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Summary
The flux decline during the unstirred
ultrafiltration
of dissolved
macromolecular
solutions
such as polyethylene
glycol
and dextran
solutions
was measured
at different
pressures
from 1 to 4 X lo5 Pa and different
bulk concentrations
from 0.1 to 0.55 kg/m3
with three types of polysulfone
membranes.
On the basis of the concept
that a concentrated solution
layer (not a gel layer) is formed on the membrane
surface,
the hydraulic
resistance
of the boundary
layer was defined with the help of solvent permeability
of dissolved macromolecules.
The cake filtration
theory
was employed
to analyze
the flux
decline
behaviour.
This simple
theory
worked
well and the effective
boundary
layer
concentrations
calculated
with the boundary
layer resistance
model developed
here were
physically
quite reasonable.
The calculated
boundary
layer concentrations
depend on the
applied
pressure.
The origin of this dependency
might be the step concentration
profile
assumed in the cake filtration
theory.

Introduction
Ultrafiltration is one of the best techniques for the concentration of
macromolecular solutions. Attempts - largely unsuccessful - have also been
made to employ ultrafiltration to fractionate
such solutions.
One major
problem in practical applications is the permeate flux which declines during
operation. In a membrane separation process, solute molecules conveyed to-

ward the membrane are rejected by the membrane and accumulate very near
to the membrane surface, and a part of them diffuses back to the bulk along
the concentration profile. This phenomenon is well-known as concentration
polarization.
In case of ultrafiltration of macromolecular solutions, the amount of solute diffusing back is usually very small because of the small diffusion coefficients, and as a result the concentration at the membrane surface becomes
very high. This increased concentration causes an enormous flux decline,
and it has been tried to describe this with two quite different models. One
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is the gel layer model [l--7 ] in which the extra hydraulic resistance of a gel
layer in addition to the membrane resistance reduces the flux, and the other
is the osmotic pressure model [8--151 in which the applied pressure is reduced by the osmotic pressure and the decreased driving force causes the
flux decline.
The physical definition of a gel layer has not been clear even in the analysis baaed on the gel layer model. It could be expected that the true gel has a
sharp phase boundary, zero diffusion coefficient and well-defined melting
point [15], and that it has no fluidity. According to this definition, it might
be supposed that a true gel layer is not formed in the ultrafiltration of
macromolecular solutions except for some proteins which are known to give
gels. Therefore, the layer built up on the membrane surface should be viewed
upon as a concentrated macromolecular solution layer.
There are two ways to account for the influence of this boundary layer on
the permeate flux. The first is to evaluate the solute concentration at the
membrane surface and to calculate the decrease in the effective driving force
due to the osmotic pressure. This is the osmotic pressure model approach.
Recently, we have shown that the osmotic pressure model strongly resembles
the gel layer model in situations where concentration polarization is severe

WI.

The second way is to calculate the resistance of the boundary layer, which
is possible if the concentration profile and the solvent permeability of the
dissolved macromolecules are known [17, 181. In this hydraulic resistance
model, the total resistance for the permeate flow is the sum of this boundary
layer resistance and the membrane resistance.
On theoretical grounds, it can be shown that the two approaches mentioned above are equivalent [15, 18,191.
In the present work, the boundary layer resistance model was used to analyze the flux decline during the unstirred ultrafiltration of dissolved macromolecular solutions. Assuming a step concentration profile and a timeindependent concentration in the boundary layer (only the layer thickness
increases with time), the cake filtration theory was employed to calculate
the change of the resistance with time. The permeability was measured with
an ultracentrifuge method [ 171.
Theory

In case of steady state flow or stirred ultrafiltration, the amount of solute
which diffuses away from a membrane surface is balanced by the amount
conveyed toward a membrane by the permeate flow. Thus, the steady state
flux is written with the following so-called concentration polarization equation [l, 2,4]
Jv = k In

Gm Cb -

c,
c,
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mass transfer coefficient k is determined by the flow or stirring condition and the characteristics of solute and solution. The basis of this derivation is the diffusion phenomenon.
It is also possible to explain the flux decline on the basis of the resistance
phenomenon, and the permeate flux is then written using the hydraulic resistance of the boundary layer Rbl
The

J,=

1 dV

1

AP

A dt

P R,

+Rt,l

-A=-

(2)

Equations (1) and (2) must give the same flux under the same conditions.
Thus, one can expect that there must be a certain relationship between C,
and Rbl. Nakao et al. [3] reported this relationship for polyvinylalcohol and
ovalbumin. They used the term gel layer resistance, but they did not clarify
the physical meaning of Rbl. Furthermore, flow or stirred system experiments make the analysis more complicated because the influence of mass
transfer phenomena must be analyzed. Therefore, for the analysis of concentration polarization and flux decline in ultrafiltration of macromolecular
solutions, it is very important to know the physical meaning of Rbl, and an
unstirred system is suitable for this purpose.
Assuming a step concentration profile and a time-independent concentration Cbl in the boundary layer, the boundary layer resistance is written as
(3)

Rbl = 6 rbl
where 6 is the boundary layer
of dissolved macromolecules,
macromolecules is not always
theory, the solute mass bala&e
Cb&bsV

thickness increasing with time. The rejection
especially when using dissolved linear chain
100%. Thus, according to the cake filtration
is written as-

= 6 A t&l

(4)

where Robs is the observed rejection
eqns. (3) and (4) into eqn. (2) gives
dt

0,

dV
or

AAP

-=-

1

-_=-+
Iv

1

JW

+

(Robs = 1

C,/C,).

Substitution

of

(5)

P Cb Robs rbl
AP

-u
cbl

(6)

where j, is an unsteady state permeate flux and u is a specific cumulative filtration volume (V = V/A).
Mijnlieff and Jaspers [ 1’7] developed the relationship between solvent permeability of dissolved polymeric material and its sedimentation coefficient.
This permeability could be applied, for instance, to the solvent permeation
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through a concentrated polymer solution in a cell, in which the solution is
kept in position by two membranes which are permeable to the solvent and
impermeable to macromolecules. The boundary layer studied here is almost
identical to such a solution, so we used the concept of solvent permeability
to calculate the specific resistance of the boundary layer.
Mijnlieff and Jaspers [17] derived
1
rbl

= -

Pbl

=

l-VP,

cbl
s

Pw

(7)

The sedimentation coefficient is a function of concentration. Now the unknown qUOtient
rbl/Cbl
in eqn. (5) or eqn. (6) can be Written with only one
variable cbl
rbl
-=
cbl

l-zp,
Pw

1

(8)

s(cbl)

In this study, the sedimentation coefficient was measured as a function
of concentration by the ultracentrifuge method, and the boundary layer concentration was calculated from the slope of l/j, vs. u plot using eqns. (6) and
(8).
Experiments
Unstirred ultrafiltration
experiments
The unstirred experiments were carried out with the apparatus shown in

Fig. 1. The membrane holder used is a Millipore filter holder (effective membrane area is 1.38 X low3 m’). Before the membrane is sealed, the feed solution is slightly pressurized and the air present in the holder flows away. The
feed solution does not permeate through the membrane during this procedure. Then the membrane is sealed and the feed solution is pressurized to a
certain pressure as soon as possible. The zero time of the measurement is defined as the time when pressurization starts. Volume filtrated is measured
with time.

Fig. 1. Experimental apparatus, schematically.
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Three types of polysulfone membranes were used. Two of them are commercial.ly available ultrafiltration
membranes
(WFS 600 and WFS 900)
manufactured by Wafilin F&V., The Netherlands. Another one was made in
our laboratory
by the immersion precipitation
method from a casting solution of polysulfone,
methyl cellosolve and DMAc (18:7:75 in weight %). The
coagulant was water. Macromolecular
solutes used are Dextran T500 (M, =
465,000,
Pharmacia Fine Chemicals) and polyethylene
glycol PEG 600 (M,
= 600,000, Polysciences,
Inc.).
The pure water flux of these membranes,
measured with ultrafiltered
water, decreased very much after the performance
of ultrafiltration
experiments with macromolecular
solutions and it did not return to the initial value after washing the membrane
surface. It was supposed that this flux decline was caused by the plugging of membrane pores. The decreased flux became constant after a certain number of experiments,
and then the flux decline with time was measured at several different applied pressures, 1 to 4 X
10s Pa. The concentration
range of the feed solution was from 0.1 to 0.55
kg/m3. The solute concentration
was measured by a Beckman model 915A
Total Organic Carbon Analyzer. The temperature
during the experiments
was 20°C.
Measurements

of the sedimentation

coefficient

Sedimentation
experiments
were carried out using a Beckman model E
analytical ultracentrifuge,
equipped with a Schlieren optics and temperature
control system. Centerpieces
of 1.5, 3 and 12 mm were used, and the rotation speed and measurement
temperature
were 48,000 min-’ and 20” C, respectively.
The sedimentation
coefficients
were determined
from the displacement of the maximum of the concentration
gradient curve. The concentration range was from 4.6 to 150 kg/m3.
In order to calculate the specific resistance from the sedimentation
coefficient using eqn. (7), the partial specific volume V was also determined.
The
solution density was measured at several concentrations
using a Digital Precision Density Meter model DMA 50 (Anton Paar K.G., Austria) at 20°C,
and then c was calculated
from the slope of the density vs. concentration
plot.
Results and discussion
Rejection
The observed

rejection changed with cumulative filtration volume at the
beginning of the measurement
as is shown in Fig. 2, and then it became
almost constant under all experimental
conditions. It is very difficult to find
the cause of this rejection change, because it was almost impossible to measure the permeate concentration
exactly at the beginning of the experiments.
Before the experiment
was started, the air present in the cell was purged
with feed solution, and then the membrane was sealed. Thus, a part of the

170
(a) 1.0

.

“I

,
“080

0.8

T

-

-

o

0.6 -

,

,

n

I

I
*

00

,

,

A

A

_

600

1~10'Pa
0

0.2 -

0

,

Wl=S600-PEG

4 0.L -O
CK
A

0

,

ooO~onOA
n

I

I,

2

L

Cb =

0.39 kg/m3

A

0.10

0

0.50

6

1

I

I

I

I,

8

10

12

IL

16

v x103

I

18 20

22

( m3/m2 I

-

’

0.6 -

8

WFS

; o.fl- 0
III
0.2 -

01

0

900-Dextran

T500

2x105Pa

”

”
2

L

6

A

Cb = 0.L kg/m3

0

0.2

8

v x103

”

10 12

”

1L

’
16 18

1

20

( m3/m2 1

2. Changes of the observed
rejection with the specific cumulative
volume: (a) PEG
600 solutions
- in the experiment
indicated
with circles, the permeate
side of the cell
was sealed; (b) Dextran T500 solutions
was washed with pure water after the membrane

Fig.

- permeate

side has not been washed

with pure water.

feed solution might have flowed into the permeate side of the cell during
this procedure, making the initial rejection low. It has also been tried to
wash the permeate side with pure water after the membrane was sealed. In
this case, pure water remaining in the permeate side influenced the rejection
and a high rejection resulted. Finally, it was assumed for the analysis that the
rejection might be constant from the beginning of the experiment. The rejection of WFS 600 membrane was 85% to PEG 600 and 45% to Dextran T500,
while the rejection of WFS 900 membrane was 83% to Dextran T500. A
laboratory made membrane rejected 70% of Dextran T500. These rejections
were almost the same in all experiments.
Flux decline

during

ultrafiltration

Results of ultrafiltration of PEG 600 and Dextran T500 solutions under
various experimental conditions are illustrated in Figs. 3 and 4 by means of
l/j, vs. IJ plots according to eqn. (6). Figure 3 shows the influence of feed
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Fig. 3. Reciprocal flux as a function of the specific cumulative volume and the influence
of the bulk concentration:
(a) PEG 600 solutions; (b) Dextran T500 solutions.
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Fig, 4, Reciprocal flux as a function of the specific cumulative volume and the influence
of the applied pressure: (a) PEG 600 solution; (b) Dextran T500 solution.
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concentration, while Fig. 4 shows the influence of applied pressure. It is remarkable that for both solutions a straight line can be drawn for any bulk
concentration and pressure and for a.ll membranes. Intercepts of these lines
were independent of the bulk concentration and almost the same under the
same pressure as shown in Fig. 3. The intercept was almost in proportion to
the reciprocal value of the applied pressure as shown in Fig. 4. The agreement between these intercepts and reciprocals of pure water flux was also
very good, and this is expected by eqn. (6).
The slopes of the lines in Figs. 3 and 4 indicate the rate of flux decline
and are affected by the bulk concentration, applied pressure, temperature
which affects the viscosity, solute rejection and boundary layer concentration. As illustrated in Figs. 3 and 4 a higher bulk concentration, a lower
applied pressure and a higher solute rejection give a larger slope. However,
with the help of r&Z&l values, it is possible to analyze the flux decline
rate quantitatively without influences of experimental conditions.
Flux decline index
The flux decline index r&&l was calculated for all experiments from the
slope of the l/i,, vs. u plot, and it is shown in Fig. 5(a) for PEG 600 and in
Fig. 5(b) for Dextran T500. It is quite obvious in both cases that rbl/Cbl is
almost constant with respect to the bulk concentration independent of the
rejection. According to eqn. (6), this result means that the actual flux decline rate increases proportionally with the bulk concentration and solute
rejection under the same pressure. It is also clear that there is an influence of
applied pressure on the rbl/Cbl value, and that the higher pressure gives the
larger value. The effect of pressure in Dextran T500 solutions was larger than
that in PEG 600 solutions.
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Fig. 6. Pure water fluxes measured with the bare membrane
and with the membrane
ing a boundary
layer of PEG 600 and Dextran T500 solutions.

hav-

One possible reason of this pressure dependency is the compressibility of a
concentrated boundary layer. In order to measure this compressibility, the
feed solution was immediately changed to pure water after an ultrafiltration
experiment at 1 X 10’ Pa. Then, the pure water flux was measured at three
different pressures (1, 2 and 4 X 10’ Pa) with the membrane on which the
concentrated boundary layer still remained. If the boundary layer was compressible, the pure water flux should vary less than proportionally with the
applied pressure. The pure water flux measured at 1 X lo5 Pa for the membrane including the boundary layer must be equal to the final flux in the
ultrafiltration experiment. In both cases (Dextran T500 and PEG 600) the
pure water flux was larger than the ultrafiltration flux. The reason for this
difference might be that a part of the boundary layer was washed away from
the membrane surface during the change of the feed solution. Anyhow, it is
quite obvious from Fig. 6 that the flux is lower than that measured with the
bare membrane because of the extra resistance of the boundary layer, and
that it is proportional to the applied pressure. It can be concluded that both
PEG 600 and Dextmn T500 boundary layers do not have any compressibility, and the influence of pressure will be discussed below.
Sedimentation coefficient and resistance of a boundary layer
In order to investigate the validity of the hydraulic resistance model, it is
very interesting and important to know the boundary layer concentration.
As explained in the analysis section, this calculation can be carried out using
sedimentation coefficient data.
Sedimentation coefficients for Dextran T500 solutions measured at 20” C

1

IO2

10
C

( kg/m3

IO3
1

Fig. 7. The sedimentation coefficients and the value of rbl/Cbl as a function of concentraL
tion; Curves have been drawn according to eqn. (11) for s and eqn. (12) for rbl/~bl.
0, * : Data taken from Refs. [ 18,20].
are plotted
in Fig. ‘7 together
with literature data for Dextr-m T70 (M,
about 70~000) which were measured at 25°C [W, 201. In order to estimate
the inffuence of temperature, the sedimentation
coefficient,
S, of
De&ran
T70 solutions was also measured at 20°C with the same method used for
Dextran T500 and plotted in Fig. 7. It is quite clear that the difference in s
due to a temperature difference of 5” C can be neglected within experimental
error.
The sedimentation coefficient depends on the molecular weight of the
solute in the dilute region, but above the overlap concentration for the
macromolecule the sedimentation coefficient becomes independent of the
molecualr weight [21]. Results illustrated in Fig. 7 show this molecular
weight independency above the overlap concentration of Dextran T70 which
is about 40 kg/m3, and this also means that the measurements were accurate
enough.
Jn the low concentration region, the concentration dependency of sedimentation coefficients is generally expressed with the following equation.

l/s = (l/s,)

(1 + Iz,C)

(9)

At higher concentration eqn. (9) is not adequate to represent the concentration dependency, and a second order term is usually added
l/s = (l/s,)

(1 + k,C + k; C”)

00)

Sedimentation
coefficients
were not measured at low concentration
in this
work, thus sg and 12, for Dextran T500 solutions were determined by the
interpolation of literature data where different molecular weight Dextrans
had been measured [22--241. Then, k: was determined
by curve fitting Of
eqn. (10) to the available data. Literature data of Dextran T70 above the
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overlap concentration
were also used for this fitting.
pendency obtained is expressed as

The concentration

l/s = (1 + 106 C + 617 C2)/(8.5 X 10-13)

de-

(11)

and a solid line in Fig. ‘7 is drawn with this equation.
The measured partial specific volume of Dextran T500 is 6.25 X 10m4 m3/
kg and this value agrees well with literature data of Dextran T70 [18, 201.
The specific resistance
of Dextran T500 solutions can now be calculated
and eqn. (8) becomes
r&&l

= 4.40 X 1Ol3 (1 + 106 C + 617 C”)

(12)
where literature
values for pure water density and viscosity are used. This
equaton
is also represented
in Fig. 7. The flux decline index rbl/Cbl increases rapidly above the overlap concentration
which is about 20 kg/m3
for Dextran T500.

Boundary layer concentration
Effective boundary
layer concentrations
were calculated using eqn. (12)
for all experiments
of Dextran T500, and results are plotted in Fig. 8. Calculated values depended
on the applied pressure and varied from 146 to
219 kg/m3. This concentration
range seems to be physically
quite reasonable as the concentration
of dissolved macromolecules
in the boundary
layer. The range of polyvinylalcohol
(M, = 100,000) boundary layer concentrations
has been reported to be from 10 to 100 kg/m3 [3], and the calculated concentrations
based on the osmotic pressure model were 50 to
100 kg/m3 for polyethylene
glycol (M, = 15,500) [9] and 150 to 450 kg/
m3 for various molecular
weight Dextrans
(M, = 21,800-100,500)
[9].
These data were obtained
in flow or stirred ultrafiltration
experiments.
Solutions with concentrations
equivalent
to the boundary Iayer concentrations shown above are fluid. This indicates that no gel layer has been formed
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Fig. 9. Effect of the applied pressure on the boundary layer concentration.

in these systems. This is also the reason why the boundary layer is not compressible, because fluids normally do not have compressibility under these
circumstances.
The influence of applied pressure on the boundary layer concentration is
illustrated in Fig. 9. It is very difficult to quantify this pressure effect only
from our experimental results. In this study, a step concentration profile was
assumed and the effect of back diffusion was not considered. However, the
concentration profile near the membrane surface is the result of a balance
between the amount of macromolecules conveyed toward the membrane by
the permeate flux and the amount diffusing back to the bulk. The former
amount depends on the applied pressure, while the latter amount depends
on both the diffusion coefficient and the concentration profile. Therefore,
an analysis in which the concentration profile is not reduced to a step function but in which the true profile is employed, may explain the observed
pressure effect. This approach will be undertaken and the results will be
published in a forthcoming paper.
Conclusions
In order to clarify the physical meaning of the extra resistance to the permeate flux during the ultrafiltration of dissolved macromolecular solutions,
the flux decline was measured using an unstirred cell. Since the experimental
results showed a flux decline comparable to the flux decline in the ultrafiltration of colloidal particle solutions, they were analyzed with the cake filtration theory which usually worked well for colloidal particle solutions.
In the analysis, it was assumed that no gel layer was formed but that a
concentrated boundary layer was built up near the membrane surface. This
boundary layer still possesses all properties of a fluid system. Therefore, the
solvent permeability of dissolved macromolecules which was calculated from
sedimentation measurements was applied to analyze the hydraulic resistance
of the boundary layer. The effective boundary layer concentration calculated with this boundary layer resistance model varied from 146 to 219 kg/
m3 for Dextran T500, and these values seemed physically quite reasonable.
Furthermore, the fact that solutions with concentrations upto 400 kg/m3
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are clearly fluid confirmed the validity of the assumption that a gel layer was
not formed.
Boundary layer concentrations showed the influence of the applied pressure (higher concentrations at higher pressures), and it is supposed that this
influence was caused by the step concentration profile assumed in the cake
filtration theory.
List of symbols

V
u
u

membrane area (m’)
concentration (kg/m’)
steady state flux (m3/m2-set)
unsteady state flux (m3/m”-see)
mass transfer coefficient (m/s)
constant in eqns. (9) and (10) (m’/kg)
constant in eqn. (10) (m6/kg2)
applied pressure (Pa)
solvent permeability of dissolved macromolecule (m”)
hydraulic resistance (l/m)
observed rejection (= 1 - Cn/Cb)
specific resistance (l/m2)
sedimentation coefficient (set)
sedimentation coefficient at zero concentration (set)
time (set)
cumulative filtration volume (m”)
specific cumulative filtration volume (m3/m2)
partial specific volume (m3/kg)

Greek
6
P
/J

symbols
boundary layer thickness (m)
density (kg/m’)
viscosity (Pa-set)

A

C
JV
JV

k
k,
k;

AP

P
R
R obs
r
S
SO
t

Subscripts
b
bulk
boundary layer
bl
m
membrane
permeate
P
W
water
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