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STRUCTURAL ANALYSIS OF HOLLOW FIBER DIALYSIS
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Little is known of the structure of hollow-fiber dialysis membranes for clinical use or of the effects of structure on
solute and pure water permeability. Knowledge of such aspects of membrane structure as pore radius, surface
porosity, tortuosity and water content is required if the desired membranes are to be designed.

‘The objective of the present study, therefore, is to obtain data on the pore radius, surface porosity and tortuosity
of hollow-fiber dialysis membranes through an analysis of measured water content, and of solute and pure water
permeability on the basis of a newly introduced tortuous pore model. In regenerated cellulose membranes, pore
radius ranges from 21 to 34 x 10~ % m, and huge pores ranging in radius from 47 to 64 x 10~ '° m are identified for
EVA membranes which are permeable to small amounts of serum protein. Values for surface porosity of the
regenerated cellulose and EVA membranes are approximately 33 and 22 9%, and tortuosity is approximately 1.9
and 2.2, respectively. The tortuous pore model combined with the L, and P,, method is well suited for elucidating
the relationship between membrane structure and solute and pure water permeability.

Introduction

The performance of currently utilized hemo-
dialyzers is absolutely dependent on the permeability
of their membranes. Appropriate design of dialysis
membranes requires correct values for pore radius,
surface porosity, water content and tortuosity. It has
proved impossible to find the pore radius of dialysis
membranes using the mercury porosimeter or electron
microscope because the pores are only several tens of
angstroms in radius. Consequently, indirect pro-
cedures such as the L, method that uses both pure
water permeability and water content,!’ the L,and P,
method, which uses both pure water and solute
permeability*>7#) and the ¢ method that uses the
reflection coefficient>®'4 have been employed exten-
sively. Structural data obtained from the procedures
referred to above may lack reliability, however, be-
cause those procedures depend on a simplified pore
model that assumes that membrane pores are formed

Received October 1, 1986. Correspondence concerning this article should be ad-
dressed to K. Sakai.
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perpendicular to the membrane surface.

The objective of the present study is to obtain data
on the pore radius, surface porosity and tortuosity of
hollow-fiber dialysis membranes through an analysis
of measured water content, and of solute .and pure
water permeability on the basis of a newly introduced
tortuous pore model.

1. Theoretical

Kedem and Katchalsky? derived phenomenologi-
cal transport equations based on nonequilibrium
thermodynamics. In this analysis, membrane charac-
teristics are expressed as three transport parameters—
reflection coefficient, and solute and pure water per-
meability. The membrane is considered to be a black
box.

The simplified pore model” directly relating mem-
brane structure to these transport parameters was
improved by Verniory!® and Kimura® with tor-
tuosity omitted in any pore model. Qualitative at-
tempts to account for tortuosity in the pore model

have been successful.”
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Tortuosity T may be defined as the ratio of pore
length to wall thickness:

t=L/Ax (1

The pore model was further improved to produce the
following equations:

L, =(r}/81)(A;/7/4%) ()
P, =Dy, f(@)Sp(Ay/7/4x) (3)
where
f(g)=(1—2.105¢+2.0865¢> — 1.70684°

+0.72603¢°)/(1 —0.758574°) 4
Sp=(1—¢)? (5)
q=7rp (6)

From Egs. (2) and (3),
P,/L,=f(g)Sp(8uDy/r2) %

which is identical with the equation obtained by
Klein.?

Structural parameters such as surface porosity,
tortuosity and wall thickness involved in the pore
model disappear in Eq. (7). Measurements of solute
and pure water permeability provide pore radius
by iteration without using surface porosity, water
content, tortuosity or wall thickness. Values for
A, /(- Ax) can be obtained by substituting pore radi-
us and pure water permeability data in Eq. (2).

The pore length in Eq. (1) cannot be measured in a
straightforward way. Water is capable of permeating
the amorphous region of the crystalline polymer that
forms the pores in dialysis membranes. The water
content approximates pore volume ratio under wet
conditions. The tortuosity defined in Eq. (1) can be
alternatively expressed as

_ (4, L))V,
T (nA,Ax)/V,,

_(nA, L)V,
~ (nd,)/A,

- ®)

Here 7 and A, can be calculated from Egs. (9) and

(10).
v = H]Ax[(A, ]t/ 4%) ©)
A= HAx (4[] 4%) (10)

In the tortuous pore model presented here, dialysis
membranes are assumed to be of symmetrical struc-
ture. With imperfectly symmetrical dialysis mem-
branes, structural parameters obtained by the tor-
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tuous pore model are averaged over pore length.

2. Experimental

2.1 Materials

Table 1 summarizes technical data on the capillary
dialyzers tested. Hollow-fiber dialysis membranes pre-
pared from polymers such as regenerated cellulose
(RC), ethylenevinyl alcohol (EVA) and polymethyl
methacrylate (PMMA) are skinfree and of imperfectly
symmetrical structure.

Stokes radius and diffusivity at 310K are as fol-
lows:!?

Urea r,=1.82x10"1"m

Dy =181x10""m?-s7!

Glucose  r,=3.61x10"°m
Dy=9.09%x10""m?-s7!
Sucrose  r,=4.71x107%m

Dy=697x10"1m?-s7!

Water viscosity at 310K is 6.947 x 10™*Pa-s.
2.2 Apparatus

The experimental apparatus shown in Fig. 1 was
utilized to measure solute permeability at a dialysate
flow rate (Fig. 2) sufficient to eliminate the boundary
layer formed outside the membrane tube.

2.3 Procedures

The slope of the plot of TMP (transmembrane
pressure) vs. ultrafiltration rate provides pure water
permeability. Solute permeability was determined by
a newly improved method using '#C-labeled urea,
glucose and sucrose.

The following procedure was used:

1. The hollow-fiber membranes available from
the dialyzers tested were cut into shorter lengths, and
the effective length was kept to 0.1 m by equipping
each membrane with polyethylene tubes (ID 1 mm;
OD 2mm) at either end.

2. The membranes were placed in pure water at
310K for 12 h to completely wet them.

3. The hollow was filled with the desired radioac-
tive solute in pure water containing SCim ™3 after
water removal and the membrane was sealed with
clay. Dialysis experiments were then conducted for a
predetermined time.

4. The amount of radioactive solute remaining in
the sealed membrane tube was determined, using an
Aloka-900LSC liquid scintillation counter.

Five or more measurements were made for various
dialysis times to obtain exact values for solute per-
meability, and data were analyzed by the method of
Stevenson.!®!!) One hundred wet membrane tube
sections were observed under a microscope to de-
termine both inner diameter and wall thickness when
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Table 1. Technical data on capillary dialyzer
Membrane

. Number Surface

Dialyzer :
(Manufacturer) of Material area .Inner ‘ ]

fibers diameter Wall thickness  Fiber length
[m?] x 108 [m] x 10° [m] x 10° [m]

MC 0.8H 6,600 Cuprophan® 0.72 200 8 172
(Senko Med. Co., Ltd.)

TAF 10 6,850 Regenerated 1.02 200 12 237
(Terumo Co., Ltd.) cellulose

AM-10 10,700 Regenerated 1.18 200 15 176
(Asahi Med. Co., Ltd.) cellulose

AM-2000U 10,900 Regenerated 1.49 200 8 218
(Asahi Med. Co., Ltd.) cellulose

KF-101 7,800 Ethylenevinyl 1.21 200 32 246
(Kuraray Co., Ltd.) alcohol

KF-101C 7,800 Ethylenevinyl 1.23 200 32 250
(Kuraray Co., Ltd.) alcohol

KPK-101 6,528 Ethylenevinyl 1.26 250 33 245
(Kuraray Co., Ltd.) alcohol

B2-100 11,000 Polymethyl 1.21 200 25 175
(Toray Med. Co., Ltd.) methacrylate

Table 2. Inner diameter and wall thickness of hollow-

—_—

'///IIII/II///II/I/////IIIA

——a———

close-up view from
above experimental
apparatus

1 pump 2.bypass 3valve
4, thermostatic bath 5. membrane tube support
6. membrane tube 7 dam
Fig. 1. Experimental apparatus for measuring solute
permeability.
7
w
E OO0
=6 O/ @]
=)
"
N
module : MC 0.8H
5 solute : creatinine
]
4 l |
0 5 10
Ux10%[m/s]
Fig. 2. Effects of dialysate flow rate on overall mass trans-

fer coefficient for creatinine.

wet. Water content was measured by the standard
method using 120 membrane tubes 5x 10 2m in
length.

3. Results

3.1 Inner diameter and wall thickness of wet hollow-
fiber dialysis membranes
Table 2 summarizes both the inner diameter and

VOL. 20 NO. 4 1987

fiber dialysis membranes

Dialyzer di;ilnei;* Wall thickness*
x 10° [m] x 10% [m]
MC 0.8H 212+13 20.7+2.8
TAF 10 203+11 26.4+2.9
AM-10 204422 30.7+2.4
AM-2000U 200+ 12 19.2+2.2
KF-101 228+ 14 41.1+5.2
KF-101C 220+ 10 44.3+4.2
KPK-101 251+23 51.8+5.2
B2-100 202+ 7 25.3+2.4

* Data taken under wet conditions and expressed in
mean +S.D.; N=100.

wall thickness of the hollow-fiber dialysis membranes
tested under wet conditions. The wet RC membranes
swelled two- or threefold in wall thickness. The wet
EVA membranes exhibited some increase in wall
thickness but almost no alteration in inner diameter
because of the resistance to inward expansion.
3.2 Solute permeability

Table 3 summarizes the measured values for solute
permeability of the membranes tested. The solute
permeability of the RC membranes was highly de-
pendent on wall thickness. Because of their greater
thickness, synthetic polymer membranes are per-
meated more slowly than RC membranes by sub-
stances of small molecular weight. The EVA mem-
branes permeable to small amounts of serum albumin
appear to have huge pores, and middle molecules
(MM) may adequately permeate them.
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Table 3. Water content, solute and pure water permeability data of hollow-fiber dialysis membranes

Solute permeability x 10° [m-s~!]*

Pure water permeability Water content

Dialyzer U [p3.m 2.5 - Pg  LPF* o/ Tk
Urea (62) Glucose (180) Sucrose (342)  LpX 107 [mTm7Es T Pa i H vy 7]
MC 0.8H 11.6 +3.7 (20) 4.79+0.35 (12) 2.66+0.19 (15) 1.11 66
TAF 10 8.42+0.23( 4) 2.83+0.06( 4) 2.16+0.05 ( 4) 1.12 61
AM-10 7.83+0.13 (15) 3.08+0.09 (10) 1.80+0.10 (10) 0.588 65
AM-2000U 122 £1.1 (5 5.15+0.12 ( 6) 3.06+0.07 ( 5) 1.58 61
KF-101 3.52+0.17 (11) 1.834+0.08 (10) 0.914+0.05 (10) 0.936 46
KF-101C 4.02+0.08 (10) 1.81+0.03 ( 8) 1.08+0.03 ( 8) 1.64 49
KPK-101 5234029 (7 2414+£0.04 ( 4) 1.42+0.04 ( 4) 2.31 nil
B2-100 6.51 (D 2.94 (D (D 0.638 54
* Data expressed in mean+S.D. (N).
** Data measured at 310K.
*** Data measured at room temperature.
3.3 Pure water perme'a'blli.ty o ' -~ O MG 084
Pure water permeability increases significantly with 0 2 ar o
pore radius. Measured values for pure water per- E 10—k §2
meability in Table 3 indicate the presence of an = s \
. £ i 0,
appreciable number of huge pores on such EVA 3 i N A\
membranes as KF-101C and KPK-101. Among the £ s \D éo>§
RC membranes, AM-2000U provided the highest & 0oL \D
pure water permeability. KPK-101, with greater E - N
thickness than KF-101C, possessed higher pure water @ o

permeability.
3.4 Water content

Water content is easily measurable and provides a
reliable parameter for controlling the permeability of
dialysis membranes, and permeability is directly pro-
portional to water content for a specified membrane.
However, water content merely represents the volume
fraction of pores in the membranes, and cannot be
used to find the permeability of different kinds of
dialysis membranes. It is thus necessary to know pore
radius, surface porosity and tortuosity as well as
water content to reveal the structure of a membrane
and the effects of structure on solute and pure water
permeability.

4, Discussion

4.1 Solute permeability

Figure 3 shows the dependence of solute per-
meability on the Stokes radius of the solutes tested for
typical membranes of regenerated cellulose (MCO0.8H
and TAF10) and synthetic polymer (KF-101). All
membranes showed linear relationships. The RC
membranes possessed the highest permeability for
substances with a molecular weight of below 500
daltons, mainly because of their lesser thickness. The
difference in solute permeability between MCO0.8H
and TAFI10 can be also explained in terms of wall
thickness.
42 P,/L,and r, (L, and P, method)

According to the tortuous pore model, P, /L, is a
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0 1 2 3 4 5
Stokes radius, rs X 10*°(m}

Fig. 3. Dependence of solute permeability on Stokes radius
for MC0.8H, TAF10 and KF-101.

function of both Stokes radius r; and pore radius r,,.
Since P,/L, is expressed as a polynomial of r, for a
specified solute, several values for pore radius can be
obtained. The measured value of P,/L, usually pro-
vides two values for pore radius. A theoretically
appropriate pore radius was determined by excluding
other values with an abnormally high surface
porosity.

43 r,, A, and 7

Table 4 summarizes values for pore radius r,
iteratively calculated using Eq. (7) for hollow-fiber
dialysis membranes. Pore radius r,; is a mean value
because dialysis membranes usually have a pore ra-
dius distribution and are of imperfectly symmetrical
structure. All membranes had practically the same
pore radius for the three solutes tested.

The tortuosity of membrane pores is defined in Eq.
(1) and was calculated by Eq. (9). Surface porosity
was also calculated by Eq. (10). Calculated values for
7 and A4, are summarized in Table 4. A higher tor-
tuosity implies a convoluted passage for solute trans-
port, causing reduced solute and pure water per-
meability. The synthetic polymer membranes possess
a higher tortuosity. Surface porosity affecting solute
and pure water permeability is lowered in synthetic
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Table 4. Calculation of r,;, 4,/(t-4x), A, and 7 by L, and P,, method

rpy X 1010 [m]

Az 4x)x 1073 [m™1]

Dialyzer A %) T[]
Urea Glucose Sucrose Mean Urea Glucose Sucrose Mean
MC 0.8H 26.6 244 26.0 25.7 8.62 10.4 9.02 9.35 34 1.9
TAF-10 323 36.0 32.1 335 5.91 4.85 6.10 5.62 31 2.0
AM-10 23.0 20.6 19.7 21.1 6.12 7.75 8.50 7.46 35 1.9
AM-2000U 31.8 30.2 32.0 31.3 8.59 9.64 8.33 8.85 32 1.9
KF-101 47.5 42.3 51.4 47.1 2.29 2.92 1.95 2.39 21 2.2
KF-101C 60.3 60.1 66.5 62.3 2.53 2.57 2.10 2.40 23 2.1
KPK-101 62.5 61.6 68.8 64.3 3.26 342 2.74 3.14 nil nil
B2-100 26.8 nil nil 26.8 4.84 nil nil 4.84 25 2.2

polymer membranes. The surface porosity and water
content of AM-10 and MCO0.8H are higher than those
of the other RC membranes.
4.4 Pore radius r,, based on the L, method

To determine pore radius r,, by the L, method, we
need pure water permeability, water content and
wall thickness but not tortuosity. Eq. (11) provides
pore radius r,, for the membranes tested:

L,=(rp,/81) (H]Ax) an

Table S shows values for pore radius r,,, and all
values are lower than those for pore radius r,
obtained from Eq. (7). KF-101 membrane possesses a
much smaller pore radius r,, than the Stokes radius r;
of serum albumin, and this does not accord with the
fact that KF-101 membrane is permeable to serum
albumin to some extent.
4.5 Pore radius r,; based on the P, method

Using the P, method, pore radius r,; can be
calculated from solute permeability, water content
and wall thickness; again tortuosity is not needed.

P, =Dy f(q)Sp(H|Ax) (12)

Table 5 summarizes values for r,; calculated by Eq.
(12). The values for r,; are even lower than those
for r,,. With Nuclepore membranes, pore radius r,,
and r,; appear to be almost the same as r,; because
the tortuosity is close to unity.

Conclusions

1. It was found that RC membranes had a mean
pore radius from 21 to 34x107'°m, a surface
porosity from 31 to 35% and a tortuosity from 1.9 to
2.0.

2. EVA membranes possess higher values for pore
radius and tortuosity than RC membranes.

3. The tortuous pore model combined with the L,
and P,, method is especially useful in the structural
analysis of hollow-fiber membranes for clinical dial-
ysis applications.
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Table 5. Calculation of pore radii r,, and r 3 by L, method
and P, method

rp3 % 101 [m]

Dialyzer rpo % 1010 [m]
Urea  Glucose Sucrose

MC 0.8H 13.9 6.0 10.8 12.5
TAF 10 16.4 6.0 10.0 13.0
AM-10 12.4 6.0 10.7 12.6
AM-2000U 16.7 6.2 11.3 13.2
KF-101 21.5 5.4 11.3 12.4
KF-101C 28.6 5.9 11.3 13.2
B2-100 12.8 5.5 10.5 13.3
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Nomenclature
A, = fractional surface porosity [—]
A, = membrane area [m?]
4, = sectional area of pore [m?]
Dy = diffusivity [m2-s71
flg) = wall correction factor for diffusion [—]
H = fractional water content [—]
K = overall mass transfer coefficient [m-s™1
L = pore length [m]
L, = pure water permeability [m® m?-s™1-Pa?]
n = number of pores —]
P, = solute permeability [m-s™1]
q = rJr, 1
Ty = radius of membrane pore [m]
o = pore radius calculated by Eq. (7) [m]
o2 = pore radius calculated by Eq. (11) [m]
Tps = pore radius calculated by Eq. (12) [m]
Ty = Stokes radius of solute [m]
Sp = steric hindrance factor for diffusion [—]
U = dialysate flow rate [m-s™1]
Vi = membrane volume [m3]
Ax = Wall thickness [m]
= viscosity [Pa-s]
T = tortuosity [—]
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ON SECOND VIRIAL COEFFICIENTS OF GASES AND
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Molar refraction and molar polarization were used as new third parameters to correlate the second virial
coefficients of nonpolar and polar gases, and their mixtures. A set of consistent data from the compilation of
Dymond and Smith® was used for the source data. The correlation was compared extensively with the correlations
of Tsonopoulos, Tarakad-Danner, Brewer, Kubic and Vetere. In addition to the new third parameter, the utility of
Pitzer’s acentric factor was also tested. The correlation developed was of the general type

BPc/RTc=fOT|Tc)+x - f(T/Tc)

Where K is the third parameter.

Introduction

The non-ideal behavior of gases arising from in-
termolecular interactions in principle can be ex-
plained through the virial coefficients. The virial
coefficients, either in pressure or reciprocal volume
series, can be evaluated using potential energy func-
tions such as the Lennard-Jones potential energy
function.

The virial equation

Z=14 B’ P+ C’P?+higher-order terms  (2)
or
Z=1+B/V+C/V?+higher-order terms  (3)

is often truncated after the second term. There are
several reasons for the use of B only. For example, (i)

Réceived October 3, 1986. Correspondence concerning this article should be ad-
dressed to D. S. Viswanath.
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experimental virial coefficients other than B are rarely
available, and even if available are of very low
accuracy; (ii) when the virial equation is used for
moderate pressures, it is sufficient to use the second
virial coefficients; (iii) the virial equation by its nature
diverges at higher density and therefore its appli-
cation is limited in spite of the theoretical back-
ground; and (iv) virial coefficients higher than the
third with the non-additive contribution have not
been evaluated for potential energy functions other
than the Lennard-Jones potential function.

Pitzer'® did the first work on the generalization of
second virial coefficients by introducing a third pa-
rameter, the acentric factor, w. Its applicability is
limited to nonpolar and slightly polar compounds
only. Also, experimental data of the vapor pressure at
Tr=0.7 is needed. Tsonopoulos'® modified Pitzer’s
equation for polar compounds. This correlation with
nine to eleven constants can predict the second virial
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