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Abstract
Inverse size exclusion chromatography (i-SEC) was used to characterize three different cellulosic hollow fiber hemodialysis
membranes, i.e. low-flux cuprophan and hemophan and high-flux RC-HP400A. With the i-SEC technique the pore size distribution and porosity of a membrane can be determined and adsorption phenomena can be studied. The membranes showed clear
differences in pore size and porosity, the high-flux RC-HP400A membrane has a larger pore size as well as a higher porosity.
For all the membranes it was found that the elution curves were best described by a homoporous pore volume distribution. It
appeared that the bound or non-freezing water in the membranes was at least partly accessible to solutes. The test molecules
creatinine and vitamin B12 both adsorbed to the cellulosic membranes. The adsorption behavior of creatinine was strongly
dependent on the NaCI concentration present. The observations could be explained by assuming that cuprophan and RC-HP400A
are negatively charged whereas hemophan is positively charged due to the modification with N,N-diethylaminoethyl ether. The
net charge of the hemophan is smaller.
Keywords: Artificial kidney; Dialysis; Membrane preparation and structure; Membrane characterization; Chromatography

1. Introduction
Size exclusion chromatography (SEC) is a widely
employed technique for the separation of solutes
according to their size. It is also applied as a standard
technique for the determination of the size and molecular weight of (macro)molecules. If well-defined
tracer molecules are taken instead, inverse size exclusion chromatography (i-SEC) can be used to study the
morphology of porous materials.
* Corresponding author.
i Present address: Agrotechnological Research Institute (ATODLO), P.O. Box 17, 6700 AA Wageningen, Netherlands.
0376-7388/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSD10376-7388(94)00239-8

For the characterization of cellulosic hemodialysis
membranes only a limited number of characterization
techniques for porous structures are useful [1].
Because the pores in these membranes develop upon
swelling in water wet-state characterization techniques
are essential. Besides, dialysis membranes are typically
used to separate low and high molecular weight solutes
in a solution, which means that the characteristic or
average pore size is just a few nanometers. For lowflux cuprophan membranes pore radii of 2-3 nm are
reported in the literature [ 2]. The characterization technique(s) to be used for a reliable evaluation of cellulosic hemodialysis membranes should be capable of
determining such small pores in the wet state.
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Several authors studied the structure of cellulose
used in the paper and textile industry by means of iSEC techniques. Stone and Scallan [3] developed a
static method based on depletion measurements with a
range of standard molecules. The method was shown
to be very time consuming and susceptible to disturbances. Especially for the hollow fiber geometry it is
difficult to get accurate results because it is difficult to
remove water from the lumen of the fiber. Rowland et
al. [4,5] performed i-SEC measurements with preparative chromatography columns packed with ball-milled
decrystallized cotton. Only with these ball-milled
materials homogeneous and stable columns could be
obtained. The grounding procedure, however, affected
the structure of the cellulose. Recently Bredereck et al.
[6-8] and Griinwald et al. [9] reported on i-SEC studies with packed HPLC-columns. By packing the columns with pieces of material cut to small size, stable
columns and reproducible results could be obtained.
Bredereck et al. reported good correlations between
their i-SEC results and, e.g. iodide sorption, BET internal surface area and dyeing characteristics [6]. Moreover, we learned from personal communications with
Bredereck and Hoffman-Frey that the i-SEC technique
can be well employed to study the structure of other
swollen cellulosic materials such as hemodialysis
membranes.
The i-SEC technique has several advantages compared to other membrane characterization techniques
such as retention or diffusion measurements, i-SEC
measurements are not disturbed by concentration polarization, and because the membrane material is cut into
small pieces the method is not hampered by the geometry of the hollow fiber. An additional advantage is that
only very small amounts of tracer are needed. Finally,
i-SEC measurements allow the discrimination between
adsorption and geometrical effects: by comparing the
elution volume of a certain substance with a standard
elution curve interaction effects can be studied. The iSEC technique is not suitable for studying the structure
of anisotropic membranes.
2. Theoretical

2.1. Principle
Size exclusion chromatography is based on the principle that dependent on its size a molecule is more-or-

less able to enter the pores of a porous material. When
a column is packed with a porous material and an eluent
is forced through, injected molecules that are too large
to enter the pores will be eluted in the so-called 'void
volume' of the column. Very small tracer molecules
are able to penetrate into (almost) all the pores of the
material and the measured elution volume corresponds
accordingly with the sum of the total pore volume and
the void volume of the column. The measured elution
volume of a tracer is a function of the distribution
coefficient of the tracer in the material:

Ve=Vo+K.V~

(I)

where Ve is the elution volume of the tracer, Vo the void
volume of the column, K the distribution coefficient of
the tracer and ~v the total volume of the pores in the
column.
The distribution coefficient of non-adsorbing molecules is only determined by the size and shape of the
tracer and the size distribution and the shape of the
pores. For a reliable characterization of a porous structure the following basic experimental conditions should
be satisfied:
no adsorption interaction between tracer molecules
and porous material
the elution rate should be sufficiently slow to allow
equilibrium distribution of the tracers in the pores
low tracer concentrations to avoid intermolecular
interactions between tracer molecules in the eluent
the tracer molecules should be well defined (shape,
size, preferably no size distribution) and should not
deform due to the pressure drop over the column
For the characterization of water swollen cellulosic
materials lower alcohols, mono- and oligo-saccharides,
dextranes and polyethylene glycols are reported to be
suitable tracers [7,8].

2.2. Equilibrium partitioning of molecules in pores
The i-SEC technique uses a wide range of tracer
molecules with largely different dimensions. The
smallest tracer molecules can be considered as rigid
spheres. The large macromolecules do behave as flexible random-coil polymer chains. Essentially two classes of solute partitioning models have been proposed,
i.e. for rigid and for flexible molecules.

219

A.P. Broek et al. / Journal of Membrane Science 99 (1995) 217-228

The partitioning of rigid spherical solutes in pores
of different shapes is given by an equation of Giddings
[10]"
K= (l-q)"
K=0

q<l

1

K(~)[-]

where K is the distribution coefficient of the tracer, q
is the ratio of the solute radius r and the pore radius Rp
and a is the pore shape factor. For slit-shaped pores
a = 1, for cylindrical pores a = 2 and for spherical pores
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The partitioning of random-coil macromolecules in
pores of various shapes was analyzed by Casassa et al.
[ 11-13]. The result is a relation for the distribution
coefficient of a macromolecule with a radius of gyration
rg in a pore with radius Rv:
2

K( O~~

2a

m=

1[/~(ff') ] 2 .exp

tim

Rp

(3)

For slit-shaped pores a = 1 and/3,(~ = 1)= z r ( m - 0.5),
for cylindrical pores a = 2 and/3(m~= 2)is the m th root of
the Bessel function Jo(,8), for spherical pores a = 3 and
j~(~= 3) = 7Tm. In wide pores, i.e. Rp~rg:
K(" = 1 ---.2a ~

Ro

(4)

Eq. 4 indicates that for wide pores the initial course of
the SEC curve is linear. An important result of Casassa's work is that with large macromolecules and narrow
pores at rg > Rp, the distribution coefficient is not equal
to zero. This means that a number of larger macromolecules penetrate into narrow pores, assuming elongated
conformations that are different from the equilibrium
conformation of the macromolecules in solution.
Eq. 4 acquires the most universal and model-independent form for the distribution coefficient in wide
pores if a transition is made from the radius of gyration
of the macromolecule to its effective chromatographic
radius s=2rg/gr-~. Gorbunov et al. [14] introduced
the parameter E = a/R o = Sp/Vo, the ratio of pore surface S o to pore volume Vo instead of the pore radius Rp:
K ('~ = 1 - s ~

(5)

0

sI: lm4]

2

Fig. 1. The K ~") versus sY~relationships for the different pore geometries.

to one another and at s ~ < 0.4 they almost coincide.
Consequently, i-SEC measurements cannot be used to
obtain reliable information about the pore form of the
sorbent.

2.3. Determination of pore volume distributions from
SEC curves
In an excellent paper Gorbunov et al. [ 14] reviewed
different methods of calculating pore volume distributions from SEC curves. The relative pore volume
distribution functionfv(Rp) is defined by:
1

dV

f,(R o) . . . .

(6)

Vo d R o

where V is the volume of pores with a radius between
Rp and R o + dR o and Vo is the total pore volume of the
membrane.
Gorbunov [ 15] introduced differential functions for
the pore volume distribution fv(Ro) and for the pore
surface distribution fs(Ro), normalized for the total
pore volume V0 and for the total pore surface area S o.
The mean radii Rv and Rs corresponding to these functions are defined by the following relationships:
Rv= Vp'fRfvdR=R~-'. s~lfRZf,(R)dR
0

The K ( ' ) versus sE relationships for different pore

shapes are shown in Fig. 1. The curves show a linear
dependence of K for small values of s~. Plotted in these
coordinates, the three different curves are rather close

1

(7)

0
oo

"s= ";' f
0

V,,Lf R ',v,R,dR, ' = s,,
0

(8)
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Also for polydisperse sorbents the initial course of the
K(r) relationship is described by a simple universal
equation:
2OI

r

-K(r)-~l--~'R--~=l-s~

r¢~Rs

varying parameters Rs and U. A set of pararneters (R~,
U, Vp) is searched to find those which minimize the
function:

r(~.u, vo) = ~(~xo_/~)~
(9)

where K(r) is the mean distribution coefficient for a
polydisperse sorbent. The initial slope of the K(r) relationship depends only on the specific surface area of
the sorbent ~ (or mean pore radius R~), and is independent of the width and type of the pore size distribution function.
When the sizes of the tracer molecules are comparable to the pore radius R~ the distribution coefficient
becomes dependent on the width and type of the function fv(Rp). Gorbunov et al. [14] calculated SEC
curves for different pore size distribution functions.
The final result of their calculations was that the SEC
curves depend mainly on two parameters, the mean
pore radius Rs and the width of the pore size distribution
function U. The type of distribution function has only
little effect.
For a polydisperse sorbent the distribution coefficient function K ( r ) is calculated as:
(10)
PO

Eq. 10 is a so-called first-kind Fredholm equation and
the problem of using this equation to find an unknown
functionfv(Rp) is classed among the 'ill-posed' mathematical problems. This implies that for all practical
purposes minor errors in the initial data will have a
considerable effect on the calculated results. The same
problem is encountered for the determination of pore
volume distributions from sieving coefficients or retention data [ 16,17 ]. Mason et al. [ 16 ] and Leypoldt [ 18 ]
concluded that there is not a single solution to the problem unless some assumption is made about the shape
of the pore volume distribution.
Gorbunov proposed a procedure which consists of
approximating the experimental K~i)(ri) relationship
obtained by using a series of tracer molecules of known
radii rl, by means of the theoretical Eq. 10. The kernel
of the procedure is the K(r/Rp) function of the form
of Eq. 3, whereas the desired distribution fv(Rp) is
specified by a 'logarithmic normal law' (Eq. 12) with

(11)

i

where Rs is the mean pore size (Eq. 8), U the pore
volume distribution width, the experimentally
observed distribution coefficient and K~ the calculated
distributed coefficient. The logarithmic normal distribution function is given by:
in R...._~_ z

fv(Rp) =

"P
.exp
RpV'2"n-ln(U)

(12)

3. Experimental

3.1. Tracers
A critical point in the i-SEC analysis is the size
assessment of the tracer molecules. Various methods
are described in the literature to determine the dimensions of the tracer molecules. Characteristic sizes were
derived for instance from diffusion and sedimentation
coefficients and from viscosity and turbidity measurements. The different methods all give a characteristic
dimension but it is rather uncertain which parameter
gives the best results with size exclusion chromatography. This is also important because tracer molecules
often have a molecular size distribution. Furthermore,
changes in the actual size of the tracer can (easily)
arise because of the flow-induced deformation of the
flexible tracer molecules. Several authors reported on
this phenomenon [ 19-21 ]. Squire [ 22 ] mentioned that
especially polyethylene glycols are susceptible to
deformation.
For the size determination of dextranes Bredereck
[ 23 ] used an equation of Hailer [ 24 ] based on viscosimetric data:
r = 0.027M°5

[nm]

(13)

where r is the tracer radius and M is the molecular
weight of the tracer.

A.P. Broek et al. / Journal of Membrane Science 99 (1995) 217-228
Table 1
Characteristics of the tracers used
Tracer

M [g mol- J ]

Creatinine
Vitamin B 12
D20
Methanol
D-Glucose
Maltose
Maltotriose
Maltotetraose
Maltopentaose
Maltohexaose
Maltoheptaose
PEG 200
PEG 400
PEG 600
PEG 1000
PEG 1500
PEG 2000
PEG 3000
PEG 4000
PEG 6000
Dextran T 10
Dextran T40
Dextran T70
Dextran T500
Dextran T2000

113
1355
20
32
180
342
504
667
824
991
1153
200
400
600
1 000
1 500
2 000
3 000
4 000
6 000
10 000
40 000
70 000
500 000
2 000 000

r Inm]
0.28
0.78
0.11
0.23
0.36
0.49
0.58
0.66
0.72
0.79
0.84
0.73
0.96
1.12
1.41
1.63
1.82
2.20
2.40
2.83
2.68
4.86
6.35
14.5
37.5

For the polyethylene glycols a relation of Squire
[22] based on SEC data was used:
r = 0 . 0 8 7 M O'4

[nm]

(14)

For sugars and oligosaccharides Bredereck used data
of Brown and Johnsen [ 25 ] based on Stokes radii. For
our work we used mono- and oligo-saccharides (n = 1
to 7) of glucose. The radii of these molecules were
calculated from an equation which was obtained by
fitting the data of Bredereck to a power-law:
r = 0 . 0 3 7 M °47

[nm]

(15)

The radii of methanol and D20 were taken from Bredereck and Klein et al. [26], respectively. Data for creatinine and vitamin B12 are based on Stokes radii, the
diffusion coefficients were measured using a Taylor
capillary dispersion technique in a set-up described by
Snijder et al. [27]. The characteristics of the tracers
used for this study are listed in Table 1. The dextrans
were purchased from Pharmacia, the polyethylene glycols from Fluka and all other tracers from Merck.
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Tracer concentrations of 1 g d m - 3 (0.1%) in water
were used and a volume of 50 mm 3 was injected. For
the determination of the elution volumes of D20 and
methanol 5 and 3 mm 3 of the pure substance were
injected, respectively. To prevent growth of microorganisms 200 mg d m - 3 formaldehyde was added to the
samples. Small quantities of the filtered tracer solutions
were stored separately at - 18°C.
3.2. HPLC system
The HPLC system consisted of a Waters 610 HPLC
pump with a 600E pump controller, a 410 refractive
index detector, a column oven and a 746 integrator.
3.3. Column material
For the studies three different types of hollow-fiber
cellulosic hemodialysis membranes were used, i.e. lowflux cuprophan ® and hemophan ® and high-flux RCHP400A. The low-flux fibers, with a dry wall thickness
of 8/xm, were provided by Organon Teknika, Boxtel,
The Netherlands. The high-flux RC-HP400A fibers
were provided by Enka, Wuppertal, Germany. The
cuprophan and RC-HP400A fibers are made o f a regenerated cellulose. The hemophan fibers are made of a
regenerated and modified cellulose. In order to improve
its biocompatibility the cellulose of hemophan has been
modified with a small amount of (positively charged)
N,N-diethylaminoethyl ( D E A E ) ether groups.
3.4. Column preparation
The fibers were cut into pieces of about 0.5-1 mm
using scissors. Unless stated otherwise, the fibers were
swollen in water and the water was decanted several
times to remove impurities as much as possible. The
column ( 3 0 0 × 7 . 5 mm internal diameter, stainless
steel) was filled with the swollen fibers by pressing
manually with a suitable piston. After closing, the column was eluted overnight with the eluent, no additional
treatments were applied to avoid channeling. The
eluent was degassed and filtered over a 0 . 2 / ~ m filter
before use. To prevent the growth of micro organisms
200 mg d m - 3 formaldehyde was added to the eluent.
In general, a stable detector signal was obtained after
running overnight with eluent. The void volume o f each
column was determined from the elution volume o f
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dextran T2000 ( M = 2 000 000 g m o l - ~). The elution
volumes were determined from the peak maxima.
After the runs, the columns were dried in a vacuum
oven at 80°C till a constant weight was reached and the
weight of the column material was determined.

1.5o

!

1
D
o

==

3.5. Water content of the fibers
The equilibrium water content of the swollen fibers
was determined with a centrifuge method based on
DIN-53814 [28]. In a small centrifuge tube, a tube
provided with a microfiltration membrane in the bottom
was mounted (Millipore Ultrafree-MC); this tube was
filled with swollen fiber pieces of about 1.5 cm. The
material was centrifuged for 20 min at 900g to remove
excess water. The water content of the samples was
determined from the weight decrease upon drying the
centrifuged fibers overnight in a vacuum oven at 80°C.

3.6. Pore size modelling
The pore size distributions were determined by minimizing Eq. 11 using the Eqs. 10 and 12. A cylindrical
pore geometry was assumed. Since for the measurements both small rigid and large flexible tracers were
used the partitioning models were arbitrarily chosen as
follows:
r < Rp: rigid exclusion model of Giddings (Eq. 2)
r > Rp: flexible exclusion model of Casassa (Eq. 3)

The fitting procedure was implemented in the spreadsheet program Excel using a minimization routine of
Newton. The accessible pore volumes of all tracers with
water as the eluent, except vitamin B 12 and creatinine,
were used in the fitting procedure.

1

R

wet packed

A

%~
D

a

0.5

a
a
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0.1
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10

100

Tracer radius [rim]

Fig. 2. Elution curves of differently packed cuprophan columns.

incomplete swelling of the column material and hence
in a membrane structure which deviates from the structure under normal dialysis conditions. Fig. 2 shows two
elution curves of columns packed with cuprophan
fibers. The first curve is of a column packed with swollen cuprophan as described in the experimental section.
The second curve is of a column which is packed with
dry cuprophan and then eluted to allow swelling of the
fiber material. It is obvious that the latter procedure
does not allow the membrane to swell completely. For
one of the columns tested it was not even possible to
obtain any flow of eluent through the column.
For the low-flux fibers reproducible results could be
obtained by packing the column with wet fiber material.
Since the columns were never filled with exactly the
same amount of fiber material this is an indication that
no channeling occurred. For the high-flux fiber, however, special care had to be taken to obtain columns
with a completely swollen matrix. Only by packing the
swollen fibers very carefully and without pressing also
for the high-flux fibers reproducible results could be
obtained. Fig. 3 shows the effect of column packing on
the calculated membrane parameters.

4.2. Choice of the experimental conditions
4. Results and discussion

4.1. Packing of the column
The packing of the column is an important parameter. When the column is packed too loose channeling,
i.e. irregular flow of the eluent occurs. On the other
hand, when the packing is too tight this will result in

The elution rate in an i-SEC column should be sufficiently low to obtain equilibrium partitioning of the
tracers between the pores and eluent. Fig. 4 shows the
effect of the elution rate on the elution volume of several tracers. In particular the elution volumes of maltose
and maltoheptaose are dependent on the flow rate. The
dashed parts of the curves indicate the estimated elution
volumes extrapolated to elution rate zero. The curves
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are found. Griinwald et al. [ 9] reported that no changes
o f the c o l u m n material occurred at temperatures up to
90°C.
Bredereck et al. [23] and Griinwald et al. [9]
reported that linear flow velocities of m a x i m a l 4.4 c m
m i n - l at 20°C gave acceptable results for most c o l u m n
materials and tracers. The c o l u m n s used in this study
all have a void v o l u m e of at least 2 . 5 - 3 cm 3. A linear
flow velocity o f 4.4 c m m i n - l thus corresponds to an
elution rate of about 0.4 c m 3 m i n - l . The flow rates
used in this study (0.25 c m 3 m i n - 1 ) are therefore sufficiently small.

1086Pore r a d i u s
[nm]

41
20

1.5

2
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3

3.5

[cm3.g "11

Pore volume

Fig. 3. Relation between pore radius and pore volume of three different columns filled with high-flux RC-HP400A; the packing density of the columns was varied, l: high packing density, 3: low
packing density.
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The elution curves of the different m e m b r a n e materials are shown in Figs. 5-7. The most remarkable result
is the difference in total accessible pore v o l u m e
between the high- and low-flux fibers. The set o f chosen
tracer m o l e c u l e s covers the c o m p l e t e range o f relevant
tracer radii. M o s t o f the tracers shown do fit a s m o o t h
S-shaped curve, as was expected. It appears therefore
that the tracer dimensions were estimated adequately
and that no deformation of the tracers occurred. S o m e

T10
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0

4.3. Elution curves
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Fig. 4. Relation between the elution volume and the elution rate for
several tracers, T= 37°C, cuprophan.
were extrapolated by fitting second order polynomials
to the m e a s u r e d data.
Since the time needed to obtain equilibrium partitioning is e x p e c t e d to decrease with increasing temperature the elution v o l u m e s o f the tracers were also
determined at elevated temperatures. In Table 2 the
elution v o l u m e s are listed as a percentage o f the estimated elution v o l u m e at elution rate zero and for various temperatures. F o r all the tracers shown a flow rate
of 0.25 c m 3 min t and a c o l u m n temperature o f 50°C
are sufficient to approach equilibrium conditions reasonably well ( > 9 5 % ) . For the f o l l o w i n g measurements a flow rate o f 0.25 c m 3 m i n - l and a temperature
of 70°C were chosen. T h e temperature of 70°C is probably not too high for the c o l u m n material; as shown in
Table 2 only small differences b e t w e e n 50 and 70°C

Table 2
Estimated elution volumes as a percentage of the extrapolated values
for elation rate zero at different elution rates and column temperatures
Tracer

Rme [cm3min-~]
T [°El

T2000

37
50
70
37
50
70
37
50
70
37
50
70
37
50
70
37
50
70

TI0

PEG600

Maltoheptaose

Maltose

D20

0.25

0.5

1.0 2

98
100
I00
97
99
100

97
100
100
93
97
100

95
100
100
90
95
98

96
100
100
89
93
96

97
99
92
96
97
97
98
97
100
100
99

95
98
84
93
96
96
95
93
100
100
99

91
94
73
87
91
91
92
90
97
98
98

89
90
60
78
87
87
90
82
96
98
97
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to reduce the extent of adsorption. The decrease of 3%,
however, was insufficient to explain the deviating elution volume of D20. Bredereck also found that the
difference in elution volume of D20 and methanol (no
adsorption) was strongly fluctuating for different kinds
of samples. They suggested that a small part of the total
pore volume is excluded from tracer penetration and
accessible only to water or D20. Only the very small
and polar water or D20 molecule is able to penetrate
into the narrowest pores between some cellulose chains
(disordered crystallite surfaces). When water was
replaced by methanol as eluent, both deuterated methanol (MeOD) and D20 approximately had the same
elution volume. Apparently the change in eluent
resulted in a disappearance of the very small pores that
exist in water swollen cellulose. Although Bredereck
did not use the term bound water it might be that these
pores are filled with so-called bound or non-freezing
water and therefore they are not accessible to other
molecules than water. Bredereck reported a good agreement between the accessible pore volume of D20 and
the water content of the membrane as determined with
the centrifuge method according to DIN-53814.
The test molecules creatinine and vitamin B 12 both
appear to adsorb to the cellulosic membranes, the
apparent accessible pore volumes are higher than
expected on the basis of their size. For the cuprophan
and RC-HP400A fibers no elution peak of creatinine
can be observed using pure water as eluent. With an
eluent containing 0.6 g dm-3 NaC1 the accessible pore

[nm]

Fig. 6. Elution curves of hemophan, T = 70°C, elution rate 0.25 cm 3
m i n - ~ ( 1 : D,O, 2: creatinine, 3: vitamin B I 2 ) .

tracers, however, deviate from the curve indicating that
adsorption effects may be present.
The tracer indicated with number 1 in the figures
represents D20. This molecule seems to have a somewhat larger elution volume than expected. The same
phenomenon was also reported by Bredereck et al. [ 23 ]
and other authors [29] for different kinds of cellulosic
materials. They suggested that an adsorption effect,
probably owing to - O D / - O H exchange is present.
Bredereck et al. found a slight decrease of the elution
volume of D20 when the temperature of the column
was increased (3% when the temperature was increased
from 20 to 80°C). An increased temperature is expected
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Fig. 7. Elution curve of RC-HP400A, T = 70°C, elution rate 0.25 cm 3
min -~ (1: D20, 2: creatinine, 3: vitamin B I 2 ) .
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volume is somewhat higher than expected. Fig. 8 shows
the effect of the NaC1 concentration on the elution
volume of creatinine and dextran T2000 on a cuprophan column. The elution volume of creatinine is a
strong function of the NaCI concentration in the eluent.
For very low concentrations creatinine is strongly
adsorbed to the cuprophan matrix. Colton et al. [ 30]
determined the distribution coefficient of creatinine for
a cuprophan fiat sheet membrane by depletion measurements. They reported no adsorption of the creatinine, there results, however, were obtained from
depletion measurements in an isotonic NaCI solution
(9 g dm -3 NaC1).
The adsorption behavior of creatinine on hemophan
is opposite. Using water as the eluent the apparent
accessible pore volume of creatinine is somewhat
smaller than expected, the creatinine is partly excluded.
For eluentia with a higher ionic strength the accessible
pore volume for creatinine increases. For high NaCI
concentration the accessible pore volume is higher than
expected indicating that additionally an other adsorption mechanism may be present. The adsorption effects
are much less dependent on the NaC1 concentration.
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Fig. 9. Measured and calculated elution curves. The lines represent

the calculated curves based on the parameters V~ and R o of Table 3.

These results indicate that an electrostatic interaction
is responsible for the adsorption behavior of creatinine.
The creatinine molecule is a weak base and can adopt
a positive charge [ 31 ]. Regenerated celluloses contain
a small amount of carboxylic groups which cause a
negative charge [ 32]. The hemophan fibers have been
modified with positively charged DEAE groups. From
the curves in Fig. 6 it appears that the hemophan has a
net positive charge although the net amount of charge
is smaller than for the cuprophan and RC-HP400A
fibers.
The accessible pore volume for vitamin B 12 is hardly
influenced by the ionic strength of the el uent indicating
that no electrostatic interaction is responsible for its
adsorption behavior.
4.4. Pore size determination
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Fig. 8. Elution volumes of creatinine and T2000 as a function of the
NaC1 concentration for a cuprophan column.

The calculated and measured membrane parameters
are shown in Table 3. For all the membranes it is found
that the elution curves are best described by a homoporous pore size distribution, i.e. U = 1. In Fig. 9 the

Table 3
Calculated and measured membrane parameters, assuming a cylindrical pore shape
Membrane

Cuprophan
Hemophan
RC-HP400A

H20

Vp

[cm3g - l ]
1.48
1.57
3.08

Vo,.o
calcd
[cm3g -1 ]

Rr,

U

[cm3g Jl

Vo,.o
measured
[cm3g -1]

[nm]

I-I

1.48
1.45
3. I 1

1.41
1.38
3.07

1.40
1.36
3.03

4.1
3.7
8.2

1
1
1
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measured and calculated elution curves of the different
membranes are shown. The lines represent the calculated curves based on the membrane parameters, Vp, U
and Rp, shown in Table 3. All curves are well described
with a homoporous pore volume distribution. In the
fitting procedure the sum of the absolute differences
between experimental and calculated distribution coefficients is minimized. This means that mainly the small
solutes contribute to the sum of errors. The distribution
coefficient of small solutes is relatively insensitive
towards a distribution of pores. Still, also fitting of the
curves by minimizing the sum of relative errors resulted
in a homoporous pore volume distribution function.
Fig. 10 shows the sensitivity of the model towards
its parameters. The model is most sensitive to the pore
volume parameter. It is rather insensitive to the distribution width and this may also explain why homoporous pore volume distributions are found. Although
actually no pore size (volume) distributions of regenerated cellulose membranes are reported in the literature also other authors got indications that the pore size
distributions in these membranes must be very narrow
indeed [2,33].
In Table 3 four different estimates for the total pore
volume of the membranes are given. The first column
(H20) gives the equilibrium water content as measured
with the centrifuge method described in the experimental part. The second column (Vp) contains the optimal
fit for the pore volume. The third (Vo2o measured) and
fourth column ( VD2Ocalcd) represent the measured and
calculated accessible pore volume for D20, respectively. Since the D20 molecule has a finite dimension

this value is somewhat smaller than the fitted pore volume Vp.
The listed estimates for the total pore volume coincide very well indicating that the membranes were completely swollen. Only for the hemophan columns the
obtained value for Vp appears to be somewhat too low.
The measured data for the accessible pore volume for
D20 are about 5% smaller than the H20 content. This
may be explained by the different temperatures used
for the determination of the water content and the iSEC measurements.
The accessible pore volume of the high-flux fiber is
more than twice the pore volume of the low-flux fibers.
Also the pore radius of the high-flux fiber appears to
be about twice as large. For low-flux cuprophan membranes cylindrical pore radii of 2-3 nm are reported in
the literature [2]. The radius of 4.1 nm given in Table
3 is (somewhat) larger.
From the curves in Fig. 9 it appears that some of the
smaller tracers do not fit the calculated curves. For all
three curves methanol and glucose have a measured
accessible pore volume which is smaller than the calculated values. The D20 data points do fit the calculated
curves. The observations may be explained partly by
assuming, as Bredereck et al. did, that some of the pores
in the membranes are so small that they can only contain a water or D20 molecule. It might be that these
water molecules form the non-freezing or bound water
of the membrane. The non-freezing water content of
these membranes was determined as 0.48 g g - l for the
low-flux membranes and 0.73 g g - ~ for the high-flux
membrane [34]. These values were determined with a
calorimetric method at temperatures below 0°C. The iSEC measurements are performed at a (much) higher
temperature. It may be that for these higher temperatures the amount of bound water is different. Bound or
non-freezing water is often assumed to be not accessible to solutes. The differences between the accessible
pore volume for D20 and methanol are only about 0.2
and 0.28 g g - l for the low- and high-flux membrane,
respectively. These values are much smaller than the
values determined with the calorimetric method suggesting that at least some of the non-freezing water may
be accessible for other molecules. If a part of the water
in the membranes is present as not accessible bound
water then it may be expected that the fitted parameter
Vp is smaller than the measured pore volume from the
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water content. From Table 3 it appears that this is not
the case, both parameters coincide very well.

5. Conclusions
The i-SEC technique is an elegant and, for the purpose of membrane characterization, very useful technique. The pore size distributions of symmetrical or
isotropic membranes can be determined and adsorption
phenomena can be studied.
The membranes used in this study show clear differences in pore size and porosity. The high-flux RCHP400A membrane has a larger pore size as well as a
larger porosity than the two low-flux membranes. For
all the membranes it is found that the elution curves are
best described by a homoporous pore volume distribution. It appears that at least some of the bound or
non-freezing water in the membranes is accessible to
the tracer molecules.
The adsorption behavior of the test molecule creatinine is influenced by the NaC1 concentration of the
eluent, indicating that an electrostatic interaction is
present. The observations can be explained by assuming that the cuprophan and RC-HP400A fibers are negatively charged and the hemophan fiber is positively
charged due to its modification with DEAE. The net
charge of the hemophan fiber, however, is smaller.

6. List of Symbols
fv
H

differential pore volume distribution function
[ m 3 kg -1 m -l ]
equilibrium water content of the swollen fiber
[cm3g -J ]

K
K
M
q
qg
r
rg
Rp
Rv

distribution coefficient of the tracer [- ]
mean distribution coefficient for a polydisperse
sorbent [- ]
molecular weight tracer [g mol- l]
ratio of tracer radius and pore radius [- ]
ratio of gyration radius of the tracer and the pore
radius [-]
tracer radius [m]
gyration radius [m]
pore radius [m]
the volume mean pore radius defined by Eq. 7
[m]
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R~

the surface mean pore radius defined by Eq. 8
[m]
s
effective chromatographic radius [m]
Sp specific pore surface area of the membrane [m 2
kg-l]
T
minimization function defined by Eq. 11
U pore volume distribution width [-]
Ve elution volume of the tracer [m 3]
Vo void volume of the column [ m 3]
Vp pore volume of the membrane [ m 3 kg- l ]
Vp total volume of the pores in the column [-]
a
pore shape factor [-]
/3,, parameter defined by Eq. 3 [- ]
ratio of pore volume and pore surface area
[m -I]
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