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Abstract

One of the major challenges facing end-users of ultrafiltration membranes is the difficulty in comparing membrane products provided
by different manufacturers and made from different polymeric or ceramic materials. In this short communication, we examine the trade-off
between permeability and selectivity for different ultrafiltration membranes using data for bovine serum albumin. Results for a number of
different ultrafiltration membranes fall along, or below, an “upper bound” that reflects the current state-of-the-art in commercial ultrafiltration
membranes, analogous to the Robeson Plot used to analyze the performance of gas separation membranes. The shape of this upper bound is
consistent with a theoretical analysis of solute and solvent transport through a membrane composed of a parallel array of cylindrical pores
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aving a log–normal pore size distribution. These results provide a framework that can be used to analyze the performance of new u
embranes, an approach that was demonstrated using data for a prototype negatively charged ultrafiltration membrane.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Ultrafiltration is currently used for the concentration of a
ide range of protein products, including recombinant thera-
eutics, industrial enzymes, and a variety of food and bever-
ge products[1,2]. Since the development of ultrafiltration as
viable industrial process in the 1960s, there have been liter-
lly thousands of different UF membranes sold commercially.
or example, the chapter onUltrafiltration in the 1992 Edi-

ion of the Membrane Handbook[3] lists 26 different manu-
acturers of UF membranes, many of which produced several
ifferent series of membranes (e.g., polysulfone, cellulose ac-
tate, and regenerated cellulose), with each series containing
embranes having a range of pore size or molecular weight

ut-off. The most recent edition of Munir Cheryan’s Ultrafil-
ration and Microfiltration Handbook[4] lists more than 90
ompanies providing membrane and/or module systems for
ltrafiltration and microfiltration.
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One of the major challenges facing end-users of u
filtration membranes is the enormous difficulty in comp
ing membrane products provided by different manufactu
and made from different polymeric or ceramic materials.
trafiltration membranes are normally rated by their nom
molecular weight cut-off, which is typically defined as
molecular weight of a solute that has a rejection coeffic
of 90%. However, there is no standardization in this 9
value, and different manufacturers measure the rejectio
ing solutes with very different physical properties and
der very different operating conditions. The net result is
two membranes rated as having the same nominal mole
weight cut-off can have very different pore size and pe
mance characteristics. In addition, the molecular weight
solute with 90% rejection provides no quantitative inform
tion on the molecular weight cut-off required to achieve
99 or 99.9% retention currently targeted for application
ultrafiltration in the purification of high value proteins[1,5].

In the area of gas separation membranes, Robeson[6] pre-
sented a very simple approach for comparing membr
made from different materials and different manufactu
E-mail address:zydney@engr.psu.edu (A.L. Zydney). The separation factorα, which is equal to the ratio of the
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permeability of the more permeable gas to that of the less
permeable species, was plotted as a function of the perme-
ability of the more permeable gas on a log–log scale. Data
for a large number of different membranes all clustered be-
low a critical line, or upper bound, which is often referred
to in the gas separations community as the “line of death”
since there are few (if any) membranes that provide a com-
bination of selectivity and permeability above this limit. The
original discussion of the “Robeson Plot” has become one of
the most highly cited papers in the gas membrane separations
literature with more than 250 citations as of early 2004.

The objectives of this short communication were: (1) to
develop an analogous “Robeson Plot” suitable for examining
the trade-offs between permeability and selectivity for differ-
ent ultrafiltration membranes; (2) to examine the theoretical
basis for the underlying relationship in this plot; and (3) to use
this Robeson Plot to examine the performance characteristics
of recently developed charged ultrafiltration membranes.

2. Permeability–selectivity analysis

In its most basic form, ultrafiltration is a pressure-driven
process designed to remove solvent (typically water) and
small solutes (e.g., salts and sugars) from a large macro-
m tion,
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Fig. 1. Selectivity–permeability trade-off for ultrafiltration membranes us-
ing BSA as the model protein. Solid curve represents model calculations
using a log–normal pore size distribution withσ/r̄ = 0.2 andε/δm = 1�m−1.

Fig. 1 shows the selectivity–permeability trade-off using
literature data[7–14] for a large number of UF membranes
with bovine serum albumin (BSA) as the protein of interest
due to the large amount of available data on BSA ultrafil-
tration. The separation factor has been evaluated using Eq.
(1) based on the actual protein sieving coefficient (Sa) to ac-
count for differences in concentration polarization within the
various modules used in these studies: stirred cells, hollow
fibers, screened channel cassettes, and ceramic monoliths.
The values thus provide a measure of the intrinsic separa-
tion factor or selectivity for the membrane. The actual siev-
ing coefficients were evaluated from experimental data for
the observed sieving coefficients (So =Cfiltrate/Cfeed) using a
stagnant film model[15]:

Sa = S0

(1 − S0) exp(Jv/k) + S0
(3)

The mass transfer coefficients (k) in the different modules
were calculated using the correlations given by Zeman and
Zydney[15]. Literature results were taken under conditions
where the actual sieving coefficient was approximately equal
to asymptotic sieving coefficient, and where toJv/k <10 to
avoid highly polarized conditions. Care was taken to use data
obtained during the initial stages of the ultrafiltration where
membrane fouling was likely to be low. The data obtained
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olecule. Since mass transport is dominated by convec
he rate of mass transport for both the product and the
mpurities is proportional to the filtrate flux and the cor
ponding solute sieving coefficients (Si ), whereSi is equal to
he ratio of the solute concentration in the filtrate to that in
ulk (feed) solution. The sieving coefficient is simply eq
o 1−RwhereR is the protein rejection coefficient. Since
ltration velocity is the same for all species, the separa
actor would simply be equal to the ratio of the sieving c
cients for the small impurities to that of the protein prod

= Ssmall

Sprotein
(1)

ince the small impurities pass freely through the memb
small ≈1 and the separation factor is simply equal to
eciprocal of the protein sieving coefficient.

The permeability of interest in an ultrafiltration proces
hat with respect to the solvent:

p = Jv

�P
(2)

hereJv is the volumetric filtrate flux (volume flow rate p
embrane area) and�P is the transmembrane pressure d

ng force.Lp is often referred to as the hydraulic permeab
ince water is the typical solvent, and the data are often
alized by the solvent viscosity to account for the effec

emperature. The literature includes a wide range of diffe
nits for the permeability, with the filtrate flux given in m
/m2/h (LMH), or gal/ft2/day (gfd) and the pressure drivi

orce given in Pa, mmHg, psi, or atm (among others).
y Opong and Zydney[7] were for membranes that had be
re-adsorbed in the protein solution prior to the ultrafi

ion experiment, with the hydraulic permeability evalua
fter this initial protein adsorption. Thus, the separation

or and permeability in these studies were both evaluate
embranes in the same physical “state”.
The filled circles inFig. 1 represent data for polysu

one and polyethersulfone membranes, the dominant m
ials used in ultrafiltration, while the filled squares rep
ent results for cellulosics. Acrylic and acrylonitrile me
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branes are represented by filled triangles. Results for other
materials including ceramics (zirconium) and polycarbon-
ate track-etched membranes are shown with open symbols.
These membranes have nominal molecular weight cut-offs
(provided by the manufacturers) ranging from 30 to 1000 kDa
compared to the 69 kDa molecular weight of BSA. The data
for this wide range of membranes all tend to cluster along,
and below, a single curve, which represents the upper limit (or
upper bound) of current ultrafiltration membranes. All of the
existing membranes display a similar trade-off between sep-
aration factor and permeability; membranes with high sep-
aration factors will have relatively low permeability while
those with high permeabilities have low separation factors.
The ideal UF membrane would have a very high separation
factor (providing very high product retention and yield of
the desired protein) and very high permeability (providing
the potential for very high filtration rates). Such a membrane
would be located in the upper right hand corner of the plot,
a region that is currently inaccessible by existing UF mem-
branes.

Although most of the membranes inFig. 1 cluster along
the same curve, there are a small number of outliers that
seem to have unusually low separation factors and/or per-
meabilities. The open squares at a permeability of 0.03 and
0.04× 10−9 m/s/Pa are for polycarbonate track-etch mem-
b ies.
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denominator is from the cross-sectional area of the cylindri-
cal pores.

The protein sieving coefficient can also be evaluated by
integration over the pore size distribution:

S̄a =
∫ ∞

0 Sa(r)n(r)r4 dr∫ ∞
0 n(r)r4 dr

(5)

Sa(r), the actual sieving coefficient in a pore with radiusr,
was evaluated using the expression developed by Zeman and
Wales[17]:

Sa(r) = (1 − λ)2[2 − (1 − λ)2] exp(−0.7146λ2) (6)

whereλ =a/r with a being the protein radius. Note that Eq.(6)
is only valid if protein transport through the membrane pore
is dominated by convection, which is a reasonable approxi-
mation for most ultrafiltration systems. Eq.(6) gives values
of Sa that are within 2% of more complex expressions over
the full range ofλ [15].

Theoretical calculations were performed using a
log–normal pore size distribution[16]:

n(r) = n0

r
√

2π
[ln(1 + (σ/r̄)2)]

−1/2

 (ln(r/r̄)[1 + (σ/r̄)2]
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ranes, which are typically used only for laboratory stud
hese membranes have very low porosity (typically aro
%) and a homogenous pore morphology, with an effe

hickness of 10�m compared to the 0.5�m skin thicknes
f commercial asymmetric membranes. This combinatio

ow porosity and large thickness gives a very low perme
ty structure at the same separation factor. The open tria
n Fig. 1are for E-series membranes produced by Desa
ion Systems and available in spiral wound modules[13]. It
s unclear why these particular membranes, or the cer

embranes studies by Millesime et al.[14], have such low
ermeabilities.

. Theoretical analysis

In order to obtain additional insights into the trade-off
ween separation factor and permeability, theoretical cal
ions were performed for an idealized UF membrane con
ng of a parallel array of cylindrical pores having a distri
ion of pore radii. Fluid flow through each pore is descri
y the Hagen–Poiseuille equation, with the permeability

he membrane as a whole given as[16]:

¯p = ε

8µδm

∫ ∞
0 n(r)r4 dr∫ ∞
0 n(r)r2 dr

(4)

hereε is the membrane porosity;δm, the membrane thick
ess;µ, the solvent viscosity; andn(r), the pore size distr
ution. Ther4 dependence in the numerator comes from
agen–Poiseuille equation, while ther2 dependence in th
× exp−
2 ln[1 + (σ/r̄)2]  (7)

herer̄ is the mean andσ2 the variance of the distributio
espectively. The log–normal density function has been
xtensively in the past to describe membrane pore size
ributions[18]. It is particularly convenient for this type
nalysis since it is only defined for positive values of the p
adius.

The solid curve inFig. 1was developed from Eqs.(4)–(7)
ith the coefficient of variation kept at a constant value
/r̄ = 0.2. For these calculations, the radius of BSA w
aken asa= 36.5× 10−10 m (36.5Å) and the viscosity of wa
er was taken as 0.001 Pa s. The ratio of the membrane p
ty to the membrane thickness was chosen asε/δm = 1�m−1,
hich is consistent with a membrane having a porosity o
nd a skin thickness of 0.5�m. Calculations were perform
y varying the mean pore size (keepingσ/r̄ andε/δm fixed),
ith the separation factor and the permeability for each v
f r̄ plotted as the solid curve inFig. 1. Membranes with larg
ean pore radius have high permeability but low separ

actors (i.e., poor protein retention), while membranes
mall mean pore radius have very high separation facto
ow permeability. The model calculations are in surprisin
ood agreement with the upper bound for the experim
ata, suggesting that the best membranes currently ava
ave pore size distributions that are at least approxim
escribed by a log–normal density function with coeffic
f variation equal to about 0.2.

The effects of the membrane properties on the trad
etween the permeability and separation factor is exam
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Fig. 2. Influence of membrane properties on trade-off between the separation
factor and permeability: (A) effect of breadth of pore size distribution and
(B) effect of porosity to thickness ratio. Filled circles represent data for
prototype charged CRC membranes.

in more detail inFig. 2. The upper panel shows simula-
tions with different values of the coefficient of variation (with
ε/δm = 1�m−1), while the lower panel shows results for mem-
branes with different values ofε/δm (with σ/r̄ = 0.2). As the
coefficient of variation is reduced from 0.5 to 0.1, the upper
bound moves up and towards the right since the tighter pore
size distribution reduces the number of very large pores that
are permeable to the protein of interest. The upper bound also
moves up and to the right asε/δm is increased, corresponding
to an increase in the membrane porosity and/or a reduction
in the skin thickness. The curve withε/δm = 2 would corre-
spond to a membrane withε = 0.5 andδm = 0.25�m, which is
considerably thinner than existing ultrafiltration membranes.
In addition, it is important to note that protein diffusion may
become important with such thin membranes, which would
cause an increase in protein transmission and thus a reduction
in the separation factor relative to that predicted using Eq.(6)
[7].

4. Electrically charged UF membranes

The filled circles inFig. 2represent data for the ultrafiltra-
tion of BSA using prototype negatively charged composite
regenerated cellulose (CRC) membranes[19] prepared by

surface modification of commercially available CRC mem-
branes provided by Millipore. This involved the covalent at-
tachment of sulfonic acid groups to the base cellulose us-
ing a proprietary chemistry[19]. Ultrafiltration experiments
were performed at pH 7.4 in a 10 mM phosphate buffer
solution, with this low ionic strength chosen to maximize
the electrostatic repulsion between the negatively charged
BSA and the negatively charged membrane. This electro-
static exclusion causes a dramatic increase in the separation
factor, with relatively little change in the membrane perme-
ability. Data obtained with the neutral CRC membrane, or
with the negatively charged membrane but at high salt con-
centrations, gave results that are in good agreement with
the upper bound for conventional UF membranes (repre-
sented very well by the solid curve inFig. 2). These data
clearly demonstrate that electrically charged ultrafiltration
membranes can provide a dramatic improvement in ultrafil-
tration performance; the permeability at a given separation
factor is approximately twice as large as that of a compara-
ble neutral membrane while the separation factor at a given
permeability is improved by 15-fold. That level of improve-
ment also appears to be considerably better than what could
be obtained by a two-fold reduction in the coefficient of vari-
ation, and it is similar to what would be achieved with a
two-fold reduction in membrane skin thickness (but with-
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r defects). The performance characteristics of these

rically charged membranes will be the subject of a fu
anuscript.

. Discussion

The selectivity–permeability analysis, or “Robeson Pl
eveloped in this manuscript provides a very conven
eans for comparing the performance characteristics o

erent ultrafiltration membranes. In this work, literature d
or BSA sieving through various UF membranes were
lyzed using this simple graphical approach. In addi
theoretical model was developed based on a mem

omposed of a parallel array of cylindrical pores havin
og–normal size distribution. The model calculations wer
ood agreement with the experimental data, demonstr

hat the relationship between the selectivity and permea
s a direct result of the hydrodynamic interactions that g
rn both solute and solvent transport through the memb
ores.

This selectivity–permeability analysis also provide
ramework that can be used to analyze the performan
ew ultrafiltration membranes. This was demonstrated u
ata for prototype ultrafiltration membranes developed
ttaching a sulfonic acid moiety to existing composite re
rated cellulose membranes. These charge-modified
ranes provide a much better combination of separation

or and permeability than existing ultrafiltration membra
ue to the strong electrostatic exclusion of the negat
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charged protein from the negatively charged membrane. The
performance of these charge-modified membranes also ex-
ceeds what would be expected for membranes having a much
tighter pore size distribution, suggesting that the addition of
electrical charge may be much more effective than attempts
to control the membrane pore size.

The data and analysis presented in this manuscript were
focused on the behavior of ultrafiltration membranes for pro-
tein concentration (or buffer exchange) using BSA. Similar
plots could also be constructed for other proteins, allowing
one to examine the behavior of membranes with larger or
smaller nominal molecular weight cut-offs. In addition, a
very similar approach could be used to analyze the behavior
of ultrafiltration membranes used for selective protein separa-
tions, with the separation factor now given by the ratio of the
sieving coefficients for the two proteins of interest[19–21].
This approach could provide an attractive framework for the
selection and development of high performance membranes
appropriate for protein separations.
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