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Experimental data are obtained for bovine serum albumin transport through
asymmelric polyethersulfone ultrafiltration membranes of differing molecular weight
cutoff in q stirred ultrafiltration device. The actual membrane sieving coefficient is
determined from filtrate concentration measurements using a stagnant film model
to account for bulk mass transport effects. These sieving coefficients are then used
to evaluate the relative contributions of diffusive and convective transport to the
overall protein flux. The results are in good agreement with available hydrodynamic
models for the hindrance factors for convective and diffusive transport of spherical
solutes through well-defined pores, with the effective solute to pore size ratio eval-
uated from a partitioning model that explicitly accounts for the ellipsoidal shape of
the protein and the membrane pore size distribution. The implications of these
results to the analysis of experimental data for membrane sieving and to the design

of effective protein fractionation devices are also discussed.

Introduction

Membrane ultrafiltration has become an increasingly im-
portant industrial process for the concentration and purifi-
cation of protein solutions. Most experimental and theoretical
studies of ultrafiltration have focused on systems in which the
membranes are either totally retentive or fully permeable to
the solutes of interest. There has been relatively little work on
macromolecular transport through partially retentive mem-
branes, despite its potential importance in separations of mul-
ticomponent protein solutions (for example, bioreactor
effluents) and in the specific fractionation of solutions con-
taining two or more proteins. The lack of effective separation
in previous studies of selective protein filtration, such as the
separation of albumin (MW = 69,000) from immunoglobulins
(MW = 155,000) (Sieberth et al., 1983; Oda and Inoue, 1983),
has often been attributed to the inadequate transport char-
acteristics of available ultrafiltration membranes, even though
there is little, if any, fundamental data available on macro-
molecular transport through the asymmetric membranes used
in these clinical and industrial applications.

The objective of this study was to obtain guantitative data
on combined convective and diffusive transport of bovine serum
albumin (BSA) through the highly constricted pores of asym-
metric ultrafiltration membranes with a range of nominal mo-
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lecular weight cutoffs. Experimental data for BSA sieving as
a function of filtrate flux were obtained using a stirred ul-
trafiltration cell, with the effects of concentration polarization
evaluated using a stagnant film model. This made it possible
to determine the diffusive and convective contributions to BSA
transport from data obtained during a single experimental run.
The experimental results were then compared with predictions
of hydrodynamic theory to examine the applicability of avail-
able hydrodynamic models, which are strictly limited to the
transport of spherical solutes in well-defined pores, to describe
protein transport through the highly constricted pores in asym-
metric ultrafiltration membranes.

Theoretical Background

Three distinct theoretical approaches have been used to de-
scribe transport in porous membranes: the Kedem-Katchalsky
analysis (Kedem and Katchalsky, 1958; Spiegler and Kedem,
1966); the Stefan-Maxwell multicomponent diffusion equa-
tions (Lightfoot, 1974; Robertson, 1989); and hydrodynamic
models (Anderson and Quinn, 1974; Deen, 1987). The first
two approaches are developed directly from the principles of
irreversible thermodynamics; they both lead to a set of phe-
nomenological equations relating the solute and solvent fluxes
to gradients in the pressure and concentration driving forces.
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In contrast, hydrodynamic models evaluate the solute flux by
directly solving the governing hydrodynamic equations for the
motion of a single solute in a well-defined pore, with the
resulting transport parameters expressed directly in terms of
the solute and pore characteristics. In all three approaches,
the solute flux through the membrane (NV,) is given by the sum
of the convective and diffusive contributions:

dc,
N,=K.VC,~KiDeo —

M

where C, is the radially averaged solute concentration in the
pore, V is the radially averaged solution velocity, and D, is
the free solution Brownian motion diffusivity. K. and K, are
the hindrance factors for convective and diffusive transport,
respectively. They both reflect the additional drag on the solute
molecule due to the presence of the pore walls.

Equation 1 can be integrated across the membrane, with the
solute concentrations in the membrane at the upper (z=0) and
lower (z=34,,) surfaces expressed in terms of the external con-
centrations (C, and C)) using the equilibrium partition coef-
ficient:
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The results are conveniently expressed in terms of the actual
sieving coefficient (S,), defined as the ratio of the solute con-
centration in the filtrate (Cy) to that at the upper surface of
the membrane (C,) (Anderson and Quinn, 1974; Spiegler and
Kedem, 1966):

Cr S.exp(Pe,,)
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where
Se = ¢Kc (4)

is the asymptotic value of the sieving coefficient attained at
infinite Peclet numbers (Pe,,):
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with §,, the membrane thickness. The second equality in Eq.
5 is developed by substitution of Eq. 4; the quantity ¢K, is
simply equal to the ratio of the effective diffusion coefficient
through the membrane (D) to that in free solution. At small
Peclet numbers, solute transport is governed primarily by dif-
fusion, thus the solute concentrations on the two sides of the
membrane become nearly equal and the sieving coefficient
approaches unity. Equation 3 was originally developed by Spie-
gler and Kedem (1966) in terms of the membrane rejection
coefficient:

R=1-8, (6)
with the asymptotic value of the rejection coefficient at large
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Pe,, equal to the Staverman reflection coefficient, ¢,. Equation
3 has also been developed using the Stefan-Maxwell equations
(Robertson and Zydney, 1988) with S, and ¢K, given in terms
of the Stefan-Maxwell diffusivities.

Hydrodynamic analyses

Deen (1987) has recently reviewed the previous work on
hydrodynamic analyses of hindered transport, thus the fol-
lowing discussion will consider only those points most pertinent
to our analysis. Although general approaches for the analysis
of hindered transport of rigid solutes in pores of arbitrary
shape have been developed (Anderson and Quinn, 1974; Bren-
ner and Gaydos, 1977), the necessary hydrodynamic coeffi-
cients are unavailable even for relatively simple axisymmetric
solutes or pores. Analytical expressions have been developed
for spherical solutes in cylindrical pores using the centerline
approximation (Lane, 1950; Renkin, 1954; Anderson and
Quinn, 1974; Bungay and Brenner, 1973). Bungay and Brenner
(1973) developed expressions for K, and K, which are valid for
all values of the ratio of the solute (R,) to pore (R,) radii (A)
using matched asymptotic expansions for both small and close
fitting spheres yielding:

6w
K= X 0]
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where the equilibrium partition coefficient (¢) for a spherical
solute in a cylindrical pore is simply (Renkin, 1954; Giddings
et al., 1968):

¢=(1-N’ 9

The functions K and K, are both expressed as expansions in
Al
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with the coefficients a, and b, given in Table 1. Equations 7
to 10 are in good agreement with more rigorous analyses of
hindered diffusion valid for A <0.1 (Brenner and Gaydos, 1977)

Table 1. Expansion Coefficients for Hydrodynamic Functions
K, and K, in Eq. 10

Subscript n a, b,

1 —73/60 7/60

2 77,293/50,400 —2,227/50,400
3 —22.5083 4.0180

4 —5.6117 —3.9788

b —0.3363 —-1.9215

6 -1.216 4,392

7 1.647 5.006
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and A>0.9 (Mavrovouniotis and Brenner, 1988) developed by
explicitly averaging the local solute concentration in the pore
over the radial direction. More recent analyses have extended
these results to include the effects of solute concentration
(Adamski and Anderson, 1983; Mitchell and Deen, 1986) and
electrostatic interactions (Smith and Deen, 1983; Mitchell and
Deen, 1984).

Analytical results for K; and K, for slit-shaped pores are
more limited, but expansions have been obtained for spherical
solutes using the centerline approximation (Happel and Bren-
ner, 1983):

K;=1-1.004\+0.418\ +0.21N - 0.169X° + O(\%)  (11)

3—¢’ A
K.= I——+0W
=5 ( 3 ( )) (12)
where A=R,/h with h the slit half-width. In this case, the
partition coefficient is given as:

o=1-XA (13)

Although general analytical expressions for the hindrance
factors and partition coefficient for nonspherical solutes in
pores of arbitrary geometry are unavailable, Giddings et al.
(1968) showed that the partitioning behavior of a wide range
of solutes in different pore geometries was governed primarily
by the quantity:

A*=R*/2s (14)

where R* is the mean projected solute radius (R* =R, for a
sphere) and s is the specific area of the pore, equal to the pore
volume (V) divided by the pore surface area (S,). Giddings et
al.’s formulation has been shown to be in good agreement with
Monte Carlo calculations of the partitioning of rigid, non-
spherical particles in pores of several different geometries
(Limbach et al., 1989). For rigid solutes in an isotropic porous
network formed by a random arrangement of parallel planes,
Giddings et al. (1968) showed that the partition coefficient was
given as:

& =exp(—2\%) s)
independent of the solute geometry.

Comparison with experimental data

Most experimental studies of hindered transport have em-
ployed track-etched polycarbonate membranes with uniform
well-defined cylindrical pores or track-etched mica membranes
with rhomboidal pores. Experimental data for the hindered
diffusion coefficient for ficoll (Deen et al., 1981; Bohrer et
al., 1984), a variety of small macromolecules (Beck and Schultz,
1972) and asphaltenes (Baltus and Anderson, 1983) were all
in relatively good agreement with available hydrodynamic
models, although the data were limited primarily to large pores
(A <0.5). Results for protein diffusion are more limited. Wong
and Quinn (1976) obtained data for BSA diffusion through
mica membranes, which indicated that the effective pore size
was reduced by a monolayer of adsorbed BSA. However, even
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when this adsorbed layer was taken into account, the data were
about a factor of two smaller than predicted. Subsequent stud-
ies of BSA partitioning suggested that this discrepancy was
due to electrostatic effects (Rodilosso, 1984), although the
details of the adsorbed BSA layer, the rhomboidal pore ge-
ometry, and the ellipsoidal shape of the albumin molecule
39 A x 139 A) may also have contributed to these results.

Experimental data for convective transport (that is, for S.,)
are more scattered and show much greater discrepancies with
hydrodynamic models. For example, Zeman and Wales (1981)
and Long et al. (1981) reported data for S, for dextrans which
were in relatively good agreement with theoretical predictions,
while Mitchell and Deen (1986) reported data that were much
smaller than predicted. Experimental data for BSA sieving
(Munch et al., 1979; Mitchell and Deen, 1986) indicate that
BSA adsorption reduces the effective pore size, and Mitchell
and Deen (1984) have demonstrated that electrostatic inter-
actions may also be important. But even when these effects
were taken into account, the results were smaller than the
predicted values by as much as a factor of two even for rel-
atively large pores (A between 0.1 and 0.2). Schultz et al. (1979)
evaluated S, for BSA and IgG from measurements of the
osmotic reflection coefficient (g,), with S, =1 — g, (Anderson,
1981), but the data were highly scattered making it difficult
to draw any definite conclusions regarding the accuracy of the
hydrodynamic predictions. The reason for this discrepancy in
the results for solute sieving has not been clarified.

In addition to these studies with track-etched membranes,
there have also been a few important investigations of solute
transport through asymmetric ultrafiltration membranes. Na-
kao and Kimura (1981) evaluated the actual sieving coefficient
for small solutes (molecular weight from 90 to 3,000) through
cellulose acetate membranes. The flux dependence for S, was
in good agreement with Eq. 3 allowing the evaluation of both
S. and ¢K,. The S, values for different solutes were well
described using hydrodynamic models, with the effective pore
radius evaluated by fitting the S, data to the model. In con-
trast, the results for ¢K, were in poor agreement with theory,
which Nakao and Kimura (1981) attributed to the extensive
pore connectivity in the cellulose acetate membranes. The dif-
fusion data were instead fit to available hydrodynamic models
with the effective pore length assumed to be a function of
solute size. The results were well described by an inverse de-
pendence of pore length on the cube of the solute diameter,
although there is no independent justification for this type of
dependence.

Tsapuik et al. (1990) recently measured the sieving coeffi-
cient of several small solutes (MW 92 to 342) and polyethylene
glycols (MW 400 to 40,000) through cellulose acetate, poly-
sulfonamide, and track-etched polyethylene terephthalate
membranes. The results were consistent with the flux depend-
ence given by Eq. 3. No comparison with hydrodynamic theory
was presented. Instead, Tsapuik et al. (1990) analyzed the data
by assuming that S.. =¢ and that D./D,, =¢*. The effective
membrane thickness (8,,) was then evaluated from the sieving
data for each solute using Eq. 3. §,, decreased with increasing
solute molecular weight for the cellulose acetate membranes,
but was independent of molecular weight for the track-etched
membrane. It is difficult to draw any definite conclusions from
these results, since the assumption that S, =¢ neglects any
hindrance effects on convection and the assumption that
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D./Ds=4¢* is not strictly consistent with any available hy-
drodynamic analyses.

Robertson and Zydney (1990b) recently obtained data for
BSA diffusion through the same polyethersulfone membranes
used in this study. The diffusion coefficient in the membrane
skin was evaluated by subtracting off the contributions from
the membrane support structure. Robertson and Zydney (1988)
also obtained data for BSA sieving in an unstirred batch fil-
tration device for a 50,000-molecular-weight cutoff membrane,
which indicated that the flux dependence for S, was well de-
scribed by Eq. 3. These results are discussed in more detail in
conjunction with the data obtained in the current investigation.

In summary, experimental data for hindered transport
through partially permeable asymmetric ultrafiltration mem-
branes are highly limited, with the work by Nakao and Kimura
(1981) and more recently by Tsapuik et al. (1990) confined to
small solutes and flexible polymers. Essentially no results are
available for globular proteins like BSA. In addition, these
previous studies provide little guidance as to whether available
hydrodynamic models can be used to describe protein transport
through the highly constricted and irregular pores in asym-
metric membranes or how to best define the effective solute
and pore size under these conditions.

The objectives of this work were (a) to obtain quantitative
data for BSA transport through asymmetric ultrafiltration
membranes as a function of flux; (b) to use the data to evaluate
the hydrodynamic parameters describing convective (S.) and
diffusive (¢K,) solute transport; and (c) to determine if avail-
able hydrodynamic models for the transport of spherical sol-
utes through well-defined pores can provide an accurate
description of protein transport through asymmetric ultrafil-
tration membranes using appropriate definitions for the ef-
fective solute and pore size.

Materials and Methods

All ultrafiltration experiments were performed with solu-
tions of bovine serum albumin with concentrations from 1 to
25 g/L. The solutions were prepared by dissolving BSA powder
(Cohn fraction V, Sigma Chemicals) in 0.15 M Nacl that had
been prefiltered through a 1,000,000 (1-M)-molecular-weight
cutoff polyethersulfone membrane (Filtron Corporation,
Northborough, MA). The solution pH was adjusted to 6.8-
7.0 using small amounts of 0.1-M NaOH or HCI as required.
The protein solutions were then prefiltered through a 100,000
(100-K) molecular weight cutoff membrane (a 1-M membrane
was used for the 25-g/L solution) prior to use. Microscopic
observation of the filtered BSA solutions confirmed that they
were free of aggregates and micro-organisms. The BSA so-
lutions were stored at 4°C and used within 2 days of prepa-
ration.

Protein concentrations were determined spectrophotomet-
rically by reaction of BSA with bromcresol green (Sigma Chem-
icals). The absorbance of the resulting blue-green complex was
measured at 628 nm using a Perkin-Elmer Lambda 4B Spec-
trophotometer (Perkin Elmer, Norwalk, CT) and compared
to that of BSA standards of known concentration. Protein
concentrations could be measured accurately to within +0.1
g/L.

The majority of the protein filtration experiments were per-
formed using OMEGA polyethersulfone ultrafiltration mem-
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branes, provided by Filtron Corporation (Northborough, MA),
with molecular weight cutoffs ranging from 50,000 to
1,000,000. These membranes are anisotropic consisting of: (1)
an ultrathin functional polyethersulfone skin (approximately
0.5 pm thick), which determines the sieving properties of the
membrane; (2) a porous polyethersulfone substructure (ap-
proximately 50 pm thick); and (3) a porous support matrix
(approximately 230 um thick) made of Tyvek (DuPont Co.,
Wilmington, DE). In addition, limited experimental data were
obtained with 0.01-um track-etched polycarbonate membranes
(Poretics, Livermore, CA) with well-defined cylindrical pores
(approximately 6 um thick). All membranes were flushed with
filtered deionized distilled water prior to use (this removed the
glycerine used as a wetting agent in the polyethersulfone mem-
branes) using at least 100 L of water per m” of membrane area.

Previous data for BSA adsorption to the polyethersuifone
membranes indicated that equilibrium adsorption was not at-
tained until after 10 to 12 hours due to diffusional limitations
within the porous membrane (Robertson and Zydney, 1990a).
All membranes were thus soaked in a BSA solution of the
same concentration as that to be used in the sieving experiments
for approximately 24 h at 4°C prior to use. The membrane
was then gently rinsed in 0.15-M saline to remove any labile
protein, and the hydraulic permeability was evaluated as de-
scribed below.

Protein filtration

All filtration experiments were conducted using a 25-mm-
diameter Amicon UF cell (Model 8010, Amicon Corporation,
Danvers, MA) connected to a 1-L reservoir containing either
the saline or protein solution. The transmembrane pressure
was set by adjusting the height of the solution reservoir (for
pressures less than 14 kPa, 2 psi) or by air pressurization of
the reservoir. The pressure on the filtrate side was approxi-
mately atmospheric under all conditions. All experiments were
conducted at room temperature (22 +3°C).

The membrane was mounted in the stirred cell and the entire
apparatus was carefully filled with saline to eliminate any en-
trapped air bubbles in the cell and associated tubing. The
hydraulic permeability of the membrane was evaluated by
measuring the saline flow rate via timed collection as a function
of applied pressure. The filtrate port was then clamped, the
saline solution replaced with a protein solution, and the desired
applied pressure established by adjusting the reservoir height
or the air pressure regulator. The stirrer was then set at the
desired rotational speed (previously calibrated using a strobe
light), after which the feed and filtrate ports were unclamped.
Data collection was begun after the system attained stable
operation, that is, after filtration for a minimum of 2 minutes
and after collection of a minimum of 500 uL of filtrate, with
the latter required to wash out the dead volume downstream
of the membrane in the stirred cell (approximately 200 uL).
Filtrate flow rates were evaluated using timed collection with
the filtrate mass determined using a Sartorius digital balance
with accuracy of =1 mg (Model 1518 Sartorius, Westbury,
NY). The BSA concentration in the filtrate was determined
spectrophotometrically as described previously. Results are re-
ported as the mean of three consecutive measurements obtained
for each set of experimental conditions. In all cases, the three
repeat measurements for both flux and concentration were
within-8%.
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The filtrate port was then clamped and a small sample (ap-
proximately 100 uL) was taken directly from the stirred cell
to evaluate the bulk protein concentration. The stirred cell was
then emptied and refilled with saline. The saline flux was re-
evaluated, with the experiments continued only if the flux
differed by less than 5% from the value determined at the start
of the experimental run. The protein solution was then returned
to the stirred cell and the entire procedure repeated at a new
applied pressure. To minimize protein deposition, data were
obtained by monotonically increasing the flux (by increasing
the applied pressure), with several data points obtained at the
end of the run at a low flux to verify that there were no changes
in membrane properties during the experimental run.

Experimental data for the filtrate concentration were used
to evaluate the actual membrane sieving coefficient (S,) by
accounting for the effects of concentration polarization, the
formation of a concentration boundary layer above the mem-
brane. The complex hydrodynamics in the stirred cell do not
permit the development of an analytical solution for the protein
concentration profiles above the membrane, thus a stagnant
film model (Blatt et al., 1970) was used to relate the actual
sieving coefficient (S,=C,/C,) to the observed sieving coef-
ficient (S,= C,/C,):

S,

Sa= (1=S,)exp (J,/k) +8,

(16)

where J, is the superficial velocity (J,= eV with e the membrane
porosity) and k& is the mass transfer coefficient averaged over
the membrane surface. Experimental measurements of the rate
of benzoic acid dissolution (Smith et al., 1968) and the rate
of solute diffusion across mica membranes (Malone and An-
derson, 1977) indicate that for laminar flow (Re < 32,000, which
corresponds to w< 2,300 rpm in our system) the mass transfer
coefficient is given as:

g — WRE567 033 a7

=)

where Re=wr’/v is the Reynolds number, Sc=»/D, the
Schmidt number, r the radius of the stirred cell, w the stirring
speed, and v the kinematic viscosity. Equations 16 and 17 have
also been used by Mitchell and Deen (1986) in their analysis
of BSA rejection by track-etched polycarbonate membranes,
with the Re exponent evaluated as 0.537 using a polarographic
technique. The coefficient ¥ is a function of device geometry
(Smith et al., 1968) and possibly membrane porosity (Malone
and Anderson, 1977). We evaluated the parameter ¥ by com-
parison of experimental data for the filtrate flux for BSA
solutions through highly retentive membranes with model cal-
culations as described in the Appendix. The results gave
¥ =0.23, about 17% less than the value given by the correlation
developed by Smith et al. (1968).

Results and Analysis

Experimental data for the observed (upper panel) and actual
(lower panel) sieving coefficients for filtration of a 5-g/L BSA
solution through an OMEGA 100-K membrane at a stirring
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Figure 1. Observed (top panel) and actual (bottom panel)
sieving coefficients vs. filtrate flux for a single
100-K membrane used on two separate days.

Solid curves represent model fit with parameters shown. C,=35
g/L and k=5.2x10"¢ m/s.

speed of 600 rpm are shown as a function of filtrate flux (J,)
in Figure 1. The actual sieving coefficients were evaluated
directly from the data for S, at each filtrate flux using the
stagnant film model (Eq. 16), with the mass transfer coefficient
at 600 rpm calculated from Eq. 17 as k=5.2x 107 m/s. All
the data in Figure 1 were obtained with a single OMEGA
100-K membrane used on two separate days, with the mem-
brane stored in 0.15-M NaCl at 4°C in-between the two runs
(approximately 48 h). The data obtained from these two runs
were in excellent agreement, indicating that protein deposition
or membrane fouling was negligible under these experimental
conditions. This was also consistent with the saline flux data
obtained between the different filtrate concentration meas-
urements, all of which were within +3%. Scanning electron
micrographs of the membranes obtained before and after fil-
tration also showed that these membranes remained free of
any protein deposit or microorganisms. In contrast, earlier
experiments performed using unfiltered BSA solutions showed
a substantial decline in saline flux over time due to protein
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Table 2. Transport Parameters for Different OMEGA 100-K Membranes

Mean
C, w L, edpKy Correlation Deviation

Membrane (g/L) (rpm) (m x 10'%) S. (x10% Coefficient (E)
A 5 600 2.0 0.037 £0.004 0.40+0.02 0.67 0.08

S 1,300 2.0 0.0603-0.003 0.3930.04 0.65 0.13

10 1,300 2.0 0.021+0.01 0.59+0.15 0.87 0.08

25 1,300 2.0 0.041+0.02 0.42+0.16 0.94 0.04

B 3.5 600 2.8 0.023+0.01 0.55+0.04 0.90 0.05

C 1.2 600 35 0.12 x0.01 0.70+0.04 0.88 0.03

deposition on the upper surface of the membrane (Opong and
Zydney, 1991).

The solid and dashed curves in Figure 1 represent the cal-
culated values of S, and S,, respectively, evaluated from Egs.
3 and 16 using the best fit values of S, and e¢K,. These best
fit values were determined by minimizing the sum of the squared
residuals between predicted and experimental values for S,
using the method of steepest descent. The membrane porosity
(¢) multiplies ¢K, since the results are expressed in terms of
the filtrate flux (J,), instead of the average solution velocity
in the pore (V= J,/¢). The actual value of epK, was determined
using a free solution diffusion coefficient of Do, =6.7x 107"
m?/s at 25°C (Keller et al., 1971) and a membrane skin thick-
ness of §,=0.5 um as provided by the manufacturer. The
possible effects of the membrane substructure and matrix on
these results are discussed subsequently.

The fitted curves for S, and S, are both in good agreement
with the experimental data over the entire range of filtrate flux,
indicating that Eq. 3 accurately describes the flux dependence
of the actual membrane sieving coefficient and that Eq. 16
accurately describes the concentration polarization phenom-
enon in the stirred cell with k=5.2x107° m/s. The actual
sieving coefficient decreases with increasing flux, approaching
its asymptotic value S, =0.037 above J,= 10™* m/s due to the
reduction in the contribution of solute diffusion relative to
convection. The observed sieving coefficient is approximately
equal to the actual sieving coefficient at low flux, but then
begins to peel away from S, due to the increase in the extent
of concentration polarization with increasing flux. The ob-
served sieving coefficient goes through a minimum at a filtrate
flux of about 5x 107° m/s, before increasing to essentially
unity above a flux of about 3 x 10> m/s due to the high degree
of polarization. Note that for this run, the minimum value of
the observed sieving coefficient, S,=0.2, is almost an order
of magnitude larger than the asymptotic sieving coefficient
(S =0.037). Thus, for the OMEGA 100-K membrane it is
impossible to measure directly S, without employing substan-
tially higher stirring speeds (corresponding to substantiaily
larger mass transfer coefficients). This effect is discussed in
more detail subsequently.

Table 2 summarizes the results for S, and ¢¢K, for several
OMEGA 100-K membranes, all cut from a single large flat
sheet. The best fit values for S,, and e¢K, were determined as
before with the mass transfer coefficients evaluated from Eq.
17. The standard deviations in the fitted parameters were all
quite small. The correlation coefficients between the param-
eters were generally less than 0.9 (except for the run at
25 g/L) indicating that both S, and e¢K, could be accurately
determined from the filtrate concentration data obtained in
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the stirred cell. The mean square deviations between the ex-
perimental and calculated values for the observed sieving coef-
ficient weighted by the experimental values,

1 ¥ <s -8 1>2
E - = 0,eXp o,calc (18)
‘\/N g]: So,exp

were all less than 15% (and were generally less than 8%), again
indicating that Eqs. 3 and 16 accurately describe the flux de-
pendence of the observed sieving coefficient with the mass
transfer coefficient given by Eq. 17 with ¥ =0.23.

The data for membrane A4 at 1,300 rpm were obtained several
weeks after the runs at 600 rpm (data shown in Figure 1), with
the membrane stored in 0.15-M NaCl at 4°C between these
experiments. The variability in the values of S, and e¢K, de-
termined for membrane A reflects the errors inherent in the
evaluation of these two parameters from data for the observed
sieving coefficient obtained in the stirred apparatus. Our results
could not confirm the existence of a concentration dependence
for either S, or e¢K,, although it should be noted that the
protein concentration at the membrane surface (C,) is actually
a complex function not only of C, but also of the filtrate flux
and mass transfer coefficient. The variability in the values for
S (0.021 to 0.12) and €K, (3.9x 1073 to 7.0x 1073) for the
different 100-K membranes is similar to that reported previ-
ously for protein uptake and hydraulic permeability (Robert-
son and Zydney, 1990a) and for hindered diffusion (Robertson
and Zydney, 1990b). Note that the somewhat larger values of
S. and €K, obtained with membrane C are consistent with
the somewhat larger permeability (L,) of this membrane.

Experimental data for the observed and actual sieving coef-
ficients for an OMEGA 50-K membrane (obtained at 600 rpm
and 25 g/L) and an OMEGA 300-K membrane (obtained at
1,300 rpm and 25 g/L) are shown in Figures 2 and 3. Again
there was no evidence of any membrane fouling during these
experiments. The observed sieving coefficients for both mem-
branes display the characteristic minimum arising from the
competing effects of concentration polarization and the flux
dependence of the actual sieving coefficient. The actual sieving
coefficients decay monotonically to their asymptotic values of
S8,=0.001 for the 50-K membrane and S,=0.48 for the
300-K membrane. The solid curves are model calculations, with
the best fit values of the parameters (S, and e¢K,) determined
as before and shown in Table 3. The agreement between model
and data is excellent for both membranes, again indicating
that the transport behavior is well described by Eqs. 3 and 16.

The best fit values, standard deviations, and correlation
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Figure 2. Observed and actual sieving coefficients for
a 50-K membrane.

Solid curves represent model fit with parameters shown, C,=25
g/L and k=5.2x10"% m/s.

coefficients for S,, and e¢pK; for the different molecular weight
cutoff membranes are summarized in Table 3 along with the
measured values of the hydraulic permeability (L,). The stand-
ard deviations were determined from the fit to the S, data for
a single membrane; the variability between membranes was
substantially larger as shown in Table 2. The standard devia-
tions for all the parameters were quite small, and the mean
square deviations were all less than 15%. The high correlation
coefficients between S,, and e¢ K, for the 300-K and 1-M mem-
branes reflects the difficulty in fitting both of these parameters
independently when the S, data are all relatively close to unity.
Both S, and e¢K, increase with increasing membrane molec-
ular weight cutoff, with e¢K, having a much greater depend-
ence than S..

Also shown in Table 3 are results obtained with two
0.01-um track-etched polycarbonate membranes, one used at
a bulk protein concentration of 25 g/L (membrane A) and one
at 5 g/L (membrane B). Values for e¢K, could not be deter-
mined for these membranes because of the difficulty in ob-
taining data in the flux-dependent regime for S, due to the
large value of §,, (6 um) and the very small porosity (¢ <0.01).
In addition, the membrane permeability decayed significantly
over the course of these experiments, similar to the fouling
behavior reported previously by Mitchell and Deen (1986) for
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Figure 3. Observed and actual sieving coefficients for
a 300-K membrane.

Solid curves represent model fit with parameters shown. C,=25
g/L and k=8.0x10"° m/s.

small-pore track-etched membranes. The slightly larger value
of S, for membrane B may reflect a slightly larger pore size
for this membrane, which would be consistent with the larger
value of the permeability. The asymptotic sieving coefficients
for the 0.01-um polycarbonate membranes were slightly smaller
than those obtained with the 300-K polyethersulfone mem-
brane. These effects are discussed in more detail in the fol-
lowing section.

Comparison with hydrodynamic theory

To compare our experimental data for the hindered diffusion
coefficient (¢K,) with hydrodynamic predictions, it is first
necessary to evaluate the porosity of the membrane skin. The
skin porosity for the native polyethersulfone membranes (e,)
is 0.8 as provided by the manufacturer. The porosity after
protein adsorption was evaluated from experimental data for
protein uptake by the polyethersulfone membranes (Robertson
and Zydney, 1990a) as:

m
ppAdy,

€=¢,—

19)

where m is the mass of protein adsorbed in the skin layer of

Table 3. Transport Parameters for Different Molecular Weight Cutoff Polyethersulfone and Track-Etched Polycarbonate

Membranes
Mean
L, €K, Correlation Deviation

Membrane (mx 10'%) So (x 10% Coefficient (E)
50-K 0.93 0.001 +£0.0001 0.0033 +0.0005 0.42 0.15
100-K 2.0 0.037 +£0.004 0.40 +0.02 0.67 0.08
300-K 4.1 0.48 +0.05 5.0 0.7 0.98 0.01
1-M 5.9 0.58 +£0.10 5.1 +1.8 0.96 0.03
0.01-um (A) 0.03 0.28 +£0.01 — — 0.03
0.01-um (B) 0.04 0.37 +£0.02 — — 0.07
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Table 4. Porosity (¢), Specific Surface Area (s), and Equivalent
Size Ratio (A’) for the Polyethersulfone Membranes

Membrane € s (A) A’

50-K 0.77+0.05 11+0.4 0.83+0.01
100-K 0.51+£0.06 20+£1.2 0.64 +£0.02
300-K 0.25+0.10 41+8.1 0.39+£0.06
M 0.50+0.16 3455 0.44+£0.05

the membrane, p, is the density of BSA (1.34x 10’ kg/m’),
and A is the membrane cross-sectional area. The mass of ad-
sorbed protein in the skin was evaluated from data for the
total protein uptake by subtracting off the contributions of
the membrane substructure and matrix as described elsewhere
(Robertson and Zydney, 1990a). The calculated values of the
skin porosity for the different polyethersulfone membranes
are shown in the second column of Table 4. Differences in
porosity for the different molecular weight cutoff membranes
reflect the differences in pore accessibility and pore surface
area as discussed by Robertson and Zydney (1990a,b).

The best fit values for the hindered diffusion coefficient
(9K ), evaluated from the e¢K, values in Tables 2 and 3 with
the porosity given in Table 4, are plotted in Figure 4 as a
function of S, for the different polyethersuifone membranes.
The error bars represent the standard deviations in the param-
eters as given in Table 3. No error bars are shown for the 50-
K and 100-K membranes since they were quite small and lie
within the range covered by the symbols. According to hy-
drodynamic theory, the hindered diffusion coefficient (¢K,)
and the asymptotic sieving coefficient (S.,) are unique functions
of A, with the specific functionality determined by the detailed
pore geometry and the magnitude of any long-range interac-
tions. The solid lines in Figure 4 are the predicted dependence
of K, on S, for spherical solutes in cylindrical (Egs. 7 to 10)
and slit-shaped (Egs. 11 to 13) pores, in both cases neglecting
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Figure 4. Best fit values for the hindered diffusivity as
a function of the asymptotic sieving coeffi-
cient.

Solid curves are for spherical solutes in cylindrical (Egs. 7 to 10)
and slit-shaped (Egs. 11 to 13) pores.
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electrostatic interactions. The data are bounded by the two
curves, indicating that available hydrodynamic models for
hindered transport through idealized pores are able to provide
important insights into the transport of globular proteins like
BSA through the highly irregular pores characteristic of asym-
metric ultrafiltration membranes.

Since no data were available for the detaile¢ pore mor-
phology and pore size distribution in the OMEGA membranes,
it was not possible to rigorously compare our results with a
priori predictions for S,, and ¢K,;. The situation is complicated
further by the lack of any rigorous model for sieving or hind-
ered diffusion for nonspherical solutes in even the simplest
pore geometries. We thus chose to compare our experimental
results with predictions of hydrodynamic theory using a semi-
quantitative analysis developed by Robertson and Zydney
(1990b). The partition coefficients for BSA in the different
molecular weight cutoff membranes were evaluated using the
model developed by Giddings et al. (1968) for partitioning of
rigid solutes in a porous network formed by random inter-
secting parallel planes (Eq. 15). This model accounts for the
presence of a pore size distribution in the membrane through
the evaluation of ¢, and it accounts for the ellipsoidal shape
of BSA through the evaluation of the mean projected solute
radius:

R* 1 1
e S | 2y
b =4 a2 nler @ - D

20)
where b is the major axis and « the aspect ratio. For BSA,
b=139 A and 0 =3.56 (Cooney, 1976) giving a mean projected
solute radius of 40.3 A. The specific pore surface area (s) was
evaluated from the permeability of the membrane skin (L,)
using the Kozeny-Carman equation:

es?

@n

where the Kozeny constant (k) is typically about 5 for a
random porous media (Macdonald et al., 1979) and k&, =2 for
a system with true cylindrical pores. All calculations reported
in this manuscript employed &, = 2. The hydraulic permeability
of the skin was evaluated from data for the overall permeability
by subtracting off the contributions from the substructure and
matrix as described by Robertson and Zydney (1990a).

The equilibrium partition coefficients for the different mo-
lecular weight cutoff membranes were evaluated directly from
Eq. 15 using the results for the specific surface area of the
pore. The size ratio for an equivalent spherical solute in a
cylindrical pore (A’) was then evaluated from the partition
coefficient using Eq. 9:

N=1-/¢ (22)

with the results summarized in the last column of Table 4,
[Note that Robertson and Zydney (1990b) evaluated R* as the
mean projected solute diameter instead of the radius, but then
used this value in Eq. 15 as if it were the radius; this resulted
in a factor of two error in their values for \* and a corre-
sponding error in both ¢ and \’.]

The experimental data for S, and ¢K, are plotted in Figure

Vol. 37, No. 10 AIChE Journal



107 ¢
Q‘J 3
.e r
- Bet|
S 10
%3
£ 402
0
(5}
5 . 3
8 10°F
R4
% -4{ |Membrane S PKd
S 107F [PES o e
8 b | Polycarbonate [ o
2 .5
I 10' 1 a 1 — 1 A i
0 0.2 0.4 0.6 0.8 1.0

Equivalent Size Ratio ()}

Figure 5. Comparison of experimental results for hind-
ered diffusion (¢K,) and sieving (S..) with hy-
drodynamic predictions (Egs. 7 to 10).

5 as a function of the equivalent size ratio \’. The solid lines
represent the theoretical predictions evaluated from the hy-
drodynamic analysis of Bungay and Brenner (1973) for spher-
ical solutes in cylindrical pores, with X replaced by the equivalent
size ratio A’ in Egs. 7 to 10. The data for the hindered diffusion
coefficient are in relatively good agreement with the theory,
with the values for the large-pore membranes slightly above
the theoretical curve while that for the 5S0-K membrane is
slightly below the theory. Very similar results would be ob-
tained using the Stokes-Einstein radius for BSA (36 A), since
it is only slightly smaller than the mean projected solute radius
(R*=40.3 A) used in our analysis.

The S, values for the 300-K and 1-M membranes are also
in relatively good agreement with the model, but the sieving
results for the 50-K and 100-K membranes fall well below the
predicted curve. Note that if a larger value of the Kozeny
constant were employed in the calculations, the data for both
S. and ¢K, would be shifted to smaller \’, increasing the
discrepancy between the theory and data for the 50-K and 100-
K membranes. The unexpectedly small values of S, for the
50-K and 100-K membranes may be due to the presence of a
substantial number of very small pores which are inaccessible
to protein but still permit significant solvent flow. This ‘‘ex-
cess’’ solvent flow would reduce the apparent value of the
asymptotic sieving coefficient while leaving the hindered dif-
fusion coefficient in the “‘open’’ pores largely unaffected. Note
that this effect may be influenced significantly by BSA ad-
sorption in these small molecular weight cutoff membranes,
which would tend to ‘‘block’ a significant number of pores
to subsequent protein transport but still leave them accessible
to solvent flow, a phenomenon suggested by Robertson and
Zydney (1990b) in their analysis of hindered protein diffusion.

Also shown in Figure 5 are the S, values for the 0.01-um
polycarbonate membranes. The effective pore radii for these
membranes were calculated directly from the membrane
permeability in Table 3 assuming Poiseuille flow using the pore
density provided by the manufacturer (6 x 10'2 pores/m?). This
gave a pore radius of about 0.015 um, substantially larger than
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Figure 6. Model predictions for observed sieving coef-
ficient vs. filtrate flux for several mass transfer
coefficients for A’ =0.4 (top panel)and A\’ =0.8
(bottom panel).

the nominal pore radius given by the manufacturer, but similar
to the pore radii evaluated by Mitchell and Deen (1986) for
Nuclepore track-etched polycarbonate membranes. The equiv-
alent size ratio was then evaluated as the ratio of the mean
projected solute radius (R*) to the cylindrical pore radius (R,).
The best fit values for S, were below the hydrodynamic pre-
dictions, similar to the behavior reported by Mitchell and Deen
(1986) for BSA sieving through track-etched membranes. The
reason for this discrepancy is unclear, but it may be due to
electrostatic interactions between the adsorbed BSA and the
BSA in solution as suggested by Mitchell and Deen (1986).

Implications for protein separations

The dependence of the actual and observed sieving coeffi-
cients on filtrate flux can have important implications in the
design and analysis of clinical and/or industrial membrane
devices. A detailed investigation of device design is beyond the
scope of this study, but some of the more significant phenom-
ena are illustrated in Figure 6. The solid lines represent the
model predictions for the observed sieving coefficient at several
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values of the mass transfer coefficient for N\’ = 0.4 (upper panel)
and N\’ =0.8 (lower panel). The model predictions for k— oo
are equivalent to the actual sieving coefficient since there are
no bulk mass transfer limitations in this limit. The parameters
S., and ¢K, were evaluated using Egs. 7 to 10, giving S, =0.53
and ¢K,=0.1 for \’ =0.4, and S, =0.05 and ¢K,=5x10"*
for A’ =0.8. The skin porosity and thickness were assumed to
be e=0.6 and 6,,=0.5 um, both characteristic of the asym-
metric membranes examined in this study.

The observed sieving coefficients for both A’ display the
characteristic minimum arising from the competing effects of
a flux-dependent actual membrane sieving coefficient and bulk
concentration polarization. Increasing the bulk mass transfer
coefficient causes the minimum to shift to a higher flux, with
the value of S, at this point decreasing and eventually ap-
proaching S., as k—oo. Increasing A\’ causes the minimum in
S« to shift to a lower flux due to the increase in the ratio of
S/ K, with increasing A’ . For these conditions, the minimum
in the observed sieving coefficient is essentially equal to S,
above k=5x10"° m/s at A’ =0.8, but a mass transfer coef-
ficient well above 107 m/s is required for S, to equal S, for
A =04,

The flux at which the minimum in S, occurs can be evaluated
analytically by expressing S, in terms of S, and e¢K; using
Eqgs. 16 and 3 and then setting the derivative of this expression
with respect to J, equal to zero yielding:

k
Jy==— In(1+ Pe*) 23)
Pe

where Pe* is the membrane Peclet number based on the bulk
mass transfer coefficient:

* _ S°" k_a’ﬁ
per = <€¢Kd> (D) 9

For small values of Pe*, Eq. 23 reduces to J, = k, independent
of the membrane properties, while at large Pe* the minimum
occurs at J,<k.

The value of the actual sieving coefficient at the minimum
in S, can be calculated directly from Eq. 3 with the flux given
by Eq. 23 as:

*
S,,=S°°(l + Pe*) 25)
Se + Pe*
Thus, even at the minimum in S, the actual sieving coefficient
is equal to S, only if Pe* >> 1. This condition is relatively easy
to satisfy with most track-etched membranes since e is very
small (<0.01) and 3, is on the order of 10 um. The situation
is very different for the asymmetric membranes (Figure 6) due
to the large porosity and the very small skin thickness (,,=0.5
wpm). For N’ =0.4, the mass transfer coefficient would have to
be greater than 10~ m/s, a condition that could not be ob-
tained in our stirred cell due to the inherent limitations on the
stirring speed. This constraint on Pe* is also difficult to satisfy
in cross-flow membrane devices, with k>10"% m/s corre-
sponding to a wall shear rate greater than 10° s™' as given by
the Leveque solution for the mass transfer coefficient for a
device 0.1 m long. Thus, considerable care must be taken in
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interpreting published results for the sieving coefficients of
asymmetric ultrafiltration membranes, many of which may be
far above S, due to the effects of solute diffusion and bulk
mass transport. The diffusional contribution to the flux is
much less significant for very small pore membranes, as seen
in the lower panel of Figure 6, since the ratio of S./¢K,
increases significantly at large A’ (becoming infinitely large in
the limit of A’ =1).

The flux dependence of the actual sieving coefficient can
have important implications in the development of membrane
devices for the fractionation of multicomponent protein so-
lutions. Increasing solute size, that is, increasing A', causes a
reduction in S, but it increases the value of S./¢K, due to
the more rapid decrease in oK, with increasing A'. This increase
in S../¢K, causes the actual sieving coefficient to decay toward
its asymptotic value at a lower filtrate flux. This leads to a
maximum in the intrinsic membrane selectivity, defined as the
ratio of S, for the two solutes, at a flux where the actual sieving
coefficient of the larger solute is close to S, while that for the
smaller solute is still close to one due to the large diffusional
contribution for the smaller protein. To accurately model this
type of protein separation one would also need to account for
the variation in D, and in turn the mass transfer coefficient,
with solute size, but these effects are actually much smaller
than those associated with the differences in A’ (shown in
Figure 6) due to the strong dependence of the hindered trans-
port parameters (S, and e$K,) on solute size. The flux de-
pendence of the actual sieving coefficient thus causes the ratio
of S, at A\’=0.4to S, at A’ =0.8 to go through a maximum
of about 17 at J,= 3.3 x 10~* m/s before decaying to an asymp-
totic value of about 11 at very high flux. This phenomenon
has not been generally appreciated in previous studies of se-
lective filtration, although it can potentially lead to substantial
improvements in the intrinsic selectivity of membrane frac-
tionation devices.

Discussion

The experimental data obtained in this study provide the
most complete results currently available for combined con-
vective and diffusive transport of a globular protein like BSA
through asymmetric ultrafiltration membranes. The data clearly
indicate that the flux dependence of the actual membrane siev-
ing coefficient is well described by Eq. 3, with the asymptotic
value of the sieving coefficient not obtained until very high
fluxes, often well above those encountered in typical industrial
or clinical applications. This suggests that much of the data
previously reported for the sieving coefficient of asymmetric
ultrafiltration membranes may be substantially larger than S,
and in some instances it may be impossible to measure S,
directly due to the combined effects of a flux-dependent actual
sieving coefficient and bulk concentration polarization. The
flux dependence of the actual sieving coefficient can also be
important in determining the intrinsic selectivity of membrane
devices for protein fractionation, although this phenomenon
has not been exploited in most previous studies of selective
filtration.

The calculated values for S, and ¢K, for these asymmetric
polyethersulfone membranes were also shown to be in relatively
good agreement with predictions of available hydrodynamic
models for spherical solutes in cylindrical pores with the equiv-
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alent solute to pore size ratio evaluated using the partitioning
model developed by Giddings et al. (1968). This model ex-
plicitly takes into account the ellipsoidal shape of BSA through
the evaluation of the mean projected solute radius R*, as well
as the presence of a pore size distribution within the membrane
through the evaluation of ¢ and in turn \’. In addition, the
model directly accounts for the effect of protein adsorption
by evaluating the pore volume to surface area ratio from data
for the hydraulic permeability of the membrane skin after
equilibrium protein adsorption. This good agreement dem-
onstrates that available hydrodynamic models can provide im-
portant insights into protein transport through the highly
constricted pores in asymmetric ultrafiltration membranes and
can even provide good a priori predictions of the hindrance
factors for convective and diffusive transport simply from
experimental measurements of the membrane hydraulic perme-
ability.

Limbach and Wei (1990) have recently obtained data for the
hindered diffusion of small ellipsoidal solutes through granular
catalyst particles which were also in good agreement with hy-
drodynamic models for spherical solutes in cylindrical pores.
Limbach and Wei (1990) evaluated the effective solute size for
partitioning as the mean projected solute radius, while that
for the hindrance factor (K,) was taken as the hydrodynamic
radius. Note that for BSA, the mean projected solute radius
and the hydrodynamic radius differ by less than 10%. Limbach
and Wei (1990) evaluated the effective pore size from the ratio
of the pore volume to surface area as in our analysis. The
partition coefficient and hindrance factor were then evaluated
using available hydrodynamic models for spherical solutes in
cylindrical pores. For partitioning, this corresponds to using
A* instead of N in Eq. 9. For small values of A*, Limbach and
Wei’s approach is essentially equivalent to our analysis, since
the first two terms in the Taylor series expansions for Eqs. 9
and 15 are identical. For large values of A\*, the two analyses
predict substantially different behavior; the partition coeffi-
cient evaluated by Limbach and Wei (1990) becomes zero in
the limit A* = 1, while our analysis gives ¢ =0.135 under these
conditions with ¢—0 only as A* —oo. This sharp discrepancy
arises from our use of the partitioning model developed by
Giddings et al. (1968), which explicitly accounts for the pres-
ence of a broad pore size distribution with the largest pores
permitting transport of even relatively large solutes. Limbach
and Wei’s (1990) experimental data were limited to A* <0.25
(with a single data point at \* =0.44); however, our experi-
mental data for BSA transport in the OMEGA 50-k and 100-
k membranes corresponded to A* = 1,78 and 1.02, respectively,
and under these conditions Limbach and Wei’s approach would
predict that both S, and ¢K, are zero.

The good agreement between our experimental data for BSA
transport and available hydrodynamic models is in sharp con-
trast to the results obtained by Nakao and Kimura (1981) and
Tsapuik et al. (1990) for the transport of small solutes and
flexible polymers through ultrafiltration membranes. Both
Nakao and Kimura (1981) and Tsapuik et al. (1990) reported
a variation in the apparent membrane thickness with solute
size, which they attributed to the extensive pore connectivity
in the asymmetric membranes. Our results provide no evidence
for such an effect.

Our results for BSA transport through the OMEGA 50-k
membrane are in good agreement with BSA sieving results
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obtained previously by Robertson and Zydney (1988) using an
unstirred batch filtration device. Robertson and Zydney (1988)
found that the flux dependence of the actual sieving coefficient,
evaluated by comparison of the filtrate concentration data with
an integral solution to the unsteady diffusion equation in the
unstirred device, was in good agreement with Eq. 3 with
Se=0.010+0.001 and e$K,=4.4+0.3 % 107°. This value for
€pK, is in good agreement with that obtained in this study
(3.3x 107%), but the value for S, is somewhat larger than that
shown in Table 3 although it is still within the range of vari-
ability expected for the very small-pore 50-K membrane. Rob-
ertson and Zydney could not evaluate both S, and e¢K, for
the larger-pore membranes in the unstirred device due to the
very high degree of concentration polarization, but experi-
mental data for the 100-K membrane gave S, =0.03 (Robert-
son, 1989), in excellent agreement with the results reported in
this study. In contrast, S, for the 1-M membrane was about
0.04, substantially smaller than the value shown in Table 3.
This discrepancy was probably due to protein deposition on
the membrane surface in the unstirred filtration experiments,
which employed unfiltered BSA solutions instead of the filtered
protein solutions used in the current investigation.

Experimental data for the hindered diffusion coefficient for
BSA through the OMEGA membranes were obtained by Rob-
ertson and Zydney (1990b) using a well stirred diffusion cell,
with the overall resistance to diffusion through the
skin + substructure + matrix evaluated from the flux of radio-
labeled BSA across the membrane as a function of time. The
diffusional resistance provided by the membrane skin, equal
to the ratio of the membrane thickness to the effective dif-
fusivity, was then evaluated by subtracting off the contribu-
tions of the matrix, determined from independent
measurements using isolated matrices, and the substructure,
with the latter value estimated from the results obtained with
the matrix. The hindered diffusion coefficient in the skin was
then calculated from the skin resistance using the skin porosity
and thickness as done in the current study. Results for the 50-
K membrane gave ¢K,;=1.3+0.7x107° (Robertson and Zyd-
ney, 1990b), which is only slightly smaller than the value ob-
tained in this study. In contrast, their results for the OMEGA
100-K membrane (¢K,=2.5+1.9x 107 were two orders of
magnitude smaller than that obtained in this study, while their
results for the OMEGA 300-K and 1-M membranes
(¢K,;=2.2+1.6x10°and ¢K,;=5.5+1.5x 1073, respectively)
were almost three orders of magnitude smaller than those re-
ported in Table 3.

The reasons for the large discrepancy in the hindered dif-
fusion coefficients obtained from our sieving experiments and
the diffusion experiments of Robertson and Zydney (1990b)
are unclear, although there are several possible explanations.
The data obtained in the diffusion experiments were evaluated
from the overall diffusional resistance of the membrane, equal
to the sum of the diffusional resistances provided by each
region of the membrane. Thus, even though the effective dif-
fusivities in the substructure and matrix are significantly greater
than those in the skin (due to the much larger pore size), the
diffusional resistance provided by these regions is still sub-
stantial since the substructure and matrix are both several
orders of magnitude thicker than the skin (50 um for the
substructure and 230 um for the matrix compared to 0.5 ym
for the skin). Since the skin resistance was evaluated by sub-
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tracting off the contributions of the matrix and substructure,
relatively small errors in the evaluation of these resistances
(for example, a factor of 2 or 3) could have caused very large
deviations in the hindered diffusion coefficient in the skin (as
much as 2 to 3 orders of magnitude). This is in sharp contrast
to the analysis of our sieving data, in which the results are
very heavily weighted by the properties of the upper skin layer.
For example, for a simple two-layer model of the membrane
(skin + support), the actual sieving coefficient is given as (Ja-
gur-Grodzinsky and Kedem, 1966):

S = Sco1€XP(PE,1 ) Screxp(Pe, )
7 Se2€Xp(Pe,) [€Xp(Pe,) — 1]+ Sao [exp(Pe,n) — 1+ So3]
(26)

where S, and S, and Pe,,; and Pe,,, are the asymptotic sieving
coefficients and membrane Peclet numbers for the upper (skin)
and lower (support) layers of the membrane, respectively. When
Sa; is close to one, as would be expected for the highly porous
support structure, Eq. 26 reduces to Eq. 3 irrespective of the
thickness of the lower layer, with the sieving properties of the
composite membrane (both S, and ¢K,) determined entirely
by the properties of the upper layer.

This difference in the ‘‘weighting’’ of the upper and lower
regions of the membrane implies that any axial variation in
pore size within the membrane skin will manifest itself dif-
ferently in the sieving and diffusion experiments, with the
properties of the uppermost region of the skin being more
heavily weighted in the sieving experiments than in the dif-
fusion experiments. In addition, the presence of a radial pore
size distribution (on the membrane surface) will have different
affects on the sieving and diffusion experiments, since the
sieving results are weighted by the fluid flow rate through each
pore (proportional to Rj) while the diffusion results are
weighted only by the pore area (proportional to R2). Thus, the
discrepancy in the values of €@K, determined from the dif-
fusion and sieving experiments could be due, at least in part,
to the presence of a broad pore size distribution, either axially
or radially, in the skin of the asymmetric polyethersulfone
membranes.
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Notation
A = membrane cross-sectional area
A,, A, = expansion coefficients for evaluation of protein osmotic
pressure
a,, b, = expansion coefficients in hydrodynamic model (values in
Table 1)
b = major axis of ellipsoid
C, = bulk protein concentration
C; = filtrate concentration
C, = radially averaged solute concentration in pore
C,, = wall concentration
Dy = effective pore diffusivity (¢K ;D)
D, = free solution diffusion coefficient
E = mean square deviation
h = slit half width
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J, = superficial velocity
k = bulk mass transfer coefficient
k;, = Kozeny constant
K. = hindrance factor for convection
K, = hindrance factor for diffusion
K,, K, = hydrodynamic functions in Bungay and Brenner’s analysis
L, = membrane hydraulic permeability
m = mass of adsorbed protein
M, = protein molecular weight
N = number of data points
N, = solute flux across membrane
Pe* = membrane Peclet number based on bulk mass transfer coef-
ficient
Pe,, = membrane Peclet number
r = radius of stirred cell
R = actual membrane rejection coefficient (1—.5,)
R* = mean projected solute radius
Re = Reynolds number (wr?/»)

R, = pore radius

R, = solute radius
s = ratio of pore volume to pore surface area
S, = actual sieving coefficient (C,/C,)
Sc = Schmidt number (v»/D,,)
S, = observed sieving coefficient (C,/C,)
S, = pore surface area
S. = high flux asymptotic sieving coefficient
T = absolute temperature
V' = solution velocity in pore
V, = pore volume
z = axial position in pore

Greek letters

o = aspect ratio of ellipsoid
8, = membrane thickness
AP = pressure drop across membrane
¢ = membrane porosity after adsorption
e, = porosity of clean membrane
¢ = partition coefficient
A = ratio of solute radius to pore radius (R,/R,) or slit half-
width (R,/h)
A’ = equivalent size ratio
A* = effective size ratio (R*/2s)
II = protein osmotic pressure
p, = protein density
g, = osmotic reflection coefficient
v = Kkinematic viscosity
¥ = coefficient in mass transfer correlation
w = stirrer speed
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Appendix

The mass transfer coefficients in the stirred cell were eval-
uated by comparison of model calculations and experimental
data for the flux of BSA solutions through highly retentive
OMEGA polyethersulfone membranes as a function of applied
pressure (AP). The experiments employed prefiltered BSA so-
lutions, with the membranes pre-adsorbed with BSA for 24
hours prior to use. The apparatus and procedures were identical
to those described earlier. Results for the 30-k and 50-k mem-
branes are shown in Figure Al. At low pressures, the flux
increased linearly with increasing pressure, with only a weak
dependence on bulk concentration and stirring speed. At higher
pressures, the flux increased more slowly due to the increase
in protein osmotic pressure associated with the increase in
concentration polarization, The flux increased with increasing
stirring speed due to the reduction in concentration polari-
zation and decreased with increasing bulk protein concentra-
tion due to the increase in osmotic pressure difference across
the membrane.

The calculated values of the filtrate flux were determined
using the Kedem and Katchalsky (1958) analysis:

J,=L,(AP—g,ATI) (A1)

where g, is the osmotic reflection coefficient of the membrane,
and All is the osmotic pressure difference across the membrane,
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Figure A1. Comparison of experimental and calculated
values of the filtrate flux for BSA filtration
through highly retentive membranes.

Solid curves are model calculations using best fit values of the
mass transfer coefficient as described in the text. Dashed curve
is the model calculation at w= 1,300 rpm using the mass transfer
coefficient given by the correlation developed by Smith et al.
(1968) with ¥ =0.277.

which was evaluated from the protein concentrations (C,, and
C)) using the correlation developed by Vilker et al. (1981):

H=§4—T (C+A,C*+ AC?) (A2)

F4

where 4,=9.22x 1073 L/g and A,=3.01 x10° (L/g)* at pH
7.4. The predicted values of J, (and C,) were evaluated by
iterative solution of Eq. Al and the stagnant film model:

J,=kIn (CW — Cf) (A3)

Cb_Cf

with the best fit values of the mass transfer coefficient deter-
mined by minimizing the sum of the squared residuals between

experimental data and calculated values for the flux. Since the
OMEGA 30-k membrane was fully retentive to BSA, C,=0
and o,=1. Model calculations for the 50-k membrane used
0,=0.99 and the experimental values for the filrrate concen-
trations at each pressure; the best fit value for the mass transfer
coefficient was unchanged using 0.95<g,<1.0.

The solid curves in Figure Al are the calculated flux using
the best fit values of the mass transfer coefficients for each
experimental run. The calculations are in very good agreement
with the data at both stirring speeds and at all three bulk protein
concentrations. The calculated values of the wall concentration
in these experiments were all less than 400 g/L, which is below
the solubility limit or gel concentration for BSA. In addition,
saline flux measurements obtained after completion of the
protein filtrations were essentially identical to those obtained
prior to the experiments, indicating that protein deposition on
the membrane surface was negligible. The dashed curve in
Figure A1l is the calculated flux using the mass transfer coef-
ficient given by the correlation developed by Smith et al. (1968)
at w=1,300 rpm (k=9.7x107% m/s), which is about 20%
higher than the best fit value at this stirring speed (k=8.0 x 10~¢
m/s). The calculated values for the filtrate flux using this mass
transfer coefficient are uniformly higher than the experimental
data, with the magnitude of this discrepancy being about 20%
at the higher pressures. Similar behavior was observed at w =600
rpm; the calculated curves using the mass transfer coefficient
given by Smith et al. (1968) at this stirring speed were not
shown for clarity.

The best fit values of the mass transfer coefficients at w = 600
rpm ranged from 5.0-5.4x 107% m/s, while that at w=1,300
rpm was 8.0% 107% m/s. These mass transfer coefficients are
in excellent agreement with those calculated from Eq. 17 with
¥=0.23: k=5.2x10"°m/s at w =600 rpm and k=8.0x10"¢
m/s at w= 1,300 rpm. This value of ¥ is about (7% less than
the value (¥ =0.277) calculated using the correlations devel-
oped by Smith et al. (1968). These mass transfer coefficients
are also consistent with the stirring speed dependence given by
Eq. 17, although much more extensive data would be required
to independently evaluate the Re exponent in this correlation.
Equation 17, with ¥ =0.23, was used to evaluate the mass
transfer coefficients for our sieving experiments, all of which
were performed at either w=600 or 1,300 rpm.
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