cylindrical 
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Figure 8. Pore radius distribution curves N,(r) for 
regenerated cellulose membranes with different mean 
pore radius prepared by micro-phase separation method:· 

(i'3 ·rS 12 =0.076 (.urn); - · -, (i'3 ·i'4)112 =0.13 
(flm); ----, (i'3 · i'4)112 =0.32 (flm); · · · ·, (i'3 · i'4)112 =0.24 
(flm). 

pore model. Therefore, we can confirm the 
reliability of the numerical difference calculus 
method in order to solve eq 15 for EM 
method. 

The mean pore radii of the back surface of 
regenerated cellulose membrane, evaluated by 
EM method, are near to those obtained by FR 
and BP methods. The mean pore radii ob­
tained by MI method is experimetally similar 
to the average value of those of front and back 
surfaces in EM method. That is, all the radii 
evaluated by various methods distribute be­
tween those of front and back surfaces eval­
uated by EM method. By putting N(r) and 
Ne(r) thus obtained into eq 20 and eq 26-29, 
respectively, we can conclude that fi is larger 
than fei by EM method when i is less than 4 
and the dependence of i'i on i is less than that 
of rei. 

The porosity Pr of the regenerated cellulose 
membrane prepared by micro-phase sepa­
ration is affected by the methods employed for 
evaluation as shown in Table I. This is because 
all of the pores do not contribute to the 
porosity. For example, in MI method, only 
open pores contribute to the porosity, but 
isolated pores do not. The apparent density 

Table I. Pore characteristics of membranes evaluated by various methods 

Evaluation i'l i'2 i'3 i'4 (f3. f4)1/2 i'4/f3 Pr N 
Membrane 

methods 
fliD fliD fliD fliD fliD % Number/cm2 

Regenerated EM 
Front 0.30 0.50 0.67 0.81 0.74 1.21 27.0 5.9 X 107 

cellulose 
Back 0.07 0.09 0.12 0.16 0.14 1.25 4.3 2.1 X JOB 

membrane 
MI 0.14 0.22 0.41 0.84 0.59 2.04 56.0 5.7 X JOB 

BP 0.21 0.21 0.21 0.21 0.21 1.00 9.5 6.0 X JOB 

FP 0.20 
App. density 71.9 
Swelling 71.0-

73.7 
SA 0.37 90.3 

Polycarbonate EM 0.36 0.46 0.50 0.57 0.53 1.13 21.0 5.4 X 107 

membrane MI 0.31 0.32 0.33 0.35 0.34 1.02 18.0 5.5 X J07 

"Nuclepore"® FP 0.53 
Nu0.8 Appl. density 22.0 

Swelling 16.0 
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and swelling methods can count all pores 
independent of their shape. On the other hand, 
in BP method, only open pores contribute to 
the porosity, resulting in the smallest values of 
porosity, except for the values of the back 
surface of the membrane by EM. 

These features of the regenerated cellulose 
membrane are maintained also in porous cel­
lulose acetate membranes prepared by micro­
phase separation method. The shapes of the 
pore radius distribution curves of these cel­
lulose derivative membranes are similar with 
each other, indicating that the pore radius 
distribution curves for any porous membrane 
prepared by the micro-phase separation meth­
od have the common feature as indicated by 
the theory proposed by us. 10 
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