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ABSTRACT

The Stefan-Maxwell multicomponent diffusion equations were
used to characterize albumin transport in ultrafiltration mem-
branes in both an unstirred batch filtration device and a well-
stirred diffusion cell. We developed a theoretical model for
ultrafiltrate flux and concentration in the filtration device that
explicitly incorporates the effects of protein polarization, pro-
tein osmotic pressure, and a flux-dependent sieving coefficient.
Experimental data were in good agreement with model pre-
dictions, providing quantitative evidence for the predicted de-
pendence of the apparent sieving coefficient on flux. Experi-
mental data in the diffusion cell indicate that the effective al-
bumin diffusivity in the 50,000 molecular weight cut-off mem-
branes was four orders of magnitude less than the Brownian
motion value. The Stefan-Maxwell diffusivities evaluated in-
dependently in the two experimental systems were in excellent
agreement, indicating the general applicability of the Stefan-
Maxwell approach to protein transport in ultrafiltration mem-
branes.

INTRODUCTION

Membrane separation processes arc becoming increasingly attractive
for a variety of industrial, biochemical, and biomedical applications. In gen-
eral, these processes are governed by both bulk (concentration polarization)
and membrane (sieving and diffusion) transport phenomena. The coupling
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between the bulk and membrane transport has posed significant problems in
(i} evaluating intrinsic membrane properties, and (ii) extrapolating results
from one experimental system to another or from laboratory to industrial
scale devices. In this study, we investigated the transport of albumin in
50.000 molecular weight cut off membranes using both an unstirred batch
filtration cell and a well-stirred diffusion cell. We developed theoretical mod-
els for both bulk and membrane transport in these systems and then used
these models to evaluate intrinsie membrane transport properties which are
shown to be independent of both flow rate and experimental geometry.

MATERIALS AND METHODS

All experiments were performed witl: bovine serum albumin {Cohn Frac-
tion V. Sigma Chemicals) in 0.15M NaCl. BSA concentrations were mea-
sured spectrophotometrically. Flat sheet polyethersulfone NOVA-50 mem-
branes with 50,000 molecular weight cut off, provided by Filtron Corporation
{Clinton, MA), were used in both the filtration and diffusion experiments.

Filtration Experiments

Filtration experiments were performed in an unstirred, vacuum-driven,
batch cell (Figure 1). Membranes were supported in a 47 mm diameter
chamber providing an effective membrane surface area of 13.9 cm?. Prior to
cach experiment, the membrane hydraulic permeability was evaluated from
saline flux vs. pressure drop measurements. All sieving experiments were
carried out with an applied pressure of 200 mm Hg which was maintained to
within 3%. Details of the experimental protocol are described elsewhere (1).

Diffusion Experiments

Protein transport was also analyzed using a well-stirred diffusion cell
(Figure 2) which was a modification of the apparatus used by Keller et al.
(2) and Scattergood and Lightfoot (3). Two identical plexiglas chambers,
each with 7.5 ¢cm® total volume, were separated by a NOVA-50 membrane
with an effective cross-sectional area of 3.14 cm?. Each chamber was stirred
at a constant speed of approximately 100 rpm to eliminate bulk concentration
gradients. At the start of a run. the two chambers were filled with protein
solution of identical concentrations. A small volume (approximately 100 pL)
of 2% labeled bovine serum albumin (New England Nuclear, Boston, MA)
was then injected through the syringe port on one side. Protein diffusive
flux across the membrane was evaluated by monitoring the activity in both
chambers as a function of time, thus enabling us to calculate protein diffu-
sivities in the membrane. Additional details on the experimental apparatus
and procedure are discussed in a forthcoming study (4).
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Solution chamber

To vacuum pump

Fig. 1. Schematic diagram of unstirred filtration cell showing polarization

Membrane (thickness= 5, area=A)

Chamber Chamber

12 Volt
Motor

%%

Fig. 2. Schematic diagram of the diffusion cell
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THEORY

In general, there are two approaches used to describe solute transport in
membranes: the Kedem-Katchalsky analysis (5, 6} and the Stefan-Maxwell
multicomponent diffusion analysis (7). The reclationship between these ap-
proaches has been described by Lightfoot (7) and Lewellen (8). In this study,
we have employed the Stefan-Maxwell analysis since it has a more rigorous
theoretical basis and the resulting equations can be more easily applied to
different geometries and to systems with more than one solute.

Membrane Transport

In the Stefan-Maxwell analysis the membrane is treated as a diffusing
species constrained to zero velocity and near-zero concentration gradients
(3, 7). The one-dimensional Stefan-Maxwell equations in the membrane (m)
for protein {p) and solvent (s) are

V dP d 1 1
Ve dF 4| Ny -z.Np) - ooz N, (1
RT d» + n(zp’Yp) c. Dps(lp p) C,,meT" » (1)
Vs dP d 1 1
BT D ln(:rs'ys) =6 qu(stp - zpNg) - D -zmNs  (2)

where ~; is the activity coefficient for component 7. The phenomenolog-
ical coeflicients, D,;, are independent except for the symmetry condition,
D,; = Dy;. For gases at moderate pressures, the D;; are identical to the cor-
responding binary diffusion coefficients (8, 9, 10). Although, in general, the
D, are functions of local pressure, temperature, and composition, the set
of parameters Dy, Zm/Dpm, and 2,/ Dy is relatively insensitive to varia-
tions in pressure and composition (7). These three parameters thus provide a
convenient description of the transport properties of the protein/membrane
system independent of flow rate and experimental configuration.

For our subsequent analysis, it is convenient to rewrite the flux equations
in terms of the ultrafiltrate velocity, v,

v =V,Ng + VPNP (3)
In the dilute solution limit the flux equations become (7, 8, 11)
1 aP D\ d
= - ——|——-CRT (1~ 2] -1 s 4
v CRT Tm [dz ( D,) dz (e )} (4)
D, d
N, = D—IIPCU - DQCZP‘—i; In(z,7p) {5)
where
1 1 . T

=4V, 6
Dl Dps ' pDam ( )
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and
1 T I

T . e 7

D, D, ' Dpm ™)
In the development leading to Egs. (4) and {5) we have made use of the
Gibbs-Duhem relation

d d
xp’d‘z' In(zp7p) + Isa‘; In(zsvs) =0 (8)

where the membrane phase is treated as being thermodynamically binary
since its equilibrium state is fixed by that of the binary external phase
(7). Egs. (4) and (5) are analogous to the differential form of the Kedem-
Katchalsky equations with o, the Staverman reflection coefficient, given as

D,
g = (1 - D’]‘) (9)
Batch Filtration

For the system depicted schematically in Figure 1, the one-dimensional
species continuity equation is (assun.ing a constant protein diffusivity, D)

dc  dC _ _¥C

el . =p-.2 10
at T oz 922 (10)
subject to the boundary conditions
oc
vC -~ D e vCy = Np(membrane) at z=0 (11)
C=0Ch at z =00 (12)
and initial condition
C =Cp at t=0 (13)

where Cy and Cp are the filtrate and bulk protein concentrations, respec-
tively. The ultrafiltrate velocity is evaluated by integrating Eq. (4) across
the membrane of thickness é to give

Dem 1 |
v= ——;;—zﬁi;{AP - 0An| = —Lp[AP — 0 An] (14)

where Ly, is the hydraulic permeability and

Am =7|c, —7|g,= CRT{In(zwYw) — In(zg7y)] (15)
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As we will show the protein flux in the membrane, Ny, can be expressed in
terms of the protein concentration at the membrane surface, Cy(t), through
the apparent sieving coefficient, S,

Np(membrane) = vCy = vCy,S, (16)
where c
S, = a{: (17)

The apparent sieving coefficient is often assumed to depend only on the
properties of the membrane and the solute. In reality, S, is also a function
of the convective and diffusive fluxes of solute through the membrane. In
what follows, an explicit relationship between Cy and C,, is developed by
solving the Stefan-Maxwell equations for the protein concentration profile in
the membrane.

Under conditions of dilute solution, Eq. {5) can be written as

dzp, 1 1

=P g~ N, 18

dz D1 tpY CD2 P ( )
with Dy and D, given by Egs. (6) and (7), respectively. Eq. (18) can be
integrated across the membrane using the continuity equations for protein
and solvent (7)

N, = constant (19)
N, = constant (20)
to give
D D )

xfb—:+ <K$w~-ﬁixf> exp (—5‘4)) =Kzy (21)
In deriving Eq. (21) we have applied equilibrium conditions at the upper

(z = 0) and lower (2 = —§} surfaces of the membrane
P :cp(membf'ane) _ ~yp(solution) (22)

zp(solution) ~p(membrane)

where K is the equilibrium partition coefficient. We have also used the

relationship between the filirate concentration and the solute and solvent

fluxes (7) N N

Iy = iv—‘rL]\T = 17”

P 8 8

where the final expression is valid for sufficiently dilute solutions. Under

these conditions, the ultrafiltrate velocity is given by v = N,/C and the flux
of protein is expressed as

(23)

Np =zsN, = v(Cy (24)

as previously stated in Eq. (16).
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Eq. (21) can be used to evaluate the apparent sieving coefficient in terms
of the Stefan-Maxwell diffusivities and the filtration velocity, v, as

Dy
s G EoiF (25)
¢ Cyw Ty K%—:“}’F‘l
where
]
F=exp| -2 6
exp( Dlv> (26)

Since the ultrafiltrate flux in our coordinate system is negative, S, ap-
proaches its limiting value
D,
Se = K— 27
a Dl ( )
at high fluxes (large F) and increases as the flux decreases. The dependence
of S, on v is also discussed by Spiegler and Kedem (6) and Lysaght {12).

Egs. (10) through (16), with S, given by Eqgs. (25) and (26), completely
describe protein and solvent transport in the batch filtration system. We
have developed an integral solution to these equations assuming a cubic poly-
nomial in z for the concentration profile (11). The result can be expressed
as

dC,, 1w 1
& " apOr SaCul (28)
where
(Cu — Cy)? dS, dv d
= e 1= Sa) - 0022 2 4 Cull = S)-2
@ = Gapi sz | S el qon t Cull ~ Sa)gan
Z(Cw - Cb)
2w 29
+C’wv(l ~ Sa) (29)

Cy(t) is evaluated by numerically integrating Eqs. (28) and (29) with the
albumin osmotic pressure evaluated from the data of Vilker et al. (13) using
a cubic virial expansion in concentration (with virial coefficients By = 9.22
x 1078 L/g, By = 8.03 x 1075 L2/g?). The term dv/dC,, in Eq. (29) is
evaluated analytically using Egs. (14), (15), and (25) and dS,/dv is evaluated
from Egs. (25) and (26).

Diffusion Cell

Experimental data in the diffusion cell were analyzed using the procedure
outlined by Scattergood and Lightfoot (3) and Keller et al. (2). The flux
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of radiolabeled protein (Np.) can be evaluated using the Stefan-Maxwell
analysis

d 1 1

d» In(zpevpe) Cp-Dppe (zps Np — 2pNp-) c,- DP.S(Is )
L () (30)
CpDpem 7

where N, -- 0 since 1, is constant throughout the sy-tem and dP/dz - 0.

The flux of labeled protein (Np.) is equal, but opposite, to that of the
unlabeled protein, Np» = - N,. Since the labeled and unlabeled protein
are essentially indistinguishable in terms of their thermodynamic behavior
we can write vp» ~ Yp. Since the total protein concentration zp + zp. is
constant throughout the system, the activity coefficient, p+ is independent
of position and Eq. (30) can be solved for the protein flux to yield

dzpe
Np» = ~CDer " (31)

where
1—7.13-_}’ _i[,,’fL + M = 1,_ + M (32)
Derr Dy, me DPP' D, DPP'

In writing Eq. (32), the radiolabeled protein diffusivities, Dp., and Dpe py,
have been replaced by Dy, and Dy, since the labeled and unlabeled proteins
have essentially identical transport properties in the membrane. Since the
solvent, membrane, and total protein mole fractions do not vary with time,
D.s is a constant for a given experimental run. The protein mass balances
in each chamber can be integrated directly, using Eq. (31), assuming quasi-
steady operation, to give (3)

n[(QoZh] KDad (1, L), "

where C and C; refer to the labeled protein concentration in the two cham-
bers of the diffusion cell and A is the membrane cross-sectional area. In our
experiments, the volumes of the two chambers were equal, V; = V;. Bulk
concentration gradients were shown to be negligible under our experimental
conditions (4). The product K Deg can then be cvaluated directly from data
for Cq and C, as a function of time.

RESULTS AND DISCUSSION

Experimental data for the ultrafiltrate velocity and for the ratio of filtrate
to bulk protein concentration are shown as a function of time in the top
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and bottom panels of Figure 3, respectively. Results are shown for a bulk
albumin concentration of 5.6 g/L and a membrane hydraulic permeability of
L, =6x 10 ©cm/sec/mm Hg (determined from saline flux data). The solid
and dashed curves represent the model predictions, evaluated by numerically
integrating Figs. (28) and (29). The equilbrium partition coefficient, K, was
estimated as approximately 0.1 (11) using the first term the virial expansion

for K in concentration (14)
v/

K= -

34
Vpore ( )

where V' is the volume of the pores accessible to the centers of the molecules
(assumed spherical) and Vpore is the total pore volume. The best-fit values for
K D,/D, and §/D; were determined by minimizing the sum of the squared
residuals between experimental and predicted values of Cy/Cp and v. This
analysis gave the values KD,/D; = 0.010 £ 0.001 and §/D; = 1.7 £ 0.1
x 10% sec/cm. Attempts to evaluate all three parameters (KD,/D,, 6/Dy,
and K) from the filtration data led to physically inconsistent results due to
the high correlation among these three parameters. The model predictions
are in good agreement with the experimental data for C;/Cs, with a mean
square deviation between predicted and experimental values of 8%.

Both the model predictions and experimental data show that C;/C) rises
very rapidly at short times (¢ < 50 minutes) and then increases more gradu-
ally for times greater than 50 minutes. This initial rise is due to bulk concen-
tration polarization effects with the wall concentration rapidly approaching
its asymptotic value C? for which AP -~ 0A7r — 0. For these experimen-
tal conditions, with the best-fit values for KDy /Dy and §/D; (correspond-
ing to ¢ - 0.9), the asymptotic concentration is C! ~ 200 g/L. The wall
concentration has attained 98% of this value at t = 50 minutes while the
apparent sieving coefficient is only slightly greater than the high-flux value,
Ss - KD, D) = 0.010, at this time. At longer times (¢ > 50 minutes), the
ultrafiltrate lux becomes small enough that diffusive transport of albumin
through the membrane becomes important. Under these conditions, the ap-
parent sieving coefficient is greater than the high-flux asymptote as diffusion
tends to reduce the concentration gradient across the membrane. The grad-
ual Increase in Cf/Cb at longer times reflects the rise in §, associated with
this decrease in ultrafiltrate flux. By the end of the experiment (¢ = 520
minutes), Sp is 0.023 according to the model, more than twice the high-flux
value. If S, were assumed to be constant, as is often done in such systems,
it becomes impossible to accurately describe the Cy/Cy data in Figure 3.

The solid and dashed curves in Figure 3 represent model predictions
evaluated with two different values of the bulk Brownian diffusion coefficient:
the literature estimate under our experimental conditions, D = 6 x 1077
cm?/sec (2) and D = 30 x 1077 cm?/sec as suggested by Vilker ¢t al. (15).
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e EXPERIMENTAL DATA
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Fig. 3. Data for the ultrafiltrate flux (top) and the ratio of the filtrate to
bulk concentrations (bottom) as functions of time. Solid and dashed curves
are model predictions from integration of Eq. (28).

Solid curve: (D = 6 x 1077 cm?/sec) K[—)lf’ - 0.010, —D‘S—‘— - 17,000.

Dashed curve: (D = 30 x 1077 cm?/sec) KD[iz 0.010, gl - 7000.
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Both curves are in good agreement with the sieving data in the lower panel,
but the dashed curve (D = 30 x 1077 cm?/sec) is in significantly better
agreement with the flux data. This type of discrepancy was also described
by Vilker et al. (15) in their analysis of albumin ultrafiltration in an unstirred
batch cell and they attributed it to the effect of diffusion potentials. We also
explored the effect that varying K D;/D;, 6 /Dy, and K had on the predicted
ultrafiltrate flux, but no combination of these could provide an adequate fit
to the flux data. The relative insensitivity of the flux to these parameters
is in agreement with the long-time solution for v developed by Vilker et al.

(15) |
v = v(?) (35)

for a highly-rejecting membrane with constant S,. Their study showed that
v, is a function only of C1, Cy, and o, and has only a weak dependence on
o when C1/Cy >> 1 as is the case in our experiments.

The experimental results for K Dy;/D; and 6/D; can be used, in con-
junction with the measured hydraulic permeability, to-evaluate the three
phenomenological coefficients describing membrane transport. Egs. (6) and
(7) give Dps = 4.0 x 1072 cm?/sec, Dy /Tr = 3.2 x 10 !0 cm?/sec, and
Dym/Tm = 3.1 x 10 * cm?/sec. Dpm is six orders of magnitude smaller than
Dgm, reflecting the much stronger interaction of the membrane with protein
than with solvent.

Diffusion Cell

The analysis of data in the diffusion cell is described in detail in a forth-
coming study (4). The most accurate results were obtained by running the
experiments for approximately twenty-four hours and then measuring the
amount of radiolabeled protein in each chamber. There was some variation
in data for different membranes from the same lot, but the results for albu-
min in NOVA-50 membranes were well represented as K Deg = 4+ 1x 1071}
em?/sec. Data obtained at different total protein concentrations (zp + zp-)
indicate that the last term in Eq. (32) makes a negligible contribution to
KDeg, i.e., KD.g = KD;. These results were also confirmed by evaluating
the mutual diffusion coefficient (2) in a system in which one chamber was
initially filled with a protein solution and the other side with buffer alone.

The value of KD, determined in the diffusion cell is in good agree-
ment with that evaluated in the batch filtration system. The value obtained
from the best-fit values of KD,/Dy and 6/D; in the filtration system is
KD, =3 +0.2 x 107! ¢cm?/sec compared to 4+1 x 10 "} ¢m?/sec in the
diffusion experiments. This agreement demonstrates that these parameters
are true membrane parameters, independent of flow rate and experimental
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geometry. These results also indicate the general applicability of the Stefan-
Maxwell analysis to membrane transport of proteins in a variety of experi-
mental systems. The experimental and theoretical analyses presented here
form the basis for continued studies on protein transport in ultrafiltration
membranes, in particular studies of protein fractionation using size-selective
membranes.

NOTATION

C = concentration

C' - asymptotic wall concentration, g/L or moles/L
D bulk protein diffusion coefficient, cm?/sec

D,, - Stefan-Maxwell diffusivity, em?/sec

D, - lumped diffusivity, Eq. (6), cm?/sec

D, lumped diffusivity, Eq. (7), cm?/sec

D.g — effective diffusivity, Eq. (32), cm?/sec

K :- equilibrium partition coefficient, dimensionless
L, - hydraulic permeability, cm/sec/mm Hg

N = molar flux, moles/cm?/sec

P - applied hydrostatic pressure, mm Hg

S, - apparent sieving coeflicient, dimensionless

V - partial molar volume, cm®/mol
Vpore = volume of a membrane pore, cm
V' = accessible pore volume, cm?

v = ultrafiltrate velocity, Eq. {14), cm/sec
r - mole fraction, dimensionless

3

Subscripts
b = bulk
f = filtrate

m = membrane

p - protein

p* = radiolabeled protein
s — solvent

w = wall (membrane surface)

Greek Letters

« = parameter in integral solution, Eq. (29), sec/em
~ = activity coeflicient, dimensionless

= membrane thickness, pm

osmotic pressure, mm Hg

= Staverman reflection coefficient, dimensionless

)
T
o
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