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Pore Size Distributions of Polysulfonic UF Membranes 
and Protein Adsorption 

P. PRADANOS and A. HERNANDEZ* 
DPTO. DE TERMODINAMICA Y FISICA APLICADA 
FACULTAD DE CIENCIAS 
UNIVERSIDAD DE VALLADOLID 
E-47071 VALLADOLID, SPAIN 

ABSTRACT 

To compare actual and effective porous structure in operative conditions of 
ultrafiltration membranes, flux, retention, and the amount of adsorbed protein 
have been measured for 0.1% w/w aqueous solutions of several proteins [lyso- 
zyme, pepsin, bovine serum albumin (BSA), lipase. and y-globulin] with molecular 
weights from 14.6 to 150 kD tangentially filtered through two asymmetric polysul- 
fone membranes, E-100 arid E-500. From retention and flux experiments, the de- 
pendency of mass transfer coefficients on molecular volume has been analyzed. 
Results imply that protein molecules behave as being slightly uncoiled, especially 
when filtered through the smallest pore size membrane. By using a simple sieving 
model, retention data allow pore size distributions to be obtained. The data are 
modified by taking into account adsorption and volume hindrance effects in opera- 
tional conditions. 

Key Words. 
Protein diffusivities; Adsorption; Pore size distributions 

Crossflow ultrafiltration; Polysulfonic membranes; 

INTRODUCTION 

Ultrafiltration (UF), a pressure-driven separation process capable of 
gently retaining species in the molecular weight range of 300 to 500,000, is 
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2420 PRADANOS AND HERNANDEZ 

being substituted for some more traditional concentration and separation 
processes in a variety of industries. In the early 1980s more than 34 UF 
applications were in use. These included applications in the food industry, 
pharmaceuticals and biotechnology , and water purification and waste 
treatment in the chemical and paper industries (1-3). Protein filtration has 
a relevant role in most of these industries: in dairy processes, in wine 
stabilizing, in fruit juice clarification, in the recovery of valuable macro- 
molecules from fermentation broths, in the paper and pulp industry, and 
in the continuous production and separation of biomolecules in enzymatic 
processes, among others. 

Most of these applications use polysulfone membranes either in spiral 
wound, tubular, or hollow fiber modules. These membranes have espe- 
cially desirable characteristics due to their molecular structure where units 
of diphenylene sulphone are repeated, as pointed out by Gekas et al. (4). 
The SO2 group in the polymeric sulfone is quite stable due to the electronic 
attraction of resonating electrons between adjacent aromatic groups. The 
oxygen molecules projecting from this group each have two pairs of un- 
shared electrons to donate to strong hydrogen bonding of solute or solvent 
molecules. This makes polysulfone membranes very resistant with a pH 
range of 1 to 14, quite good chlorine resistance, and a wide temperature 
range with hydrophobic properties if untreated. 

There are some drawbacks with ultrafiltration as well. Given that once 
a membrane retains a molecule or particle, it should also permit high 
solvent fluxes in order to obtain a high efficiency of the ultrafiltration 
step. However, it is known that permeability decreases until it becomes 
more or less constant for high pressures. The existence of such amaximum 
for the flux has been attributed to concentration-polarization; i.e., the 
accumulation of the rejected solute in a boundary layer in contact with 
the membrane surface. In these conditions, the resulting mechanism of 
flux reduction can be attributed, according to Vilker et al. ( 5 ) ,  to: 1) a 
reduction in the driving force due to the increase in osmotic pressure at 
the membrane surface, 2) gelation of the retained solute with the creation 
of an extra hydraulic resistance, or 3) a fouling process. 

The previous work on protein adsorption is far too extensive to be re- 
sumed here, and the reader is referred to the review by Andrade (6) for 
a more detailed discussion. Nevertheless, there is considerable experi- 
mental evidence that protein adsorption within the pores of UF mem- 
branes can dramatically alter membrane transport properties. Reduction 
of membrane hydraulic permeability, increases in true retention coeffi- 
cient, and hindered diffusivities are known (7-9). This suggests that pro- 
tein adsorption reduces the effective membrane pore size and/or there is 
a process of pore blocking (fouling). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYSULFONIC UF MEMBRANES 2421 

Fouling could be partly due to irreversible adsorption but also to other 
deposition phenomena mainly determined by sieving effects. In any case, 
it can be substantially reduced if the solute-surface interactions are mini- 
mized by decreasing the membrane-protein affinity or contact times. This 
can be done, for example, by using tangential filtration with a high enough 
speed over the retentate face. This would also sweep the membrane sur- 
face making entrapment of protein molecules on the pore entrances more 
difficult, which should reduce pore clogging. Another way to limit pro- 
tein-surface interaction should be by controlling the pH level, as shown 
by Bowen and Gan (10). 

It is known that solute transport through constricted pores is reduced 
compared to that in bulk solution due to two phenomena: 1)  equilibrium 
partitioning, which reduces the solute concentration in the pores due to 
both steric effects and electrostatic interactions, and 2) hydrodynamic 
effects, which increase the frictional drag on the solute molecules. Both 
effects should lead to a retention coefficient for molecules and pores of 
constant sizes that should be calculated in terms of h (1  I), which is defined 
as the ratio between the mean projected solute diameter and the specific 
area of the pores (pore volume/pore surface area). Several possibilities 
for such a relationship have been suggested for different ranges of the 
Peclet number and pore and molecule shapes (12-17). Nevertheless, the 
situation is extremely complicated if pore as well as solute size distribu- 
tions have to be considered. In connection with this problem, many au- 
thors have attempted to relate pore or molecular size distributions (sepa- 
rately) to retention data (18-21), all them concluding that it is impossible 
to arrive at significant relations unless a known shape is assumed for the 
distribution being considered. 

The manufacturers of membranes for ultrafiltration usually give only the 
nominal molecular weight cut-off for their products. However, in actual 
application there is not a sharp edge between the molecular weights of 
solutes passing freely through the membrane and those retained, espe- 
cially if the membrane heteroporosity and/or solute polydispersity are 
taken into account. On the other hand, for concentration-polarization the 
molecular weight cut-off depends on the pressure difference acting 
through the membrane and the velocity of retentate recirculation in tan- 
gential ultrafiltration. Consequently, the corresponding retention charac- 
teristics should be studied in detail for each membrane and application in 
order to obtain the structural characteristics in operative conditions. 

Our aim here is to study the pore size distributions of two polysulfone 
membranes as determined by the tangential ultrafiltration of proteins, 
whose solutions will be considered as monodisperse. This will be done 
without assuming an “a-priori” shape for the pore size distribution, thus 
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2422 PRADANOS AND HERNANDEZ 

no volume hindrance leading to effective pore size distributions affected 
by both adsorption and friction inside the pores will be explicitly consid- 
ered. In this way, these distributions are operative bounded, and that 
should help in selecting the correct membrane to retain a given protein 
of a known free solution size. 

A secondary objective is to examine how the structure of protein mole- 
cules is modified through an analysis of the dependence of pore entrance 
diffusivities on molecular volume. Measured irreversible adsorption will 
be compared with other factors causing flow difficulties (retaining adsorp- 
tion in operative conditions along with friction and partition equilibrium) 
in filtration, and how both groups of phenomena depend on pore size. The 
operative pore size distributions will be contrasted with those obtained by 
subtracting the adsorption layers. 

Two commercially available asymmetric polysulfone membranes, E- 
100 and E-500 (made by Desalination Systems Inc.), have been selected. 
Their nominal mean diameters are 10 and 40 nm, respectively. A neutral 
pH is used in order to reproduce the most common conditions in natural 
media and bioreactors. Moreover, E-100 and E-500 seem to be almost 
discharged at neutral pH, which should reduce adsorption. On the other 
hand, if the proteins selected have a relatively strong negative charge at 
neutral pH, this should prevent the formation of protein aggregates. This 
is the case with the proteins we have selected: lysozyme, pepsin, bovine 
serum albumin (BSA), lipase, and y-globulin. They cover molecular 
weights from 10,000 to 15,000 daltons and can be assumed as substantially 
nonpolydispersed molecules. 

MATERIALS AND METHODS 

Chemicals 
Two flat asymmetric polysulfone membranes obtained by phase inver- 

sion were used. They are commercialized under the names E-100 and E- 
500 as ultrafiltration spiral modules (Desalination Systems Inc.). Several 
characteristics of these spiral module membranes as provided by the man- 
ufacturer are shown in Table 1 .  

In order to avoid any irreversible change during operation, each mem- 
brane sample was pressurized at 1000 kPa for 2 hours before being used (no 
permeability change could be detected for longer pressurizing periods). 
Aqueous solutions of several proteins (lysozyme, pepsin, bovine serum 
albumin, lipase, and y-globulin) with molecular weights of 14,600, 36,000, 
67,000, 80,000 and 150,000 daltons, respectively, were used (lysozyme 
was not used with E-500 because no retention was observed). All the 
proteins were obtained from Fluka AG: lysozyme (EC 3.2.1.17), lyophi- 
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POLYSULFONIC UF MEMBRANES 2423 

TABLE 1 
Operating and Design Parameters for E-100 and E-SO0 Ultrafiltration Spiral Elements 

Pore Maximum Maximum Chlorine 
size M ,  cut- pressure temperature tolerance 

Membrane (Fm) off" Lp." (mis.Pa)b (Pa) (K) PH ippm/day) 

E-100 0.01 35,000 7.12 x 10-lL 41 x lo5 323 2-1 1 5000 
E-500 0.04 500,000 2.70 x 10-I" 41 x lo5 323 2-1 1 5000 

" Test conditions: Aqueous solutions of 1% dextran to 50,000 Pa and 298 K. 
* Specifications are based on fouling free water at 200.000 Pa, 298 K, and 8.25 m2 active area. 

lized, dialyzed, and salt-free from hen egg white of >95% purity; pepsin 
(EC 3.4.23. l), crystalline powder from hog stomach; BSA of >98% purity; 
lipase (EC 3.1.1.3), fine powder from Rhizopus arrhizus; and y-globulin 
from bovine blood of >98% purity. 

The aqueous solution used was a relatively dilute 0.1% w/w in order to 
minimize solute-solute interactions. It was prepared with distilled, de- 
gassed, and deionized water (resistivity higher than 18 MR.cm), and all 
solutions were previously prefiltered with a microfiltration inorganic mem- 
brane (Anopore filter A02, whose nominal pore diameter is 0.2 pm) in 
order to eliminate large residual particles. All concentrations were mea- 
sured by using the Lowry assay (22) with a spectrophotometer set at 750 
nm. 

A pH buffer (HNa2P04.H2NaP04 at 8.1 x 10W3 and 1.9 x l o p 3  N) of 
7.4 was used along with a bactericidal agent (NaN3) at 0.02% w/w, giving 
an ionic strength of I = 0.021 N. According to Kirkwood (23) and Mala- 
mud and Drysdale (24), the isoelectric points are 11 for lysozyme, between 
2.2 to 2.8 for pepsin, from 4.7 to 4.9 for BSA, 4.0 for lipase, and from 
6.1 to 6.47 for y-globulin. Therefore, all the proteins used are negatively 
charged at neutral pH. This and the presence of added salts as buffers 
and bactericides, which increase the ionic strength, prevent the formation 
of aggregates. 

Finally, a solution of 50 g/L sodium dodecyl sulfate (SDS) in 0.5 N 
NaOH was used to desorb the protein. All reagents were of analytical 
grade and obtained from Fluka. 

Experimental Setup 

All the experiments were performed in isothermal conditions at 298 K 
by using a flat membrane tangential ultrafiltration device that has been 
described elsewhere by us (25). The membrane cell is a Minitan-S manifold 
from Millipore made of methacrylate. On the membrane there are nine 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2424 PRADANOSANDHERNANDEZ 

ducts of rectangular section 0.40 x 7.0 mm and a length ( L )  of 55.0 mm. 
The resulting channel hydraulic diameter (dh) is 0.76 x lop3 m, giving 
an effective membrane area of 3.68 x 10V3 m-2 and a channel section 
of 2.8 x 10-6m-2. 

The solution is extracted from a thermostated reservoir by means of a 
regulatable impulsion pump. Two pressure transducers are placed before 
and after the membrane holder in the retentate loop. They have a range 
of 0 to 1000 kPa over the atmospheric pressure, with an accuracy of 
+- 0.25% full scale. Given that the pressure loss along the hydraulic chan- 
nel of the permeate loop is small and may be assumed as almost linear, 
the transmembrane pressure can be taken as the average of the values 
taken up and down the membrane cell. The applied transmembrane pres- 
sures were below 1000 kPa in all cases. 

In order to measure the retentate flow, two electromagnetic flowmeters 
are used, whose ranges are 1 x 
to 1.67 x m3/s, both with errors lower than +- 0.25% full scale. The 
speed and pressure in the retentate loop are independently controlled by 
means of the pump regulation and an appropriate needle valve. The result- 
ing recirculation speeds used have been 0.040 & 0.001, 0.066 +- 0.001, 
0.132 k 0.001, 0.198 t 0.001, 0.264 +- 0.002, 0.330 +- 0.002, 0.396 +- 
0.006, 0.660 f. 0.019, 0.99 +- 0.02, and 1.980 -C 0.03 m/s. These speeds 
are defined as the volume flow through the hydraulic channel per unit 
time and unit cross-sectional area, hence they are averaged for a channel 
section. 

The volume flux of permeate through the membrane is measured by 
timing and weighting with a high precision balance with errors lower than 
2 1 x lop7 kg. The retentate and permeate concentration are measured 
by the already mentioned spectrophotometric method. 

In order to characterize clean and fouled membranes, the water perme- 
ability (hydrodynamic permeability) is measured prior to any contact with 
protein solutions and also for used membranes. The fouled membranes are 
water washed under pressure (1 MPa) for 1 hour in the same experimental 
device. To remove adsorbed protein from the used membranes, they are 
immersed for 3 hours at 303 K in the SDS solution. Afterward, the protein 
concentration of this solution is measured as mentioned. 

to 1 x m3/s and 1.67 x 

TH EO RETl CA L ASPECTS 

To follow the outlined pattern, we will start by providing the necessary 
theoretical background to obtain mass transfer coefficients and study their 
dependency on molecular volume as well as the method to estimate pore 
size distributions from them. 
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POLYSULFONIC UF MEMBRANES 2425 

Mass Transfer Coefficients and Diffusivities 

The true retention coefficient can be defined as R = 1 - cp/cm, which 
relates the actual concentrations on both faces of the membrane: c,-reten- 
tate concentration in contact with the membrane (bigger than the feed 
concentration co due to concentration-polarization) and cp = permeate 
concentration. Nevertheless what is directly accessible is the observed 
retention coefficient, R ,  = 1 - cp/co. 

The mass transfer coefficient, which is sometimes defined as the ratio 
between the diffusion coefficient in the concentration-polarization layer 
and its thickness, K ,  = D/S, can be calculated on the basis of heat transfer 
analogies according to the Graetz-Leveque correlation as shown, for ex- 
ample, by Hwang and Kammermeyer (26): 

1 I3 

K ,  = A (g) va = cPva 

where A and ci are constants. 

to 
Thus, in terms of the so-called film model, can be evaluated according 

1 - R ,  I - R  Jv 
&la 

+ -  In - = In - Ro R 

by a plot of ln[(l - Ro)/Ro] against Jv/V", in conditions of pressure- 
independent flux, that should be a straight with I/@ as the slope and an 
ordinate intercept of ln[(l - R ) / R ] .  

Several values have been proposed for the coefficients A, a. According 
to Cheryan (2) and Van den Berg et al. (27), this exponent seems to depend 
on the flow regime in such a way that values of ci = 1/3 or 1/2 can be 
used for the laminar regime that we will use here (Reynolds numbers from 
34 to 1670). 

According to Eq. (l), @ is proportional to D2'3. In order to study the 
actual behavior of protein molecules entering the pores during filtering, 
it will be useful to analyze the dependency of the measured on the 
molecular volume obtained from the protein gyration radii, which can be 
compared with those predicted by different theories on molecular be- 
havior. 

According to the Einstein equation: 

D = kT/f (3) 
where k is the Boltzmann constant, T is the temperature, and f is the 
molecular friction coefficient. If the protein molecules are assumed to be 
nondraining (solvent molecules within the coiled polymer chain moving 
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2426 PRADANOSANDHERNANDEZ 

with it) and represented by an equivalent impermeable hydrodynamic 
sphere of radius r ,  then, according to Stokes’ law: 

f = 6 r q r  (4) 
Nevertheless, by making the reasonable assumption that r is proportional 
to (s2)’12 (i.e., the root-mean-square of distances of chain segments from 
the center of mass of the molecule or radius of gyration), Eq. (4) can be 
rewritten in the form 

f = Koaq(s2)b’2 ( 5 )  

where KO is a constant for a given system, a? is the expansion parameter 
for the hydrodynamic chain dimensions, and (s2);12 is the radius of gyration 
of an unperturbed molecule (i.e., measured in conditions of no excluded 
volume). Then, according to the Kirkwood-Riseman theory: 

3 
(6) 

But, for real polymer molecules, as pointed out by Young and Love11 (28),  
(s*);” is proportional to x112, where x is the number of segments of the 
molecule. For highly expanded coils, a? is approximately proportional to 
x1/lo. Thus, by also taking into account that the number of segments should 
be proportional to the molecular weight M,,  Eqs. (3) and (5) lead to 

D = KhIME (7)  
where K6 is another constant and a should be approximately equal to 0.6 
for large expansions and nondraining molecules. 

On the other hand, for free-draining molecules, i.e., when solvent mole- 
cules are able to flow past each segment of the chain, 

Koa, = - 8 ( 6 ~ ’ ) ( ” ~ )  7 

f = xs (8)  

D = KbIM, (9) 

Thus, in this case, a = 1 in Eq. (7) .  This leads to a values in the range 
from 0.6 to 1 depending on the draining or nondraining behavior of the 
protein molecules when moving through the membrane. 

On the other hand, Young et al. (29) showed, from measurements of 
301 proteins with molecular weights in the 13 to 370 kD range, that the 
partial specific volume of proteins is from 6.9 to 7.8  x lop2 m’lkg, a 
relatively narrow Gaussian distribution, with a mean value of 7.3  x 
m3/kg. Consequently, the partial specific volume can be considered as 
approximately constant for all proteins, thus leading to 

where 5 is the frictional coefficient for each segment. This leads to 
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POLYSULFONIC UF MEMBRANES 2427 

V N M ,  (10) 

i.e., the molecular volume V should be nearly proportional to the molecu- 
lar weight. Thus, finally, Eqs. ( l ) ,  (7), (9), and (10) lead to 

@ = (K/v")2'3 (1 1) 

Pore Size Distribution 

In order to evaluate the pore size distributions of a partially retaining 
membrane, it can be assumed, according to an original idea of Michaels 
(30) as developed by Le and Howell (31), that the retention is due to a 
sieving mechanism in such a way that for each molecular weight there is 
a fraction of totally retaining pores while the rest of them allow the mole- 
cules to pass. Hence, assuming no effect of friction and partition equilib- 
rium in the pore entrances according to the approach that will be followed 
here, we can write the mass balance for each molecular weight as 

J V C ~  = Jv.tCrn (12) 
where Jv,t is the volume flux transmitted through the nonrejection fraction 
of pores. On the other hand, the ratio of the transmitted volume and water 
fluxes is, according to Darcy's law: 

where q(cm) and q(0) are the solution and solvent viscosities, respectively. 
But, for low cm, (32), this ratio is approximated to 1 in such a way that 
Eq. (12) can be rewritten as 

Jw.t = Jv(1 - R )  (14) 
Therefore, Jw,t can be evaluated once Jv for each R is known. Then, by 
using again the mass balance: 

which allows J ,  to be obtained if cp is also known. Consequently, JWJ 
Jw can be calculated for each cp and R ;  i.e., for each molecular weight or 
gyration radius of the five proteins as obtained from the literature (33-36). 
Thus, it gives the cumulative fraction of flux passing through all nonreject- 
ing pores for each molecular size (which can be taken as equivalent to 
the corresponding pore sizes, dp, if volume hindrance and adsorption con- 
tributions are not considered), while its derivative should provide the flux 
through pores of a given radius allowing proteins of this size to pass. 
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2428 PRADANOSANDHERNANDEZ 

In order to increase accuracy in the numerical derivation process, an 
analytical function can be used to interpolate Jw,t/J,., vs dp. In order to 
reproduce well the experimental data, a logicial curve, with horizontal 
asymptotes at Jw,t/Jw = 1 and 0; i.e., 

J W J  - 1 - -  

Jw [l + ($1 
seems appropriate. B and C are constants to be evaluated by fitting Eq. 
(16) to the experimental results. In this way d(Jw,t/Jw)/d(dp) can be easily 
obtained and normalized. 

Finally, the differential flux fraction can be correlated with the pore 
fraction according to the Hagen-Poiseuille equation in such a way that 

Kn is a normalization constant. 

RESULTS AND DISCUSSION 

Mass Transfer Coefficients and Diffusivities 

In order to evaluate the mass transfer coefficient as a function of u,  we 
can plot Eq. (2) for several constant pressure differences and variable 
recirculation speeds. Of course, the pressures used should be high enough 
to be in the zone of J,, almost independent of A p  as shown elsewhere by 
us (37). Then, we can obtain @ directly for each protein and membrane 
[see Pradanos and Hernandez (38) for details], leading to values of @ with 
a 95% confidence level (t-tested). 

The values of + so obtained are presented in Fig. 1 as a function of the 
molecular volume of the protein, V ,  which is obtained from the gyration 
radii. If Eq. (1  1) is fitted to experimental data, the values of K and a are 
as shown in Table 2. It is seen that the values of a are well within the 
expected range. 

Adsorption 

The amount of adsorbed proteins can be measured as mentioned above. 
The total number of deposited molecules multiplied by the mean section 
of the molecule (evaluated by assuming spherical molecules of the gyration 
radii) gives the total area occupied by proteins if an adsorption monolayer 
is assumed. This conjecture should agree with a Langmuir-type adsorption 
as usually assumed [see, for example, Robertson and Zydney (39)] for 
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0: 
0 10 20 30 40 50 60 70  

FIG. 1 CP as a function of protein volume for both membranes. The solid lines refer to Eq. 
( 1  1) with the constants shown in Table 2. 

protein adsorption. The ratio between the occupied area and the cross- 
section area of the membrane, AJA,, is shown as a function of (log M,)-  ' 
in Fig. 2. 

It is seen that AJA, is higher for E-100 than for E-500, which means 
that E-100 (the membrane with smaller pores) has a higher internal area, 
which is not surprising. On the other hand, the occupied membrane area 
is almost constant for low molecular weight proteins while it decreases 
steeply for increasing M, (in fact for y-globulin), indicating that adsorption 
is limited for nonpenetrating or scarcely penetrating proteins. 

On the other hand, the protein adsorption can also be studied in terms 
of water permeabilities for new (LPJ and used (LP,J membranes, shown 

TABLE 2 
Fitted Parameters for Eq. (1 1) 

~ 

K m3n+' /~)  a (dimensionless) 

E-100 973 f 251 0.67 5 0.16 
E-500 0.36 rt 0.22 0.83 4 0.25 
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FIG. 2 Adsorbed surface per unit of membrane area as a function of the molecular weight. 

in Fig. 3. It is seen that these permeabilities decrease with M ,  faster for 
E-500 than for E-100, giving similar values for y-globulin, while the results 
for low molecular weights approximate the new membrane permeability. 

A coverage ratio can be defined in terms of the pore diameters for new 
(d , )  and used (du)  membranes as 

where d is the equivalent diameter (2r) of the protein molecule. 8 can be 
obtained once d,, is known [according to the Hagen-Poiseuille equation, 
it is dn(L,,u/L,,n)1’4] and the nominal value is taken ford,. The correspond- 
ing results are shown in Tables 3 and 4 and should correspond to the 
number of adsorption layers in the pores of membranes in use. It is seen 
that this coverage factor increases with M ,  and is greater for E-500 than 
for E-100 because of the greater space for adsorption in larger pores than 
inside narrower ones. 

Both AJA, and 8 are calculated from measures of fouled membranes 
that were previously washed with water under pressure (as already men- 
tioned). Thus, possibly they refer to irreversible adsorption which should 
be lower than the real dynamic adsorption under operative conditions. 
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FIG. 3 Hydrodynamic permeabilities for new and used membranes as a function of molecu- 

3 

lar weight. 

Pore Size Distributions 

Once the mass transfer coefficients have been obtained, the concentra- 
tion in contact with the membrane, cm, and the true retention coefficient, 
R ,  can be calculated. It is seen that a retention close to a 100% (99.9% 
for E-100 and 97.0% for E-500) is obtained for y-globulin, i.e., for an 
equivalent molecular diameter of 0.0108 pm for both membranes. In fact, 
this value should only be the maximum diameter in pore size distribution 

TABLE 3 
Water Permeability and the Pore Radius Obtained According to the Hagen-Poiseuille 

Equation for E100. For a New Membrane the Water Permeability, Lp,n, Is 9.94 x lo-'' 
m/Pa.s and the Nominal Diameter, d,, Is 1 x lo-* m 

Fouled with LP," (lo-" miPa.s) d, m) 8 

Lysozime 8.42 9.60 0.063 
Lipase 1.14 9.40 0.060 
BSA 6.46 8.98 0.071 
Pepsin 5.91 8.78 0.076 
y-Globulin 5.31 8.54 0.067 
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TABLE 4 
Water Permeability and the Pore Radius Obtained According to the Hagen-Poiseuille 

Equation for E500. For a New Membrane the Water Permeability, L,,,, Is 46.31 x lo-” 
m/Pa.s and the Nominal Diameter, d,, Is 4 x lo-’ m 

Fouled with LP,” (lo-“ m/Pa.s) d, m) 0 

Lipase 38.35 38.16 0.184 
BSA 33.46 36.88 0.217 
Pepsin 21.90 33.18 0.426 
y-Globulin 5.66 23.66 0.756 

if the protein molecules are assumed as rigid, without friction, and nonad- 
sorbing. 

According to the method outlined above, the pore size distributions can 
be obtained. In effect, Jw,,/Jw can be evaluated according to Eqs. (14) 
and (15), nonlinearly fitted to Eq. (16), and represented versus gyration 
diameters that, as mentioned, can be assumed as equal to the correspond- 
ing pore sizes if neither volume hindrance neither adsorption are taken 
into account. This curve can then be numerically differentiated and 
normalized to give the differential flux distribution. Finally, the dif- 
ferential pore number distribution can be estimated by using Eq. (17) and 
normalizing to 1. The results so obtained are presented in Fig. 4 
and 5. 

These distributions are fitted to lognormal functions according to 

log u 

where p is the mean x and u is its standard deviation. Here dp plays the 
role of the x variable, leading to fitted means and standard deviations with 
confidence levels over 99.5%. 

In this way, mean pore diameters of 6.06 & 1.54 and 7.33 2 1.32 nm 
have been obtained for the flux differential distributions with slightly 
smaller means and deviations for the pore number distributions. These 
results are far below the nominal data given in Table 1 and are quite similar 
for both membranes in spite of their very different nominal pore sizes. 

On the other hand, these distributions can be modified if adsorption is 
taken into account. This can be done by an iterative procedure; i.e., in- 
creasing the dynamic coverage ratio Od, which should be equal for all the 
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FIG. 4 Pore number and flux distribution functions versus pore diameters for E-100. p. is 
the average and u the standard deviation. 
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FIG. 6 Flux and pore number cumulative distribution functions versus pore diameters for 
E-100, assuming adsorption. Note that half the flux should pass through 15% of the wider 

pores. Here J,,,/J, is I - (Jw , , /Jw) .  
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FIG. 7 Flux and pore number cumulative distribution functions versus pore diameters for 
E-500, assuming adsorption. Note that half the flux should pass through 25% of the wider 

pores. Here Jw.,/Jw is 1 - (JW,JJw).  
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FIG. 8 Flux and pore number differential distribution functions versus pore diameters for 
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FIG. 9 Flux and pore number differential distribution functions versus pore diameters for 
E-500, assuming adsorption. IJ. is the average and u the standard deviation. 
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proteins, thus being an average, until the flux distribution function gives 
a mean pore size equal to the nominal pore size. This distributions so 
obtained are shown in Figs. 6 to 9 and correspond to €ld values of 0.326 
and 2.230 for E-100 and E-500, respectively. It is seen that the results so 
obtained for pore sizes are (10.04 k 1.52) x lop9 m for E-100 and (40.23 
? 1.27) x m for E-500 from the flux distributions, while for the 
pore number distributions the central representatives of the distributions 
are (7.10 +- 1.52) x lop9 m for E-100 and (35.86 k 1.27) x m for 
E-500. 

CONCLUSIONS 

We have studied the structural characteristics in functional operative 
conditions of two ultrafiltration asymmetric membranes in crossflow ultra- 
filtration of proteins. In order to obtain pore size distributions, it was 
necessary to measure the apparent or observed coefficient of retention 
and correct it to obtain the real one. This has been done in accordance 
with the film model for the concentration-polarization phenomenon. 

The mass transfer coefficient of the proteins is calculated by varying 
the recirculation velocity at constant pressure. A value of ci = 1/3 has 
been used in Eqs. (1) and (2); it is predicted by many different correlations 
for laminar flow and flat or tubular membranes [see, for example, the 
Graetz-Levkque’s or Sourirajan’s relationships in Cheryan (2) and Hwang 
and Kammermeyer (26)l. On the other hand, this value for (Y has also 
been proved to fit the data better. 

The mass transfer constant, @, should depend on the pore entrance 
diffusivities and ultimately on molecular volumes. This dependency has 
been studied within the frame of current macromolecular theories, leading 
to results which are compatible with molecular states of mean expansions 
and solvent penetration, but showing slightly larger extensions of molecu- 
lar segments for the molecules of proteins permeating through the E-100 
membrane than across E-500: values of the exponent a in Eq. (1  1) are 0.6 
(nondraining) < 0.67 (E-100) < 0.83 (E-500) < 1 (free draining). This 
should mean that protein molecules lose, to some certainly limited extent, 
their coiled structure, thus limiting solvent penetration in being forced to 
pass through narrower pores. It is worth noting that for less adsorptive 
membranes, where protein molecules should remain approximately spher- 
ical, Eqs. (3) and (4) should lead to a diffusion coefficient proportional to 
V-1’3, as shown by us for inorganic membranes (37). This seems to corre- 
late with a certain decoiling process with relevant adsorption levels. 

Referring to irreversible adsorption, both AJA,  and 8 have been evalu- 
ated by assuming that all pores are freely penetrated by the protein mole- 
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cules, which is evidently not totally true, at least for the biggest proteins, 
because a significant decrease of adsorption and water permeability 
should be due to blocking of a portion of pores. Due to these factors, A,/ 
A ,  is underestimated while 8 is overestimated. On the other hand, the 
occupied surface fraction is even more undervalued due to the existence 
of less than a complete layer of adsorbed protein (8 is always less than 
1). 

It is seen for real retentions that an equivalent molecular radius of 0.0108 
pm (y-globulin) corresponds to 100% retention for E-100 and 97% for E- 
500. This value is similar to the nominal pore size for E-100 while it is 
near to a fourth of the nominal diameter for E-500. As far as the pore 
size distributions are concerned, they seem to be short tail lognormals. 
According to the flux distributions, the corresponding means and standard 
deviations are slightly lower than the equivalent diameter of y-globulin 
and are close to 60% of the nominal value for E-100 and near 20% for E- 
500. 

On the other hand, it is worth remembering that these pore diameters 
have been evaluated as purely determined by simple sieving considera- 
tions. Thus, no adsorption of the protein molecules and volume hindrance 
effects have been considered inside the pores. If the central values of the 
distributions so obtained were to reproduce the nominal sizes, it should 
be necessary to assume coverage ratios, Od,  which are greater than those 
measured by desorption experiments (compare with 8 in Tables 3 and 4). 
This can be due to a less tightly linked adsorption which should play a 
role in operative conditions, although it is easily removable by pressure 
washing. This should agree with the low values of 8 (<1) obtained. None- 
theless, probably both friction and equilibrium partitioning at the pore 
entrances should be significant; in fact, they can be interpreted as leading 
to reversible adsorption. Dynamic adsorptions such as those obtained 
here, i.e., approximately 1/3 (E-100) and 2 (E-500) adsorption layers, seem 
reasonable and should correspond, in terms of volume hindrance effects, 
to nonfriction movement for molecules passing not closer than 113 or 2 
molecular gyration diameters. On the other hand, both 8 and Od increase 
with pore size, in good agreement with results reported in the literature 
(39, 40). 

Nevertheless, it is worth noting that the pore size distributions in Figs. 
4 and 5 refer to the real functional behavior of E-100 and E-500 membranes 
when used to crossflow ultrafiltrate proteins because adsorption will al- 
ways be present. This, once again, confirms the necessity of a deep study 
of pore size distributions and retentions in real laboratory situations to 
understand the operational characteristics of ultrafiltration steps in separa- 
tion processes. In our case, for example, it can be concluded that both 
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membranes give very similar retentions, so E-500 should be preferable, 
given that it allows higher fluxes through the membrane. This difference 
in fluxes decreases when the molecular weight of the protein increases, 
as shown in Fig. 3. 
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SYMBOLS 

coefficient of the Graetz-Lkveque correlation (dimensionless) 
total area occupied by proteins (m2) 
cross-section area of the membrane (m2) 
exponent in Eqs. (7), (9), and (11) (dimensionless) 
constant of the logistical curve (m) 
exponent of the logistical curve (dimensionless) 
membrane concentration in contact with the high pressure inter- 
face (wiw) 
permeate concentration (w/w) 
feed concentration (w/w) 
diffusion coefficient (m2/s) 
equivalent diameter of the protein molecule (m) 
diameter of the hydraulic channel (m) 
pore diameter for a new membrane (m) 
pore diameter (m) 
pore diameter for a used membrane (m) 
molecular friction coefficient (kg/s) 
log normal distribution function of x (dimensionless) 
maximum frequency for the distribution of x (dimensionless) 
differential distribution function (dimensionless) 
ionic strength (normality) 
volume flux of the solute (m/s) 
volume flux ( d s )  
volume flux transmitted through the nonrejecting fraction of 
pores ( d s )  
water volume flux (m/s) 
water flux transmitted through the rejecting fraction of pores (m/ 
s) 
water flux transmitted through the nonrejecting fraction of pores 
(m/s) 
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constant in Eq. (11) (m1+3a/s) 
mass transfer coefficient (m/s) 
normalization constant in Eq. (17) (m4) 
constant in Eq. ( 5 )  (kg/m-s) 
constant in Eq. (7) (m2.ga/mola.s) 
Boltzmann constant (J/K) 
length of the hydraulic channel (m) 
permeability for a new membrane (m/Pa.s) 
permeability for a new membrane (m/Pa.s) 
molecular weight of the proteins (dalton) 
cumulative pore density (m-*) 
total pore density (m-*) 
true retention coefficient (dimensionless) 
observed or apparent retention coefficient (dimensionless) 
hydrodynamic radii of a sphere (m) 
gyration radii (m) 
unperturbed gyration radii (m) 
temperature (K) 
molecular volume (m3) 
recirculation speed of the feed solution (m/s) 
number of segments of the molecule (dimensionless) 

Greek Letters 

thickness of the concentration polarization film layer (m) 
exponent of the Graetz-Leveque correlation (dimensionless) 
expansion parameter (dimensionless) 
ratio of the mean projected solute diameter and the specific area 
of the pores (dimensionless) 
average diameter of the pore size distributions (m) 
geometric standard deviation for the pore size distributions (m) 
frictional coefficient for each segment of the polymer chain (kgl 
s) 
coefficient of the mass transfer coefficient (m/s)' --a 

viscosity (kg/m.s) 
solution viscosity at concentration cm (kg/m.s) 
solvent viscosity (kg/m.s) 
coverage ratio of adsorption (dimensionless) 
dynamic coverage ratio of adsorption (dimensionless) 
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