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Abstract

The effect of two commonly used sterilization methods for artificial kidneys on the morphology and
performance of hollow fiber Hemophan® hemodialysis membranes was studied A relatively new mem-
brane characterization method, thermoporometry, was used to determine the pore size distributions and
porosities of the differently treated membrane samples The samples used for this study were not treated

with a concentrated glycerol solution before sterilization Hemophan was found to have a pore size dis-

tribution with pore radu between 15 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 apphed dry steam sterilization treatment resulted 1n a drastic collapse of the

large pores while smaller pores were formed The calculated porosity was only 10% The ‘tortuous cap-
llary pore model’ was used to predict the performance of the artificial kidneys from the pore si1ze distri-
bution 1n the membrane material In vitro dialysis experiments with creatinine and vitammn B12 were
carried out to compare the calculated and measured clearance rates Also the ultrafiltration capacity of
the devices was determmed It was found that a reasonable estimation of the ultrafiltration capacity
could be made The calculated clearance rates were systematically underestimated, although the relative

dependence of the clearance rates on the apphed sterihzation methods was approximated reasonably

Keywords artificial kidney, dialysis, including Donnan, membrane preparation and structure, membrane

characterization, thermoporometry

Introduction

Hollow fiber cellulosic membranes are now
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used for more than two decades 1n artificial kid-
neys, in which they act as a separation barrier
for metabolic wastes The apparent perform-
ance of an artificial kidney device 1s not only a
function of membrane permeability One should
realize that disturbing effects like concentra-
tion polarlzatlon and membrane fouling are all
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and therefore by 1its characteristic structure

Detailed knowledge on membrane structure
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parameters and how these depend on the pro-
duction process can help the manufacturer to
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choose optimal conditions Characterization of
the structure of membranes however 1s a diffi-
cult task This 1s partly due to the many types
of membranes and membrane processes that
exist and partly due to the typical characters-
tics of membranes and the sometimes vague
definition of the parameters which are deter-
mined [1]

Cellulosic dialysis membranes often are con-
sidered to be hydrogels The morphology and
mass transport characteristics of these mem-
branes are strongly dependent on the extent of
swelling For hydrogels 1t has been proposed
that at least two types of water can be distin-
guished, namely ‘bound’ water and ‘bulk-like’
water [2]. Bound water 1s strongly associated
with the polymer matrix and therefore not
undergoing 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 in mass
transport through hydrogels

From the above 1t 1s clear that for an appro-
priate determination of membrane morphology
parameters like pore si1ze (distribution), poros-
ity and membrane thickness conditions close
to the membrane operating conditions are es-
sential For hemodialysis membranes this
means that the membranes have to be exam-
mmed in the water swollen state Furthermore,
pore s1zes of these membranes typically are in
the range of a few nanometers which means that
only a liimited number of available character:-
zation techniques can be applied

An indirect method to characterize the mor-
phology of hemodialysis membranes was pro-
posed by Klemn et al [5] By fitting diffusive
solute and pure water permeability data to a
capillary pore model they could obtain values
for the surface porosity and an average effec-
tive pore radius for several membrane types
The method was extended by Sakai et al. who
introduced a tortuosity factor in the model [6]
Although the results were found to be shghtly
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dependent on the solutes used, consistent re-
sults could be obtained Typical values found
for Cuprophan dialysis membranes were an ef-
fective pore radius of 2-3 nm, a surface porosity
of 30% and a tortuosity factor of 2

Hanemaayer et al [7] estimated the pore
s1zes of different flat sheet membranes from re-
jection measurements with oligo-saccharides
For a low cut-off regenerated cellulose mem-
brane they reported a pore radius of 2 3-3 nm

It should be emphasized that the parameters
obtained are the result of fitting experimental
results to a simplified cylindrical pore model
and that therefore the results do not necessar-
ily correspond with reality For example, Ya-
suda and Lamaze [8] reported that for the same
Cuprophan membrane a sieving effect was ab-
sent for molecules as large as bovine serum al-
bumine (BSA) It is hard to imagine that BSA
molecules could permeate through pores of the
mentioned dimensions without any significant
sieving effect Furthermore 1t 1s reasonable to
assume that in reality a distribution of pore sizes
exists in the membrane Regarding this fact it
1s dafficult to hold the concept of an average or
effective pore size because this value must be
dependent on the solute or solvent that 1s per-
meating 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 mol-
ecules which means that the effective pore size
obtamned from permeation experiments must
depend on the dimensions of the permeant
Analogous arguments can be given for the po-
rosity and tortuosity factor

Recently Tatsuguchi and Sakai [9] reported
on the determination of pore sizes of regener-
ated celluloses from the lowering of the melt-
ing-point of 1ce in the pores of the membranes.
However, unfortunately their results where 1n-
terpreted assuming an uniform pore size The
reported pore radi were between 2 5 and 3 nm
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Thermoporometry 1s a relatively new char-
acterization technique to determine the pore
size distribution and porosity of meso-porous
materials (2-50 nm) The method, developed
by Brunetal [10],1s based on the calorimetric
analysis of the hiquid-solid transformation 1n
Liquid filled porous materials It 1s a wet-state
characterization technique which can there-
fore be helpful in the characterization of water
swollen hemodialysis membranes made from
regenerated celluloses.

In this work we report on our research con-
cerning the effect of two commonly used ster-
hzation methods for artificial kidneys on the
morphology and performance of Hemophan®
hemodialysis membranes. As was shown by
several authors [11-14] sterilization or other
treatments can have a dramatic effect on the
structure and performance of cellulosic
membranes

Theoretical
Thermoporometry

Thermoporometry 1s based on the observa-
tion that the equilibrium condition of the solid,
liquid and gaseous phase of a highly dispersed
pure substance 1s determined by the curvature
of the interface In a liquid filled porous mate-
rial, e g a membrane, the solidification tem-
perature of the liquid depends on the hqud-
solid interface in the pore The minimal size of
a stable crystal (R.) 1s inversely proportional
to the degree of undercooling and 1n the finely
porous matenal the liqud therefore crystal-
lizes or melts at the temperature where the pore
radius R, equals R, The melting or sohidifica-
tion thermogram can be monitored 1n a differ-
ential scanning calorimeter (DSC) and trans-
lated to a pore size When the membrane 1s
heteroporous, a pore size distribution 1s ob-
tained A schematic representation of the en-
dothermic heat effect measured from the melt-
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ing of a liquid 1n a porous medium 1s shown in
Fig 1

Brunetal [10] derived simple equations re-
lating R, and the apparent transition heat ef-
fect W, of several pure substances with the ex-
tent of undercooling 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 transition 1s actually observed
when this hqud 1s contained in pores For cy-
lindrical pores filled with melting 1ce Brun de-
nived the following equations:

—3233
R,=—0m—+068 (1)
W,= —01554T2—11.394T— 332 (2)

Equations (1) and (2) are shghtly different for
the case of pores filled with freezing water. Brun
also derived analogues relations for a spherical
pore geometry Although Hemophan 1s un-
likely to contain regular cylindrical or spherical
pores, for the sake of comparison the cylindri-
cal pore model was assumed

The shaded area under the curve (Fig 1) be-
tween T and T'+dT represents the heat effect
of the melting of 1ce 1n pores with radu in the
range between R, and R,+dR,, given by eqn
(1) From the heat effect (in Joule) the pore

Endothermic heat effect [J/s]

T T+dT To

Temperature [°C] -

Fig 1 Schematic representation of the endothermic heat
effect from the melting of a hiquid 1n 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 distributions are 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) mea-
sured in a certain pore size interval divided by
the size of that interval The total amount of
pore volume per gram of swollen membrane
material can be obtained from a summation of
the pore volumes measured for every tempera-
ture interval T'+dT.

Performance

Artificial kidney performance 1s often ex-
pressed 1n a so called clearance rate and the
ultrafiltration capacity (UFR). The clearance
rate 1s the volume which 1s cleared of a certain
substance per unit of time The clearance rate
18 determined from an experiment with a neg-
higible pressure difference, according to eqn.

(3)

Chan —C

Qu=Q 2 (3)
cb,m

For a pure counter-current configuration the

relation between clearance rate @, and solute

permeability P1s given by eqn (4) [15]

Q.4 d[l _ exp<__P&‘__Qﬁ>]

Qa G
cl=
—PA(Qa—Q, ))
Qa— &y P( 0.0,
where A 1s the logarithmic mean surface area-
d,—d,
A=Nlmy dod)

The solute permeability P 1n eqn. (4) 18 an
overall permeability which 1s related to the sol-
ute permeability of the membrane according to
eqn (5)
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1 1 1 1
P~P. P B, (5)
The permeability of the boundary layer in the
fiber lumen can be estimated from eqn (6)
[11]:
P= )
The permeability of the boundary layer in the
shell side of the device can be estimated from
relations proposed by Sigdell [15] Although,
because of 1ts length, the relation 1s not given
here 1ts appearance 1s comparable withegn (6).
Especially at the shell side of hollow fiber de-
vices very accurate estimations of the influence
of boundary layers are hardly possible because
the streaming conditions are not well known
The 1nfluence of boundary layers on overall
membrane permeability 1s most important for
low molecular weight solutes [16] According
to the tortuous capillary pore model [6] the
solute and pure water permeabilities can be ex-
pressed by eqns (7) and (8)

=Akf(Q)Sd(Q)D

P TAx (7)
A R2
p=8,‘1‘m§c (8)
where*
f(g)=(1~21q+2.1¢>—1.7¢°+0.72¢°%)/
(1-0176¢°)
Sa(g)=(1-¢q)?
R,
=R,

P

Equation (7) 1s based on an equation origi-
nally derived by Verniory et al. [17] for neutral
spherical solute molecules diffusing through a
cylindrical pore Equation (8) 1s a modification
of the Hagen-Poiseuille equation. Klein et al
[5] and Sakai et al [6] used these same equa-



A P Broeketal /J Membrane Sct 73 (1992) 143-152

tions to evaluate the morphology of their
membranes.

From thermoporometry a pore size distribu-
tion and a volume porosity € are obtained
Equations (7) and (8) can be rewritten as
follows

n

Z Elf(ql)Sd(ql)D

Pp=t=, 24x ®)
2 «R:,
Lp=————'=81m2dx (10)

where €e=A,T
Experimental
Materials

For the experiments artificial kidney devices
filled with 8 um wall thickness Hemophan®
were used The devices were provided by Or-
ganon Teknika, all membrane material was
originating from the same production batch
Three differently treated devices were exam-
ined, namely non-sterilized, ethylene oxide
(EtO) sterilized and steam sterilized. Techni-
cal data are given 1n Table 1. The steam steri-
hized membrane samples used for this study
were sterilized 1n the dry state and not treated
with a concentrated glycerol solution before
sterihzation Normally artificial kidney man-
ufacturers steam sterilize their Cuprophan and

TABLE 1

Techmical data of the artificial kidney devices (data pro-
vided by Organon Teknika)

Membrane material Hemophan®
Wet mner fiber diameter 214 um
Wet membrane wall thickness 215 pum
Wet surface area 0 888 m?
Fiber length 0225m
Number of fibers 5350
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Hemophan membranes either in the water
swollen state or after a treatment with a con-
centrated glycerol solution Both methods pre-
vent the membrane from a dramatic change 1n
structure and performance [18] Therefore the
steam sterilized samples used 1n this study are
not comparable with commercially available
steam sterilized Hemophan or Cuprophan
membranes

Changes 1n membrane dimensions due to the
applied sterilization procedures were 1gnored.
All water used for this study was demineralized
and ultrafiltrated All chemicals were of pro
analysis quality Stokes radius and diffusivity
of the solutes at 310 K are [5]"

Creatinine

R,=0246nm, D=1 29X 10~° m*-sec™’
Vitamin B12:

R,=0836 nm, D=0.379X10~° m?-sec~.
Water viscosity at 310 K 1s

6.95% 10~ * Pa-sec [19].

Performance

In vitro clearance rate measurements were
carried out with creatinine and vitamin B12.
Diluted solutions of the solutes were pumped
through the lumen side of the devices with a
flow rate of 200 ml/min Water was pumped
through the shell side with a flow of 500 ml/
min. Both flow rates were single pass. The trans
membrane pressure (TMP) was kept minimal
(50 mbar) during the experiments. Concentra-
tions of creatinine and vitamin B12 were deter-
mined spectrophotometrically at 234 and 550
nm respectively with a Phullips PU8720 spec-
trophotometer The ultrafiltration capacity was
determined from the clean water flux at a TMP
of 200 mbar The TMP 1s defined as
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TMP =pb,m -;pb,out _pd,m ';pd,out

Thermoporometry

Samples were prepared by cutting the dry
hollow fibers 1n pieces of about 6 cm The ma-
terial was swollen 1n water (contaiming 200 mg/
1 formaldehyde) which was refreshed several
times About 16 mg of swollen material was se-
curely wiped with tissues to remove the water
from the fiber lumen as much as possible and
then frozen with maximal speed (ca. 320°C/
min) to a temperature of —40°C 1 the DSC-
apparatus The thermogram was obtained by
subsequently heating the sample with a speed
of 1°C/min to +10°C

The experiments were carried out with a Per-
kin-Elmer DSC-IV equipped with a data pro-
cessing unit, the final thermograms (contain-
ing about 600 data points) were transferred to
a spread sheet program for further calcula-
tions In general the obtained thermograms
showed no curvature of the base line and there-
fore a hinear base line was chosen between
—35°Cand +10°C. Peak integration was done
numerically using Simpson’s rule

Swelling values of the membranes were de-
termined from the weight decrease upon drying
about 100 mg sample (after wiping) 1n a vac-
uum oven at 80°C The swelling value was used
to calculate the dry weight of each swollen sam-
ple used in the DSC-measurements

Results and discussion

In Fig 2 atypical thermogram s shown Two
separate peaks can be distinguished Peak 1
represents the melting of ice 1n the pores of the
membrane Peak 2, which starts at approxi-
mately 0°C 1s due to the melting of 1ce which 1s
not 1n the pores but adhering to the membrane
wall or in the fiber lumen
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Endothermic heat effect [mJ/s]
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-50 -30 -10 10
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Fig 2 Typical thermogram of an Hemophan dialysis

membrane

012

dv/dRp [mL/g nm]

000

Rp [nm]

Fig 3 Daifferential pore volume distributions of the daffer-
ently treated Hemophan samples (a) Non-sterihzed, (b)
EtO sterihzed, (c) steam sterilized

In Fig 3 the average pore volume distribu-
tion curves are shown, experiments were per-
formed 1n duplo From the figure 1t can be seen
that Hemophan membranes contain pores with
radu between 1 5 and 12 nm. The curves of the
non-sterilized and EtO sterihzed sample have
their maximum (R,,,) at 2 5 nm, R_,, corre-
sponds with the pore class that has the largest
contribution to the overall pore volume The
value for R, 1s 1n the range of pore radu that
were reported by Tatsugushi and Sakai [9] Due
to the steam sterilization treatment R, ,, shifts
to a lower value of 1 6 nm

In Table 2 the calculated mass fractions of
pore water 1n 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-freezing water and
polymer

Sterilization Mass fraction € (v/v) V| V.,

nf pol
of pore water (v/v) (v/v)
Non 0165 0204 0 350 0 446
EtO 0147 0182 0354 0 464
Steam 0081 0103 0 366 0531

water that was found 1n peak 2 of the thermo-
gram EtO sterilization yields a somewhat lower
porosity compared to the non-sterihzed device
From Fig 31t can be seen that this decrease 18
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 in a drastically lower poros-
ity. It appears that the number of larger pores
has decreased while the number of the smallest
pores has increased. This observation suggests
that the crosslink density of the polymer net-
work has been increased The swollen steam
sterilized membrane samples clearly had a ight
brown colour indicating that chemical reac-
tions had occurred

The fractions of pore water calculated from
the plots 1n Fig 3 are mass fractions For mass
transport calculations the volume fraction of
pore water 1n the membrane 1s needed Direct
determination of this value 1s difficult for hol-
low fibers. Furthermore the volume fraction of
water 18 not equal to the volume fraction of po-
res found with thermoporometry because a
substantial part of the available water 1s pres-
ent 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 cellu-
lose are 1000 and 1520 kg/m?® [20] respectively
The amount of bound water 1s calculated from
the difference between the total amount of
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water 1n the sample (calculated from the weight
decrease upon drying the sample 1n a vacuum
oven at 80°C) and the amount of water found
in peak 1 and 2 of the thermogram Because
bound water 1s not undergoing phase transition
1t can not be detected directly in a DSC The
sum of the volume fractions of pore and bound
water 1s equal to the total volume fraction of
water 1n the membrane

From Table 2 1t can be seen that the total
volume fraction of water in the membrane 1s
decreased due to the sterilization treatments
The differences 1n volume fraction water in the
samples are due to the different fractions of pore
water 1n the samples

Table 3 shows the results of the performance
measurements The effect of EtO sterihization
on the performance 1s relatively small The ef-
fect of steam sterilization 1s much more drastic,
especially for the vitamin B12 clearance rate
and the UFR This also indicates that the steam
sterihzation treatment mainly decreases the
number of large pores as was already shown 1n
Fig 2

Using eqns (4)-(6) and (9) and (10) 1t 18
possible to calculate an estimation of the per-
formance of the artificial kidneys on the basis
of the measured pore size distributions The
only unknown factor 1n eqns (9) and (10) 1s
the tortuosity factor which has to be estimated
For the calculations 1t was assumed that the
tortuosity was 1 9, a value reported by Sakai et
al [6] Results of the calculations are given 1n
Table 4

TABLE 3

Measured performance values (n=3)

Sterilization Clearance rate (ml/min)  UFR (ml/hr)

Creatinine Vitamin B12

Non 14516 4313 725+ 3
EtO 142+4 41t1 680+ 6
Steam 6613 5x2 77+10
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TABLE 4

Calculated performance values

Sterihization Clearance rate (ml/min)  UFR (ml/hr)

Creatimine Vitamin B12

Non 83 18 759-976
EtO 78 17 735
Steam 44 4 90

It appears from Tables 3 and 4 that the UF-
capacities are predicted rather well, the esti-
mated values are 10 to 20% higher than the
measured ones The clearance rate values how-
ever are systematically underestimated, al-
though the relative dependence of the clear-
ance rate on the applied sterilization method 1s
approximately reasonably The calculated
clearance rates are 40-60% too low. For the cal-
culations 1t was assumed that only the pore
water found from the thermoporometry exper-
iments was contributing to the mass transport
properties of the membrane The bound water
was considered as inert membrane material.
From Table 2 1t is clear that the major part of
the water in the membranes 1s bound water On
the other hand Klein and Sakai assumed for
their calculations that the pore volume was ap-
proximately equal to the volume of water 1n the
polymer, and that as a consequence all mem-
brane water was contributing to mass trans-
port The reported surface porosities are larger
than the volume porosities reported in Table 2.
Furthermore the effective pore radu that were
reported by Klein and Sakai are very near to
the minimal pore sizes that were found with
thermoporometry, which means that a rela-
tively high surface porosity was needed to fit
the experimental results

Assuming that the low calculated clearance
rates are only caused by underestimated values
for the membrane permeability (and not by
boundary layer permeabilities etc ) 1t can be
calculated how large these underestimations of
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P_, are For example for the clearance rates of
the non-sterilized samples both the creatinine
and vitamin B12 clearance rate are underest-
mated with approximately 72% From Table 2
1t can be calculated that the amount of pore
volume for these membranes 1s only 35% of the
total water volume Then 1f we assume that all
water 1n the membrane 18 accessible for mass
transport and that any sieving effect 1s absent
[f(g)S4(g) =1], the calculated creatinine and
vitamin B12 clearance rate would be 144 and
69 respectively The recalculated clearance rate
value for creatinine 1s very close to the mea-
sured value, while for the larger molecule vita-
min B12 the clearance rate now 1s overesti-
mated Apparently for a small molecule hke
creatinine both the bound and the pore water
of this membrane are accessible, while for the
larger molecule of vitamin B12 only a fraction
of the total water 1s accessible.

Conclusions

It 1s concluded that thermoporometry pro-
vides a strong tool for studying changes in pore
morphology of Hemophan hemodialysis mem-
branes Data obtained from this technique can
be used to predict membrane performance

List of symbols
A logarithmic mean surface area (m?)
Ay surface porosity (-)

¢y, Cq  concentrations in lumen and shell
side of the device (mol-m™?)

D solute diffusivity in water (m?-sec™?!)

d,d, wetinner and outer fiber diameter
(m)

f(q) wall correction factor for diffusion
(-)

L effective fiber length (m)

L, pure water permeability

(m®*-m~2-Pa—l-sec™!)
N number of fibers in the device (-)
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P overall solute permeability (m-sec™?)

Py permeability boundary layer lumen
side of the device (m-sec™!)

Py permeability boundary layer shell
side of the device (m-sec™!)

P, membrane permeability (m-sec™?!)

Dv,Pa pressure at lumen and shell side of
the device (Pa)

q Rs/ Rp (—)

Qs flow rate through lumen side of the
device (m3-sec™?!)

Qu solute clearance rate (m?-sec™?)

Qq flow rate through shell side of the de-
vice (m?-sec™!)

R, minimal radius of a stable crystal
(nm)

R, pore radius (nm)

R, Stokes radius of solute (nm)

S4(q) steric hindrance factor for diffusion
=)

T temperature at which phase transi-
tion occurs (°C)

T, normal phase transition temperature
of the liquud (°C)

AT =TT, extent of undercooling (°C)

TMP  trans membrane pressure (Pa)
UFR  ultrafiltration capacity (m3-sec™!)

Ve volume fraction non-freezing or
bound water (-)

Vool volume fraction polymer (-)

W. apparent transition heat effect
(J-g=")

Ax membrane wall thickness (m)

€ volume porosity (-)
n viscosity (Pa-sec)
p density (kg-m~2)
T tortuosity factor (-)
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