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Characterization of hollow fiber hemodialysis
membranes: pore size distribution and performance*
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Abstract
The effect of two commonly used sterlhzatlon methods for artificial kidneys on the morphology and
performance of hollow fiber Hemophan@ hemodlalysls membranes was studied A relatively new membrane characterlzatlon method, thermoporometry, was used to determine the pore size dlstrlbutlons and
porosltles of the differently treated membrane samples The samples used for this study were not treated
with a concentrated glycerol solution before sterlhzatlon Hemophan was found to have a pore size dlstrlbutlon with pore radn between 1 5 and 12 nm, the volume porosity was 20% The sample sterilized
with ethylene oxide (EtO) had a volume porosity of 18% which was due to a decrease of the pore volume
of the smallest pores The applied dry steam stenhzatlon treatment resulted m a drastic collapse of the
large pores while smaller pores were formed The calculated porosity was only 10% The ‘tortuous capillary pore model’ was used to predict the performance of the artificial kidneys from the pore size dlstrlbutlon m the membrane material In ultra dialysis experiments with creatmme and vitamin Bl2 were
carried out to compare the calculated and measured clearance rates Also the ultrafiltration capacity of
the devices was determined It was found that a reasonable estimation of the ultraflltratlon capacity
could be made The calculated clearance rates were systematically underestimated, although the relative
dependence of the clearance rates on the applied sterlhzatlon methods was approximated reasonably
Keywords artificial kidney, dlalysls, including Donnan, membrane preparation and structure, membrane
charactenzatlon, thermoporometry

Introduction

Hollow fiber celluloslc membranes are now
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used for more than two decades m artlficlal kidneys, m whxh they act as a separation barrier
for metabolic wastes The apparent performance of an artlficlal kidney device 1s not only a
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choose optimal conditions Characterization of
the structure of membranes however is a dlfficult task This is partly due to the many types
of membranes and membrane processes that
exist and partly due to the typical charactenstics of membranes and the sometimes vague
defimtlon of the parameters which are determined [ 11
Celluloslc dialysis membranes often are considered to be hydrogels The morphology and
mass transport characteristics of these membranes are strongly dependent on the extent of
swelling For hydrogels it has been proposed
that at least two types of water can be dlstmguished, namely ‘bound’ water and ‘bulk-like’
water [ 21. Bound water is strongly associated
with the polymer matrix and therefore not
undergomg phase transition when cooled to
temperatures far below the normal freezing
point of water Several authors [3,4] tried to
elucidate the role of both types of water m mass
transport through hydrogels
From the above it is clear that for an appropriate determmatlon of membrane morphology
parameters like pore size (distribution), porosity and membrane thickness conditions close
to the membrane operating conditions are essential For hemodlalysls membranes this
means that the membranes have to be exammed m the water swollen state Furthermore,
pore sizes of these membranes typically are m
the range of a few nanometers which means that
only a limited number of available charactenzatlon techniques can be applied
An indirect method to characterize the morphology of hemodlalysls membranes was proposed by Klein et al [5] By fitting diffusive
solute and pure water permeabihty data to a
capillary pore model they could obtain values
for the surface porosity and an average effective pore radius for several membrane types
The method was extended by Sakal et al. who
introduced a tortuoslty factor m the model [ 61
Although the results were found to be slightly
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dependent on the solutes used, consistent results could be obtained Typical values found
for Cuprophan dialysis membranes were an effective pore radius of 2-3 nm, a surface porosity
of 30% and a tortuoslty factor of 2
Hanemaayer et al [7] estimated the pore
sizes of different flat sheet membranes from reJectlon measurements with ohgo-saccharides
For a low cut-off regenerated cellulose membrane they reported a pore radius of 2 3-3 nm
It should be emphasized that the parameters
obtained are the result of fittmg experimental
results to a slmphfied cylmdrlcal pore model
and that therefore the results do not necessarily correspond with reality For example, Yasuda and Lamaze [ 81 reported that for the same
Cuprophan membrane a sieving effect was absent for molecules as large as bovine serum albumme (BSA) It is hard to imagine that BSA
molecules could permeate through pores of the
mentioned dimensions without any significant
sieving effect Furthermore it is reasonable to
assume that m reality a distribution of pore sizes
exists m the membrane Regarding this fact it
is difficult to hold the concept of an average or
effective pore size because this value must be
dependent on the solute or solvent that is permeating Large molecules can only permeate
through the larger pores of the membranes
while small molecules can permeate through
both the small and the large pores Small pores
do not contribute to the transport of large molecules which means that the effective pore size
obtamed from permeation experiments must
depend on the dimensions of the permeant
Analogous arguments can be given for the porosity and tortuoslty factor
Recently Tatsuguchl and Sakal [ 91 reported
on the determmatlon of pore sizes of regenerated celluloses from the lowering of the meltmg-point of ice m the pores of the membranes.
However, unfortunately then results where mterpreted assummg an uniform pore size The
reported pore radii were between 2 5 and 3 nm
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Thermoporometry
1s a relatively new characterization
technique to determine the pore
size dlstrlbutlon
and porosity of meso-porous
materials (2-50 nm) The method, developed
by Brun et al [lo], 1sbased on the calorlmetrlc
analysis of the liquid-solid transformation
m
liquid filled porous materials
It 1s a wet-state
characterlzatlon
technique which can therefore be helpful m the characterlzatlon
of water
swollen hemodlalysls
membranes made from
regenerated celluloses.
In this work we report on our research concerning the effect of two commonly used sterlhzatlon methods for artlficlal kidneys on the
morphology and performance
of Hemophan@
hemodlalysls
membranes.
As was shown by
several authors [ 11-141 sterlhzatlon
or other
treatments
can have a dramatic effect on the
of cellulosic
structure
and
performance
membranes
Theoretical
Thermoporometry

Thermoporometry
1s based on the observation that the equlhbrmm condltlon of the solid,
hquld and gaseous phase of a highly dispersed
pure substance 1s determmed by the curvature
of the interface In a liquid filled porous material, e g a membrane, the sohdlficatlon
temperature of the liquid depends on the hquldsolid interface m the pore The mu-umal size of
a stable crystal (R,) 1s inversely proportional
to the degree of undercoohng and m the finely
porous material the liquid therefore crystalhzes or melts at the temperature where the pore
radius R, equals R, The melting or sohdlficatlon thermogram can be monitored m a dlfferentlal scanning calorimeter
(DSC ) and translated to a pore size When the membrane 1s
heteroporous,
a pore size dlstrlbutlon
1s obtamed A schematic representation
of the endothermic heat effect measured from the melt-
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mg of a liquid m a porous medium 1s shown m
Fig 1
Brun et al [lo] derived simple equations relating R, and the apparent transition heat effect W, of several pure substances with the extent of undercoolmg AT= T-T,,
where T, 1s
the normal phase transition temperature
of a
liquid (0’ C for water ) and T 1s the temperature
where the phase transltlon 1s actually observed
when this liquid 1s contained m pores For cylmdrlcal pores filled with melting ice Brun derived the followmg equations:
-32
R,=dT+O

33

W,=

155AT2-11.39AT-332

-0

68
(2)

Equations ( 1) and (2 ) are slightly different for
the case of pores filled with freezmg water. Brun
also derived analogues relations for a spherical
pore geometry
Although Hemophan
1s unhkely to contain regular cylmdrlcal or spherical
pores, for the sake of comparison the cylmdncal pore model was assumed
The shaded area under the curve (Fig 1) between T and T+dT represents the heat effect
of the melting of ice m pores with radn m the
range between R, and R, + dR,, given by eqn
(1) From the heat effect (m Joule) the pore
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Fig 1 Schematic representation
of the endothermic heat
effect from the melting of a hquld m a porous medium as a
function of temperature
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volume of the pores with radu between R, and
R, + dR, can be calculated with the help of eqn
(2) Pore volume drstrrbutronsare presented as
dV/dR, as a function of R,. The quantity dV/
dR, 1s given by the amount of pore volume dV
(per gram of dry membrane material) measured in a certain pore size interval divrded by
the size of that mterval The total amount of
pore volume per gram of swollen membrane
material can be obtained from a summatron of
the pore volumes measured for every temperature interval T+ d2’.
Performance
Artlficral kidney performance 1s often expressed m a so called clearance rate and the
ultrafiltration capacity (UFR) . The clearance
rate 1sthe volume which IS cleared of a certain
substance per unit of time The clearance rate
1s determined from an experiment with a neghglble pressure difference, according to eqn.
(3)
(3)
For a pure counter-current configuratron the
relation between clearance rate QC1and solute
permeability P 1s given by eqn (4) [ 151
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d

The permeability of the boundary layer m the
fiber lumen can be estimated from eqn (6)
[ll]:

(6)
The permeabrhty of the boundary layer m the
shell side of the device can be estimated from
relations proposed by Srgdell [15] Although,
because of Its length, the relation 1s not given
here its appearance 1scomparable with eqn (6).
Especially at the shell side of hollow fiber devrces very accurate estrmatrons of the influence
of boundary layers are hardly possible because
the streaming conditrons are not well known
The influence of boundary layers on overall
membrane permeablhty IS most important for
low molecular werght solutes [16] According
to the tortuous capillary pore model [6] the
solute and pure water permeabrhtles can be expressed by eqns (7 ) and (8)
p

_Akf(Q)&dd~
mTAX

L

(7)

_AkRi
--

(8)

p 8rpAx

f(q)=

(1-2 lq+2.1qZ-l.7qS+0.72q6)/

(41

/

do-4
ln(dJd,)

The solute permeability P m eqn. (4) 1s an
overall permeabrhty which 1srelated to the solute permeabrhty of the membrane according to
eqn (5)

SCL 73 (1992) 143-152

where*

where A 1sthe logarlthmrc mean surface area
A=NLx

Membrane

(1-O 76q5)
&l(q) = (1-q)’
q+

P

Equation (7) IS based on an equation orrglnally derived by Vermory et al. [ 171 for neutral
spherrcal solute molecules diffusing through a
cyhndrrcal pore Equatron (8) 1sa modrficatron
of the Hagen-Polseullle equation. Klein et al
[5] and Sakar et al [6] used these same equa-
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tlons to evaluate the morphology of their
membranes.
From thermoporometry a pore size distnbutlon and a volume porosity E are obtained
Equations (7) and (8) can be rewritten as
follows

where e =Ak7

Hemophan membranes either m the water
swollen state or after a treatment with a concentrated glycerol solution Both methods prevent the membrane from a dramatic change m
structure and performance [ 181 Therefore the
steam sterlhzed samples used m this study are
not comparable with commercially available
steam sterlhzed Hemophan or Cuprophan
membranes
Changes m membrane dlmenslons due to the
applied sterlhzation procedures were Ignored.
All water used for this study was demmerahzed
and ultrafiltrated All chemicals were of pro
analysis quality Stokes radius and diffuslvlty
of the solutes at 310 K are [5]*

Experimental

Creatinine

(9)

(10)

R,=O 246 nm, D=129X10-g

Materzals

m2-set-’

Vitamin B12:
For the experiments artificial kidney devices
filled with 8 pm wall thickness Hemophan@’
were used The devices were provided by Organon Tekmka, all membrane material was
orlgmatmg from the same production batch
Three lfferently treated devices were examined, namely non-sterilized, ethylene oxide
(EtO) sterilized and steam stenhzed. Techmcal data are given m Table 1. The steam sterilized membrane samples used for this study
were sterilized m the dry state and not treated
with a concentrated glycerol solution before
sterlhzatlon Normally artificial kidney manufacturers steam sterlhze then Cuprophan and
TABLE 1
Techrncal data of the artificial
vided by Organon Teknlka)
Membrane material
Wet mner fiber diameter
Wet membrane wall thickness
Wet surface area
Fiber length
Number of fibers

kidney devices (data pro-

HemophanQ
214 pm
215jim
0 888 m*
0 225 m
5350

R, = 0 836 nm, D = 0.379 X lo-’

m2-set-‘.

Water vlscoslty at 310 K 1s
6.95 x 10e4 Pa-set [ 191.

Performance
In vztro clearance rate measurements were
carried out with creatmme and vltamm B12.
Diluted solutions of the solutes were pumped
through the lumen side of the devices with a
flow rate of 200 ml/mm Water was pumped
through the shell side with a flow of 500 ml/
mm. Both flow rates were single pass. The trans
membrane pressure (TMP) was kept minimal
(50 mbar ) during the experiments. Concentrations of creatmme and vitamin B12 were determined spectrophotometrlcally at 234 and 550
nm respectively with a Phllhps PU8720 spectrophotometer The ultrafiltratlon capacity was
determined from the clean water flux at a TMP
of 200 mbar The TMP 1sdefined as

148

TMP&vn

A P Broek et al/J

+Pb,out

2

Pd,m

-

Membrane

SCL 73 (1992) 143-152

+Pd,out

2

Thermoporometry
Samples were prepared by cutting the dry
hollow fibers m pieces of about 6 cm The material was swollen in water (containing 200 mg/
1 formaldehyde)
which was refreshed several
times About 16 mg of swollen material was securely wiped with tissues to remove the water
from the fiber lumen as much as possible and
then frozen with maximal speed (ca. 32O”C/
mm) to a temperature
of -40°C m the DSCapparatus
The thermogram
was obtained by
subsequently heating the sample with a speed
of l”C/min to +lO”C
The experiments were carried out with a Perkm-Elmer DSC-IV equipped with a data processing unit, the final thermograms
(contammg about 600 data points) were transferred to
a spread sheet program for further calculations In general the obtained thermograms
showed no curvature of the base line and therefore a lmear base line was chosen between
- 35’ C and + 10’ C. Peak integration was done
numerically using Simpson’s rule
Swelling values of the membranes were determined from the weight decrease upon drying
about 100 mg sample (after wiping) in a vacuum oven at 80’ C The swelling value was used
to calculate the dry weight of each swollen sample used m the DSC-measurements
Results and discussion
In Fig 2 a typlcal thermogram 1s shown Two
separate peaks can be dlstmgulshed
Peak 1
represents the meltmg of ice m the pores of the
membrane
Peak 2, which starts at approxlmately 0 oC 1s due to the melting of ice which 1s
not m the pores but adhering to the membrane
wall or m the fiber lumen
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-10

Temperature [“Cl
Fig 2 Typical
membrane

thermogram

of an Hemophan

dlalysls

0 12
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c
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RP [nml
Fig 3 Dlfferentlal pore volume dwtnbutlons of the dlfferently treated Hemophan samples (a) Non-stenhzed,
(b)
Et0 stenhzed, (c) steam sterlhzed

In Fig 3 the average pore volume dlstrlbutlon curves are shown, experiments were performed m duplo From the figure it can be seen
that Hemophan membranes contain pores with
radu between 15 and 12 nm. The curves of the
non-sterilized
and Et0 sterlhzed sample have
then maximum (R,,,) at 2 5 nm, R,,, corresponds with the pore class that has the largest
contrlbutlon
to the overall pore volume The
value for R,,, 1s m the range of pore radu that
were reported by Tatsugushl and Sakal [ 9 ] Due
to the steam sterlhzatlon treatment R,,, shifts
to a lower value of 16 nm
In Table 2 the calculated mass fractions of
pore water m the swollen membranes are given
The values are corrected for the amount of
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TABLE 2
Mass fraction of pore water and estimated values for the
volume fraction of pore water, non-freezmg water and
polymer
Sterlllzatlon
Non
Et0
Steam

Mass fraction
of pore water

t (v/v)

0 165
0 147
0 081

0 204
0 182
0 103

V,,

(v/v)
0 350
0 354
0 366

V PO1

(v/v)

0 446
0 464
0 531

water that was found m peak 2 of the thermogram Et0 sterlhzatlon yields a somewhat lower
porosity compared to the non-sterihzed device
From Fig 3 it can be seen that this decrease is
the result of a partial collapse of the smallest
pores (2-4 nm), the pore volume of the larger
pores seems constant Steam sterilization of
Hemophan results m a drastically lower porosity. It appears that the number of larger pores
has decreased while the number of the smallest
pores has increased. This observation suggests
that the crosslmk density of the polymer network has been increased The swollen steam
sterilized membrane samples clearly had a light
brown colour mdlcatmg that chemical reactions had occurred
The fractions of pore water calculated from
the plots m Fig 3 are mass fractions For mass
transport calculations the volume fraction of
pore water m the membrane is needed Direct
determmatlon of this value is difficult for hollow fibers. Furthermore the volume fraction of
water is not equal to the volume fraction of pores found with thermoporometry because a
substantial part of the available water is present as bound water In Table 2 estimations for
the volume fractions of pore water, bound water
and polymer are given The calculations are
based on the measured thermograms assuming
that the specific densities of water and cellulose are 1000 and 1520 kg/m3 [ 201 respectively
The amount of bound water is calculated from
the difference between the total amount of
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water m the sample (calculated from the weight
decrease upon drying the sample m a vacuum
oven at 80 ’ C ) and the amount of water found
m peak 1 and 2 of the thermogram Because
bound water is not undergomg phase transition
it can not be detected directly m a DSC The
sum of the volume fractions of pore and bound
water is equal to the total volume fraction of
water m the membrane
From Table 2 it can be seen that the total
volume fraction of water m the membrane is
decreased due to the sterlhzatlon treatments
The differences m volume fraction water m the
samples are due to the different fractions of pore
water m the samples
Table 3 shows the results of the performance
measurements The effect of Et0 sterlhzatlon
on the performance is relatively small The effect of steam sterlhzatlon is much more drastic,
especially for the vltamm B12 clearance rate
and the UFR This also indicates that the steam
sterlhzatlon treatment mainly decreases the
number of large pores as was already shown m
Fig 2
Using eqns (4)-(6) and (9) and (10) it is
possible to calculate an estimation of the performance of the artificial kidneys on the basis
of the measured pore size distributions The
only unknown factor m eqns (9) and (10) is
the tortuoslty factor which has to be estimated
For the calculations it was assumed that the
tortuoslty was 1 9, a value reported by Sakal et
al [ 61 Results of the calculations are given m
Table 4
TABLE 3
Measured performance values ( n = 3 )
Sterilization

Non
Et0
Steam

Clearance rate (ml/mm)
Creatmme

Vitamin B12

145k6
142+4
66+3

43k3
41+1
5i2

UFR (ml/hr)

725k 3
68Ok 6
77klO
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Pb
Pd
p,
Pb, Pd
9
Qb
&Cl
Qd

RC

RP
R
sd(q)
T

TCI
AT

TMP
UFR
Vtl,
V PO1
W,
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overall solute permeability (m-set-l)
permeablhty boundary layer lumen
side of the device (m-see-l )
permeablhty boundary layer shell
side of the device (m-set-l )
membrane permeability (m-set-‘)
pressure at lumen and shell side of
the device (Pa)
RJR, (-)
flow rate through lumen side of the
device (m3-set-l)
solute clearance rate (m3-set-l)
flow rate through shell side of the device ( m3-set-l )
munmal radius of a stable crystal
(nm)
pore radms (nm )
Stokes radius of solute (nm)
sterlc hindrance factor for dlffuslon
(-)
temperature at which phase transltion occurs ( “C)
normal phase transltlon temperature
of the hqmd ( ’ C )
= T - To extent of undercoohng ( ’ C )
trans membrane pressure (Pa)
ultrafiltration capacity ( m3-set-l )
volume fraction non-freezing or
bound water (- )
volume fraction polymer (- )
apparent transition heat effect

2

3

4

5

6

7

8

9

10

11

(J-g-‘)

Ax
E
r
P
z

membrane wall thickness (m)
volume porosity (- )
vlscoslty (Pa-set )
density ( kg-me3)
tortuosity factor (- )
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