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Abstract — In membrane filtration, solution environment factors such as pH and solvent density are important in
controlling the filtration rate and the rejection of the particles and/or the macromolecules. The filtration rate and the
rejection in membrane filtration have been investigated from physicochemical aspects. It was shown that the prop-
erties of the filter cake formed on the membrane surface play a vital role in determining the filtration rate in mem-
brane filtration. It was clearly demonstrated that such filtration behaviors as the filtration rate and the rejection are
highly dependent on the electrical nature of the particles and/or the macromolecules. Furthermore, it was shown
that the solvent density p has a large effect on the steady filtration rate in upward ultrafiltration.
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INTRODUCTION

The membrane filtration of colloidal solutions has become
increasingly important in widely diversified fields. The appro-
priate control of both the filtration rate and the rejection (or
the transmission) of the particles and/or the macromolecules
in the membrane filtration process is of great interest in both
industry and academia. While there exist many factors influ-
encing the filtration behaviors [Fane, 1986], the underlying phe-
nomena are currently not well understood.

The filtration behaviors are strongly affected by the proper-
ties of the filter cake formed by the accumulation of solutes
on the membrane surface [Iritani et al., 1991a]. Therefore, an
understanding of the cake structure can serve as a basis for
clarifying the real mechanism of membrane filtration. Our re-
sults indicated that the cake structure is greatly influenced by
the physicochemical properties, for instance, the nature of the
interactions between solutes [Iritani et al, 1991a]. Especially
when more than one type of solute is present in the solution,
the situation becomes quite complex. For example, in the sep-
aration process, when larger solutes are present, solutes whose
molecular dimensions are small enough to permeate the mem-
brane are substantially retained [Iritani et al., 1995a].

The subject of this study is to relate the filtration behaviors
to the structural properties of the filter cake obtained by us-
ing a batchwise filter which has a sudden reduction in its fil-
tration area. The flux decline and the characteristic values of
the cake in unstirred dead-end ultrafiltration are evaluated by
use of analytical ultracentrifuge on the basis of the compressi-
ble cake resistance model. Also, the influence of pH on the
flux decline in particulate microfiltration and protein ultrafil-
tration is studied. Next, we attempt to clarify the role of the
solution environment in fractionation of binary protein mix-
tures by ultrafiltration. Lastly, the role of the solvent density in
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dead-end upward ultrafiltration is discussed by studying the de-
pendence of the sedimentation behavior in ultracentrifugation
experiments on the solvent density.

CAKE PROPERTIES IN MICROFILTRATION OF
RUTILE SUSPENSIONS

In particulate microfiltration, as the model particle, we used
titanium dioxide (Wako Pure Chemical Ind. Corp.) of the ru-
tile form with the original mean specific surface area size of
0.47 pm. Fig. 1 shows the pH dependence of the zeta poten-
tial of rutile particles measured using a particle microelectro-
phoresis apparatus (Model 5-17, Mitamura Riken Ind. Corp.).
It is clear from the figure that the isoelectric point of rutile
particle, where the particle carries no charge, is at ca. 8.1.

The microfiltration experiments were conducted under con-
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Fig. 1. Zeta potential { for rutile as function of pH.
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Fig. 2. Effect of pH on average porosity €, and average spe-
cific filtration resistance o, of filter cake formed in mi-
crofiltration of rutile suspensions.

dition of constant pressure of 196 kPa, and the variations of
the filtrate volume over time were measured with an electro-
nic balance. As soon as the whole slurry was filtered, both the
mass W, of the wet cake and the mass W, of the dry cake
were measured. Thus, the average porosity €, of the cake was
obtained by

e = Ps(Ww —W,)
Ps(Ww —W,)+pW,

where p, is the true density of the solid, and p is the den-
sity of the filtrate. Microfiltration membranes (VMWP) with
a nominal pore size of 0.05 |tm, supplied by Millipore Corp.,
were used.

In Fig. 2, both the average porosity €, and the average
specific filtration resistance o, of the filter cake are plotted
against pH. It can be seen that €, goes through a maximum
around the isoelectric point. It is important to note that a loose
filter cake provides a small hydraulic flow resistance. Thus,
o, is much smaller near the isoelectric pH.

Since the rutile particles are hydrophobic colloids, they
are destabilized around the isoelectric point, and the very po-
rous flocs are then formed. The filter cake formed from such
porous flocs has often loose and wet structures [Iritani et al.,
1997]. Consequently, the filter cake formed around the isoe-
lectric point is more porous than that formed by the charg-
ed particles outside the isoelectric point.

™

CAKE PROPERTIES IN ULTRAFILTRATION
OF BSA SOLUTIONS

In protein ultrafiltration, as one model protein, we used bo-
vine serum albumin (BSA) (fraction V, Katayama Chemical
Ind. Corp.) with a molecular weight of ca. 67,000 Da and
with an isoelectric point of 4.9. In order to measure the aver-
age porosity of the filter cake accurately, the experiments were
conducted using an unstirred batch filtration cell in which the
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Fig. 3. Surface charge density o, and zeta potential { for BSA
and lysozyme as function of pH.

filtration area was suddenly reduced at the distance of 0.4
mm from the membrane surface [Iritani et al., 1991a]. The
experiments were conducted under constant pressure condi-
tions, and the variations of the filtrate volume over time were
measured with an electronic balance. In the apparatus, when the
cake surface reaches the position where the filtration area is
reduced, the filtration rate decreases suddenly. Therefore, the
average porosity of the cake can be obtained by using the
material balance of filtration. Asymmetric polysulfone mem-
branes (PTTK) with a nominal molecular weight cut-off of
30,000 Da supplied by Millipore Corp. were employed.

Fig. 3 shows the pH dependence of the surface charge den-
sity o, and the zeta potential { of the proteins. The zeta po-
tential of the protein was measured using the electrophoretic
light scattering method developed by Otsuka Electronics Corp.
Also, the surface charge density on the protein was obtained
by proton titration measurements conducted by addition of 0.1
N hydrochloric acid or sodium hydroxide. It is clear that the
isoelectric point of BSA is about 4.9.

Fig. 4 shows the effect of pH on the properties of the fil-
ter cake formed in ultrafiltration of the BSA solution. It is
of interest and significance that the results are in contrast to
those for the rutile particles. It is clear that the lowest poros-
ity occurs around the isoelectric point. Thus, ¢, is much larg-
er near the isoelectric point.

Since the BSA molecules are hydrophilic colloids, their
stability in the solution would appear to be influenced not
only by the presence of a surface charge on the protein but
also by hydration of the surface layers of the protein. Thus,
the BSA molecules have water bound to them even around
the isoelectric point. The hydrophilic BSA molecules main-
tain a dispersed state in the solution due to hydration of the
surface layers of the protein even around the isoelectric point.
When a BSA molecule acquires a charge, the filter cake be-
comes loose and wet due to electrostatic repulsion between
the charged BSA molecules. This contrasts to the compact
cake around the isoelectric point.
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Fig. 4. Effect of pH on average porosity €,, and average spe-
cific filtration resistance o, of filter cake formed in ultra-
filtration of BSA solutions.

ANALYSIS OF DEAD-END ULTRAFILTRATION
BASED ON ULTRACENTRIFUGATION METHOD

In order to evaluate the flux decline and the cake struc-
ture in ultrafiltration of protein solutions, analytical ultracen-
trifugation experiments [Iritani et al., 1993, 1994, 1996] were
conducted in a Hitachi Model 282 ultracentrifuge equipped
with an optical system. The rotor speed ranged from 45,000
to 60,000 min~'. The distributions of the concentration, the
concentration gradient, and the refractive index gradient of the
solutions in a 1.5 mm double-sector centerpiece were meas-
ured over time using both the ultraviolet scanner absorption
system and Schlieren optics. In the sedimentation velocity ex-
periment, the sedimentation velocity was determined from the
displacement of the sedimentation boundary. In the high-speed
sedimentation equilibrium experiment, the equilibrium thick-
ness of the sediment of macromolecular solutes was meas-
ured after equilibrium was reached at a constant rotor speed.

At relatively high solution concentrations, there is an anal-
ogy between the sedimentation of a macromolecule in a sol-
vent and the permeation of a solvent through the filter cake
of macromolecules. The local specific flow resistance ¢ can
be calculated as [Iritani et al., 1993, 1994]

(Ps _p)rifz2 — Ps —p
HPsvy upsS

where 1; is the radial distance of the sedimentation boundary
from the center of rotation, Q is the angular velocity of the
rotor, U is the viscosity of the solvent, v, is the sedimenta-
tion velocity, and S is the sedimentation coefficient.

Thus, the relation between o and the volume fraction (1—¢)
of the solute may be written as [Iritani et al., 1993, 1994; Mi-
chaels and Bolger, 1962]
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Fig. 5. Relation between local specific flow resistance o and
porosity € of solution.

where d; is the average equivalent spherical diameter of sol-
utes, C, is the ratio of the volume of the hydrous protein mol-
ecule to volume of anhydrous protein molecule, and € is the
porosity of the solution.

Fig. 5 shows the permeability data obtained by measuring
the sedimentation velocities for a number of different solution
concentrations. The plots are virtually linear as would be ex-
pected from Eq. (3). It is apparent that o around the isoelec-
tric point is much smaller than that at pH 7 with the same
solution concentration. On the other hand, as shown previous-
ly, the average specific filtration resistance o, of the cake in
the ultrafiltration of BSA solutions reaches a definite max-
imum around the isoelectric point. In order to account for
this discrepancy, we conducted a high-speed sedimentation
equilibrium experiment.

If the local solute concentration of the cake formed in ul-
trafiltration is known, then the specific flow resistance o of
the cake can be evaluated by using the permeability data. There-
fore, it is necessary to evaluate the local solute. concentration
of the cake. We thus determined the compression data repre-
senting the relation between the local porosity € and the lo-
cal solute compressive pressure p, from high-speed sedimenta-
tion equilibrium experiments. If € is related to p, by Eq. (4),
the equilibrium thickness (R —r,) of the sediment is related to
the centrifugal acceleration RCY’ by Eq. (5) [Iritani et al., 1993,
1994; Murase et al., 1989].

1-e=Epf p, =p, “

m}—ﬂ

E(1-P)

where R is the distance from the center of rotation to the bot-
tom of the sediment, 1, is the distance from the center of ro-
tation to the surface of the sediment, and @, is the net solute
volume of the entire sediment per unit cross-sectional area. Be-

low pg, € is assumed to be constant, and is equal to the poros-
ity at pressure p,;. '

R-r, = {(0 — PREP} 6)
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Fig. 6. Relation between equilibrium thickness (R —r,) of sed-
iment and centrifugal acceleration RQ".

Fig. 6 represents the logarithmic plot of the equilibrium
thickness (R —r,) of the sediment against the centrifugal accel-
eration RQ®. The plot shows a linear relationship in accord-

ance with Eq. (5). It is interesting to note that the sediment

at the isoelectric point is much more compact than that at pH
7 because the BSA molecule carries no net charge at the iso-
electric point. Therefore, it would be expected that in protein
ultrafiltration a compact filter cake forms around the isoelec-
tric point. The relation between € and p, can be determined
from the plot in the figure using Eqgs. (4) and (5). On the basis
of these relations, the variations of the filtration rate in ultra-
filtration of protein solutions can be determined from the com-
pressible cake resistance model [Iritani et al., 1991a, 1993; Shi-
rato et al., 1969]. o

In Fig. 7, the results of unstirred dead-end ultrafiltration are
plotted in the form of the reciprocal filtration rate (d6/dv)
versus the filtrate volume v per unit membrane area. The fil-
tration rate around the isoelectric point is much smaller than
that at pH 7. The solid lines indicate the theoretical predic-
tions based on the compression-permeability data obtained in
analytical ultracentrifugation. The experimental data are in re-
latively good agreement with the theory, indicating that the com-
pressible cake resistance model accurately describes the ultra-
filtration behavior.

Fig. 8 shows the variations of the mass fraction ¢ of the

solute across the cake calculated on the basis of the ultracen-
trifugation data. In the compressible cake resistance model, the
solutes deposited on the membrane are treated as the cake,
and it is attributed to the hydraulic barrier. The cake tends to
have a much more compact structure at the membrane in com-
parison to the relatively loose condition at the surface because
the cake is compressible. Of considerable practical interest is
that this result is in agreement with that obtained for cake
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Fig. 7. Reciprocal filtration rate (d6/dv) as function of filtrate
volume v per unit membrane area.

filtration of particulate suspensions [Shirato et al,, 1971]. A
much more compact filter cake exhibiting a large resistance to
flow may form around the isoelectric point than that which
forms at pH 7. Consequently, the filtration rate at the isoelec-
tric point becomes lower than that at pH 7.

CAKE PROPERTIES IN ULTRAFILTRATION OF
BINARY PROTEIN MIXTURES

The properties of the cake formed on the retentive mem-
branes in dead-end ultrafiltration of binary protein mixtures
have been studied by using a mixture of the two proteins BSA
and egg white lysozyme (Nagase Biochemical Ind. Corp.) [Iri-
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Fig. 8. Distributions of solute concentration c in filter cake.
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Fig. 9. Dependence of average porosity ¢, and average spe-
cific filtration resistance o, on mixing ratio s,/s of pro-
teins in ultrafiltration of binary protein mixtures at pH
4.2.

tani et al., 1995b]. The molecular weight and the isoelectric
point of lysozyme are 14,300 Da and 11.0, respectively. It
can be seen from Fig. 3 that the lysozyme molecule has a net
positive charge within the experimental range of the solution
pH. Hydrophobic, polysulfone membranes (PTGC, Millipore
Corp.) were employed. The membranes are claimed to display
a nominal molecular weight cut-off of 10,000 Da, making it
essentially impermeable to both solutes.

In Fig. 9, the properties of the filter cake at pH 4.2 are
shown against the mixture ratio of the proteins, where s, is
the mass fraction of BSA in the solution, and s is the mass
fraction of total solutes in solution. Both proteins are electro-
positive at that pH. It is clear that the average porosity &, is

: 1015
1 .OO T I T l T l T T 1 ox
BSA/LYSOZYME _
s=6x103
pH 6.9 —8
C= 0
0.95J p = 98kPa ]
PTGC 6 O
= =
N E
o
w >
4 5
0.90
.
2
0_85 1 I 1 I i ] 2 I ] 0
0 0.2 0.4 0.6 0.8 1.0
sy/s []

Fig. 10. Dependence of average porosity €,, and average specif-
ic filtration resistance o,, on mixing ratio s,/s of pro-
teins in ultrafiltration of binary protein mixtures at
pH 6.9.

quite large. This is because only the electrostatic repulsive
force acts between the macromolecules forming the cake at
that pH. The decrease of the porosity €,, roughly corresponds
to the increase of the resistance o,,.

In Fig. 10, the typical results of ultrafiltration of the mix-
ed protein solutions at pH 6.9 are illustrated. The results are
in contrast to those shown in Fig. 9. Of particular importance
is the surprising result that the porosity €, shows a distinct
minimum. In the case of the single solute solutions, the av-
erage porosity is relatively large, since only an electrostatic
repulsive force acts between the solutes. In contrast, in the
mixed protein solutions, the BSA and lysozyme molecules
are oppositely charged at pH 6.9. Therefore, the average po-
rosity of the cake decreases markedly by adding the other
protein to the single protein solution because of a higher at-
traction between solutes. The resistance shows a definite max-
imum at the mixing ratio of about 0.6 because the most com-
pact cake forms at that mixing ratio. Therefore, the structure
of the filter cake has a major impact on the ultrafiltration
rate. To our knowledge, this is the first reported case which
has clarified the relation between the cake structure and the
filtration rate in ultrafiltration of binary protein mixtures.

FRACTIONATION PROPERTIES OF BSA AND
LYSOZYME BY ULTRAFILTRATION

The conventional downward ultrafiltration, where the fil-
trate flow is in the same direction to gravity, and the newly
developed upward ultrafiltration [Iritani et al., 1991b, 1992],
where the filtrate flow is in the opposite direction to gravity,
were conducted in an unstirred batch cell. Hydrophobic, po-
lysulfone membranes (PTTK, Millipore Corp.) were employ-
ed. The membrane has a nominal molecular weight cut-off
of 30,000 Da, making it essentially impermeable to BSA, but
permeable to lysozyme. The variations of the filtrate weight
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Fig.11. Variation of apparent lysozyme rejection R, with
permeate volume v per unit membrane area at pH 7.
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and each concentration of the two proteins in the filirate were
measured with time.

In Fig. 11, the apparent lysozyme rejection R, in ultra-
filtration of, binary protein mixtures containing equal amounts
of each protein is plotted against the cumulative filtrate vol-
ume v per unit membrane area, where ¢, is the concentration
of sodium chloride in the solution. The rejection is high dur-
ing ultrafiltration in the absence of sodium chloride. The
BSA molecule is negatively charged at pH 7, while the lyso-
zyme molecule has a net positive charge. The filter cake con-
sists of the mixture of the two proteins very well packed be-
cause of the attractive force associated with oppositely charg-
ed solutes. This results in the high rejection of lysozyme.
The lysozyme rejection decreases by the addition of sodium
chloride because charge-shielding between the protein mole-
cules reduces the electrostatic attraction between BSA and
lysozyme molecules. It should be emphasized that fractiona-
tion behaviors are largely affected by the solution environment
[Iritani et al., 1995a].

ROLE OF SOLVENT DENSITY IN
ULTRAFILTRATION BEHAVIOR

In upward ultrafiltration, the density of the protein mole-
cules is an important factor influencing the filtration rate [Ir-
itani et al., 1992, 1994]. In Fig. 12, the product of the stead-
y filtration rate q. in upward ultrafiltration and the viscosity
W is plotted against the density p of the solvent. The density
of the solvent was adjusted by adding appropriate amounts of
sucrose. The plots are remarkably linear. It is extremely im-
portant to note that increases in p bring about decreases in
ug.. Steady conditions in upward ultrafiltration may be achiev
ed because the cake is exfoliated continuously. Such a phe
nomenon is caused by the gravitational force acting on the
macrosolutes comprising the cake. Therefore, such an effect
becomes more pronounced with smaller density of the solvent.
It is of interest to note that extrapolation to puq=0 leads to
the value of the buoyant density of the solute in its solution
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Fig. 12. Effect of density p of solvent on steady filtration rate
q. in upward ultrafiltration of protein solutions.
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environment. The dry density of BSA is 1.364 g/cm® [Peters,
1985]. The buoyant density obtained from the upward ultrafil
tration experiments is smaller than the dry density due to hy
dration of the protein.

We can also obtain the buoyant density of the protein sol-
ute by ultracentrifugation experiments. In Fig. 13, the product
of the sedimentation coefficient S in ultracentrifugation and
the viscosity . is plotted against the density p of the solvent.
The plots are remarkably linear, as indicated by Eq. (2). Ex-
trapolation to uS=0 leads to the value of the buoyant den-
sity of the solute. The most striking result is that this value
is in excellent agreement with that obtained from the upward
ultrafiltration experiments.

CONCLUSIONS

The properties of the cake formed on the retentive mem-
branes were investigated for microfiltration of the particu-
late suspensions and ultrafiltration of protein solutions. The
results demonstrated that the electrostatic interactions between
solutes play a vital role in determining the filtration behaviors.
On the basis of an analytical ultracentrifugation, the variations

~ of the filtration rate and the properties of the filter cake in

dead-end ultrafiltration were evaluated well using a compres-
sible cake resistance model.

The characteristics of the ultrafiltration of the mixtures of
BSA and lysozyme were investigated by using the retentive
membrane and BSA-impermeable, lysozyme-permeable mem-
brane. The results demonstrated that the electrostatic interac-
tions between dissimilar molecules may control the filtration
rate and the solute rejection significantly.

It was shown that the solvent density p has a significant
effect on the steady filtration rate in upward ultrafiltration just
as it does on the sedimentation coefficient in ultracentrifuga-
tion.

NOMENCLATURE

C.  :ratio of volume of hydrous protein molecule to volume
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of anhydrous protein molecule
¢ :mass fraction of solute in filter cake
¢, :concentration of sodium chloride [mol/m’]
d; :average equivalent spherical diameter of solute [m]
E :constant in Eq. (4) [Pa "]
p  :applied filtration pressure [Pa]
ps : pressure below which € remains constant [Pa]
ps :local compressive pressure acting on solute [Pa]
q. :steady filtration rate [m/s]
R  :distance from center of rotation to bottom of sedimenta-

tion [m]
R,ss : apparent rejection
r;  :radial distance of sedimentation boundary from center of

rotation [m]
r, :distance from center of rotation to surface of sediment [m]
S :sedimentation coefficient [s/rad’]
s : mass fraction of solid or solute in slurry or solution
v :filtrate volume per unit effective membrane area [m]
vy :sedimentation velocity [m/s]
v :partial specific volume [mslkg]
W, :mass of dry cake [kg]
W, :mass of wet cake [kg]
x  :distance from membrane surface [m]

Greek Letters

: local specific filtration resistance [m/kg]

: average specific filtration resistance [m/kg]

: constant in Eq. (4)

: zeta potential [V]

: local porosity

: average porosity

: filtration time [s)

: viscosity of solvent [Pa-s]

: density of filtrate [kg/m’]

: density of solid or solute [kg/m’]

: surface charge density [C/m’]

: angle between filtrate flow and direction of gravity [rad]

: angular velocity [rad/s]

: net solute volume of entire filter cake per unit effective
membrane area [m]

g R

VTEOH O
<

gpeav®

Subscripts
b :BSA
) : lysozyme
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