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ABSTRACT

Transport properties of a new type of filtering material, prepared by
tangential filtration of a protein solution on a macroporous ceramic
support, were determined. Retention characteristics were studied
by filtration of polyethylene glycol solutions with various molecu-
lar weights at different pH and ionic strengths. The pore radii (1.5
nm) were estimated from pure water hydraulic permeability and re-
flection coefficients through the use of a theoretical model based on
the Verniory pore theory. The protein layer morphology was ex-
amined by scanning electron and atomic force microscopy.
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3072 BULLON ET AL.

INTRODUCTION

Progress in membrane separation is closely linked to the development of
membrane material. Since the 1960s, researchers in material science have under-
taken studies to improve the properties of the membrane, such as its permeability
and selectivity, its mechanical and thermal stability, and its chemical resistance.
In the 1990s, the production of a wide range of material of different nature
(organic/inorganic), with pore diameters ranging from 1 to 10 nm, permitted
the development of new separation processes such as nanofiltration and low
ultrafiltration.

For several years, researchers have been developing hybrid membranes
elaborated from macromolecular deposits formed on ceramic supports during tan-
gential filtration of protein solutions. Thus Negrel et al. (1,2) reported the prepa-
ration of a very low-ultrafiltration membrane (approximate M.W. of 2000 d) by
cross-flow filtration of a gelatin solution over a 0.2 pm-pore cylindrical a-alu-
mina support. The deposited layer was then hardened and tightened by chemical
(tanning) and physical (thermal drying) treatments. In 2000, Bull6n, Belleville,
and Rios (3) optimized this manufacturing procedure by lowering the total time of
preparation of 5 hours to less than 2 hours and by reducing the pore size to obtain
better retention. These membranes have the advantage of working under low
transmembrane pressure. They are biocompatible, do not clog, are easy to prepare
and regenerate, and present adjustable properties according to specific objectives.
They constitute attractive potential candidates for the concentration and purifica-
tion of biological and pharmaceutical solutions that are sensitive to high temper-
ature and shear.

The objective of this study was to characterize the separation properties of
such protein membranes. Transfer parameters (L,,0) were deduced from filtration
experiments with calibrated polyethylene glycol (PEG) molecules and pore diam-
eter was estimated through an approach developed by Nakao and Kimura (4).
Membrane characterization was completed by use of scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM).

THEORETICAL BACKGROUND

In 1981, Nakao and Kimura (4) presented a model based on film theory, the
equations of nonequilibrium thermodynamic and the pore theory, in an attempt to
characterize ultrafiltration transport mechanisms. This model, which has been al-
ready used by Sarrade, Rios, and Carles (5) to determine the transport properties
and pore diameters of two nanofiltration membranes, is briefly described.

In film theory, the transport parameters L, (solvent permeability), o (solute
reflection coefficient), and w (solute membrane permeability) are determined ac-
cording to Kedem-Katchalsky equations (Eqs. 1 and 2) from the experimental

Copyright © Marcel Dekker, Inc. All rights reserved.
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PROTEIN MEMBRANES 3073

measurements of solvent (J,) and solute (J;) fluxes under various experimental
conditions.

Jy = Ly(AP — oAll) ey
Jo=0(Cpn— Cp) + (1 — ) J,C* ()

More precisely L, is experimentally estimated by filtrating ultrapure wa-
ter (AIl = 0) while w and o are attained through a graphical procedure in which
JJ/A C vs. J,C*/AC and where C* is the mean logarithmic concentration be-
tween the two faces of the membrane:

Cn— G
S 3
In Fp
Cn, the concentration of the solute at the inner membrane surface is obtained through
the use of the film model described by Michaels (6) and modified by Porter (7).

Jo=kin| Em =G “)
¢, -G,

where C, and Cj, are the solute concentrations in the feed and the permeate streams
respectively, and k is the mass transfer coefficient between the fluid and the mem-
brane wall. k can be estimated by means of a dimensional correlation, such as that
by Deissler (8):

Sh = 0.023-Re®7-Sc"73 5)

When retention is very high, AC = C,, — C, and can be very large, and Eq.
3 is no longer valid. Equation (2) is substituted by Eq. (6):

. _ o= F)
k= 1 — (oF) ©
in which
F- exp{ (1~ o)] %)
w

and R*, the real retention rate, is obtained through application of Eq. (8). This
latter parameter is more characteristic of the effective membrane selectivity than
the observed retention rate (R) calculated using Eq. (9) because the fluid-wall
interface concentration, Cp,, exceeds C,,

R*:[cm—cp] ®)
Cun

15
R=|"¢ ©)
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3074 BULLON ET AL.

The membrane pore radius r;, is related to the value of o through the pore
theory developed by Pappenheimer, Renkin, and Borrero (9) and modified by
Verniory et al. (10) in the following manner:

(1-0)= [1 —2B3¢” - 0~2‘15][2<1 — = (1 - ¢ (10)
(1 - 764°)
where
ry
0= (11)

From knowledge of r,, one can calculate the solute radius, rp, by trial and error
over g and by comparing the values of ¢ estimated either from drawings or from
Egs. (6) and (7).

MATERIAL AND METHODS
All the filtration experiments were performed on a small-scale pilot unit as

shown in Fig. 1. The retentate and permeate streams were recycled and the oper-
ating conditions were AP = 0.2 MPa, U = 1 m/s, and T = 293K.

Membrane Preparation and Characterization
(Flux And Retention)

The protein membranes used in this study were prepared by depositing and

stabilizing a gelatin layer on an inorganic tubular support as previously described
(2,3). A 10 kg/m? of B type gelatin from Merck (France) was filtered for 25 min-

Retentate

0 o %
@ @ Feed

Permeate

Figure 1. Pilot plant 1) feed tank, 2) pump, 3 and 5) pressure gauges, 4) membrane car-
tridge, 6) counterpressure valve, and 7) temperature control.

Copyright © Marcel Dekker, Inc. All rights reserved.
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utes over an o-alumina macroporous substrate (0.2 wm) from US Filter (Tarbes,
France). Then the dynamic protein deposit was treated with a formaldehyde solu-
tion (30 minutes with 5% formaldehyde solution at 293K) and dehydrated at 383K
for 45 minutes.

The membrane permeability and selectivity were estimated by carrying out
standardized filtration experiments with pure water and 15 kg/m> aqueous solu-
tions of PEG (Merck) with different M.W. values: 0.6, 1.5, and 6.0 kd. The PEG
concentrations were determined through the use of a differential refractometer
(Shimadzu RID-6A model).

Volume fluxes (I/h-m?) and retention yields R (%) thus obtained did not al-
low us to affirm that the protein-layer modifications are due to PEG adsorption or
deposition. Several runs performed successively with the same membrane pro-
vided the same retention data; water fluxes measured before and after PEG filtra-
tion were identical.

Membrane Transport Properties

The determination of membrane transport properties involved four different
PEG solutions of M.W. 0.4, 0.6, 1.0, and 1.5 kd respectively. To prevent any prob-
lem of microbial contamination, sodium azide (0.2 kg/m3) was added to the PEG
solutions. Because different PEG concentrations (from 15 to 105 kg/m?®) were
tested, diffusivities and kinematic viscosities of PEG solutions are reported in
Table 1. These values were found in the literature or calculated from other data
(5). Solutions with different concentrations were filtered and permeate flux/con-
centrations were measured at the steady state (generally reached after 10 or 15
minutes of filtration). After each test, the membrane was either rinsed with pure

Table 1. Diffusion Coefficients (D) and Kinematic Viscosities (v) of Different PEG
Solutions

(D)(1071° m?/s) (W)(107° m%/s)
C, PEG PEG PEG PEG PEG PEG
(kg/m?) 0.6 kd 1.0 kd 1.5 kd 0.6 kd 1.0 kd 1.5 kd
15 4.0 2.9 22 1.2 1.2 1.3
30 32 2.4 1.7 1.5 1.6 1.6
45 2.6 1.9 1.3 1.8 2.0 2.1
60 2.2 L5 1.0 22 25 2.7
75 1.8 1.2 0.8 2.6 3.1 3.5
90 14 1.0 0.6 33 4.0 4.6
105 1.2 0.8 0.5 4.1 5.0 5.9

MaRcEL DEKKER, INC.
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3076 BULLON ET AL.

water before another test or removed using a classical cleaning procedure already
described elsewhere (2).

Effect of Solution pH and Ionic Strength

To examine the evolution of protein membrane characteristics as a function
of pH and ionic strength of solutions, the following complementary studies were
completed.

Effect of pH

The membrane retention was estimated as a function of pH for the values of
2.0, 6.5, and 9.0. The intermediate value 6.5 corresponds to the pH of PEG solu-
tions prepared with ultrapure water. pH was regulated by adding NaOH or HNO;
from 0.1 mol/L solutions. The change of ionic strength due to pH control (from
1073 to 2.10> mol/L) was low enough to avoid significant linked effects. First,
the membrane was hydrated by filtrating ultrapure water at the desired pH value
for 1 hour. Then, the solutions of PEG 0.6, 1.5, and 6.0 kd, each at a concentration
of 15 kg/m® and a pH adjusted to the desired value, were filtered successively. Af-
ter the filtration of each PEG solution, the membrane was rinsed with water at the
desired pH. Finally, it was washed with ultrapure water for 2 hours and charac-
terized according to the standardized procedure described under Membrane
Preparation and Characterization.

Effect of Ionic Strength

The effect of ionic strength on flux and retention was studied using NaCl
solutions at concentrations of 0.02, 0.20, and 1.00 mol/L. The experimental pro-
tocol was similar to the one previously described for pH effects. The membrane
was hydrated with water at the desired NaCl concentration. The solutions of PEG
(15 g/L) with NaCl were then filtered. Then, each PEG filtration membrane was
washed with a NaCl solution at the desired concentration.

Physical Characterization

The SEM observations were performed on an Hitachi S4500 microscope.
The samples of the membranes were previously dried in vacuum and covered with
graphite for their protection.

The AFM used in the present study was a Nanoscope II (Version 4.22), from
Digital Instruments, equipped with a silicon stylus model FESP that is 225 pm

Copyright © Marcel Dekker, Inc. All rights reserved.
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long. The measurements did not require any preparation of the samples and were
made either in air or in water when the Nanoscope was operating in noncontact
mode (taping mode).

RESULTS AND DISCUSSION
Effect of pH and Ionic Strength of Solutions

As previously reported in the literature (11-15), the hydraulic resistance of
the protein deposit is a function of the pH and ionic strength that reflects both the
inter- and intramolecular electrostatic interactions between the protein molecules
within the deposit. The effect of these two variables over the flux and the reten-
tion of gelatin membrane during filtration of PEG solutions was studied.

The results obtained for experimental runs conducted at pH 2.0, 6.5, and 9.0
are shown in Fig. 2. The fluxes of the PEG solutions at a pH 2.0 are twice as high
as those at pH 6.5. The difference between pH 6.5 and 9.0 is less marked, being a
little higher at basic pH values. The evolution of the retention versus pH is con-

40 r

30

Flux (1/h-m?)
mo

10 r

60 -

40 -

Retention yield R (%)

20

pH

Figure 2. Flux and retention yields versus pH ((J PEG 0.6 kd, A PEG 1.5 kd, B PEG
6.0 kd).
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sistent with the fluxes obtained. The retentions are 2 to 3 times higher at pH 6.0
than they are at pH 2.0. The values obtained at pH 9.0 are of the same order as
those obtained at pH 6.5 in the case of PEG 6.0 kd and a little less in the case of
PEG 1.5. kd. For the PEG 0.6 kd, the retention diminishes for pH values over 6.0.

Thus the pH has a strong influence on the gelatin membrane structure. The
membrane pores all seem to become larger at acid pH values (higher fluxes and
less retention). At basic pH values, the molecular weight cut off (MWCO) of the
membrane seems to be unmodified (nearly constant flux and retention of higher
PEG M.W.), but the membrane pore distribution is probably more disperse: The
proportion of pores that let the PEG 0.6 kd pass through the membrane increases.
Huisman, Pradanos, and Herndndez (16) found similar results. They presented
AFM images of membranes fouled with proteins at different pH values. The more
open structure was obtained at low pH.

The phenomenon observed is probably linked to protein morphologic
changes. In highly acidic conditions, gelatin undergoes a transformation from a
collagen-like structure to a more random-coil-like structure (17), which would
explain the large changes in flux at pH 2. As this reaction does not occur to the
same extent at pH 9, more subtle conformational transformations are most likely
responsible for the observed permeability changes.

Furthermore, the affect of pH on protein charge must be taken into account.
At pH 6.5, 1 unit of pH above the isoelectric point, the membrane is slightly
charged. The electrostatic repulsions between the protein chains are low and the
membrane is more compact, which accounts for the lower fluxes and the higher
retentions observed. In acid or basic media, the presence of positive (pH 2) or
negative (pH 9) charges enhances the repulsion between the protein chains, gen-
erating a freer space to allow the passage of solvent and solutes.

To evaluate the reversibility of the pH effect, | membrane was tested at pH
2 and 9. After each experimental series, the membrane was subjected to 2-hour ul-
trapure water filtration and characterized through the standard procedure. Results
are shown in Table 2 . In another set of experiments (Table 3), the protein mem-

Table 2. Standardized Characterization of a Protein Membrane Before and After
Filtration of Acidic and Basic Solutions

Retention Yield (%)

After Filtration After Filtration
kd Initial atpH 2 atpH9
PEG 0.6 50 21 19
PEG 1.5 75 55 46
PEG 6.0 91 85 85

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 3. Standardized Characterization of a Protein Membrane Before and After
Filtration of Basic and Acidic Solutions

Retention Yields (%)

After Filtration After Rinsing After Filtration
kd Initial atpH9 (8 hours) atpH?2
PEG 0.6 50 34 39 28
PEG 1.5 75 65 68 58
PEG 6.0 91 92 92 87

brane was first tested at pH 9 and a second longer rinsing (8 hours of ultrapure
water filtration) was carried out before pH 2 experiments were performed.

The results obtained show that whatever the pH conditions first tested, the
retention characteristics of the membrane are affected; even a long rinsing time
does not allow for the recovery of the original membrane properties. The use of
the protein membrane in acidic conditions affects its structure in an irreversible
manner and to a greater extent than does the basic pH. The retention values of PEG
0.6 and 1.5 kd are lowered at both pH 2 and pH 9, while the retention of PEG 0.6
kd is affected only at pH 2. Furthermore, after the membrane was treated at low or
high pH, the retention characteristics were no longer affected by basic conditions;
however, acidic pH still modified them.

The incidence of the ionic strength over the retention and permeate flux was
also studied through successive filtrations of PEG solutions with increasing ionic
concentration. The results are shown in Fig. 3. In presence of NaCl, the permeate
fluxes are high for all PEG concentrations used. This effect is greater with low
molecular weight PEGs. The flux increase is also more pronounced at low concen-
tration: Flux values nearly vary as a linear function of decimal logarithm of the salt
concentration. The increase in flux is accompanied by a decline in PEG retention.

These results, like those observed when the pH was varied, are in conflict
with those reported in the literature. Mochizuki and Zydney (13) investigated the
flux and the retention of dextran solutions over bovine serum albumin (BSA) de-
posits and found that the flux goes through a maximum and the retentions through
a minimum at the isoelectric point in the absence of salt. Opong and Zydney (12)
and Palecek, Mochizuki, and Zydney (14) showed that the permeability of the
protein deposits decreased with increased solution ionic strength both above and
below the protein isoelectric point but was relatively independent of ionic strength
at the isoelectric point. They also showed that the fluxes and retentions through
protein deposits change as a function of protein type and more precisely as a func-
tion of the protein charge density. In fact, the pH and ionic strength can affect the
permeability of protein layers in three ways: 1) by modifying the electric charge
and eventually the structure of the proteins, 2) by shielding the electrostatic re-

MaRcEL DEKKER, INC.
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Figure 3. Flux and retention yields versus NaCl concentration (O PEG 0.6 kd, A PEG 1.5
kd, B PEG 6.0 kd).

pulsions between adjacent chains within the deposit, and 3) by modifying the elec-
troosmotic counterflow generated by the streaming potential due to the flow of
charged species.

At high salt concentrations, the effect of the electroosmotic counterflow is
limited, which should result in increased permeation flow and decreased retention.
Yet, the shield effect is maximized, and as a consequence the inter- and in-
tramolecular electrostatic interactions between the protein molecules should be
diminished resulting in increased retention and decreased permeate flow. Accord-
ing to Palacek and Zydney (15), the shielding effect would be the most important
one and could explain the results that they observed. However, in our case, as the
protein layer was stabilized by the linking agent (formaldehyde), the chains may
not be able to get close to each other, and so the hydraulic permeability of the
membrane is not reduced.

Furthermore, our protein membrane was obtained from gelatin deposit
while Mochizuki and Zydney (13) studied the permeability of BSA layers. Gelatin
is a very hydrophilic protein and presents a collagen-like configuration, and BSA
is a globular protein stabilized by a very hydrophobic core and strong surface

Copyright © Marcel Dekker, Inc. All rights reserved.
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charges; therefore, these two proteins form different types of gel layers when de-
posited on a membrane surface. The permeability of protein gel is closely linked
to the morphology of the gel structure. A gel, whether created intentionally or
formed inadvertently due to membrane fouling, could be considered a three-
dimensional network of protein molecules with solvent entrapped in the meshes.
Its morphology results from covalent links that form between the different
polypeptide chains as well as from secondary forces. In the case of gelatin, intra-
and interprotein interactions and protein-solvent interactions are mostly a result of
hydrogen bonding (18). As a result, any change of pH or ionic strength in the pro-
tein environment affects the strength of the hydrogen-bonded links and modifies
the structure and the permeability of the protein gel layer. Moreover, NaCl is
known to destabilize gelatin structure (18). At higher salt concentrations, as a con-
sequence of both the protein and salt competing for water hydration, the gel layer
is dehydrated, thus leading to larger pore spaces and improved flux.

As shown in Table 4, the effect of ionic strength on membrane properties is
irreversible at low PEG concentrations. The original retention of PEG 0.6 kd
could not be recovered even though the membrane was rinsed with ultrapure wa-
ter before being characterized. Nonetheless, with PEG 1.5 and 6.0 kd, membrane
properties were recovered after an ultrapure water filtration when the NaCl con-
centration was lower than 0.2 mol/L. The ionic strength, as does the pH, modifies
the membrane structure in an irreversible way.

Membrane Transport Properties

The estimation of membrane transport parameters (L,, o, and o) requires
that one has a sufficient number of experimental values (J;, R). Nakao and Kimura
(4), as well as Sarrade, Rios, and Carles (5), followed permeate flux variations and
retention as a function of transmembrane pressure and tangential velocity. In our
case, to prevent any uncontrolled change of properties of the compressible protein
layer, J; and R were observed as a function of the PEG solution concentrations.

Table 4. Standardized Characterization of Protein Membrane Before and After Filtration
of Solutions of Increased Ionic Strength

Retention Yields (%)

After Filtration After Filtration After Filtration
kd Initial at 0.02 mol/L at 0.2 mol/L at 1 mol/L
PEG 0.6 50 45 31 24
PEG 1.5 75 70 64 55
PEG 6.0 91 91 93 86

MaRcEL DEKKER, INC.
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Filtration of Solutions at Different Concentrations

After hydration of the membrane by tangential circulation of ultrapure wa-
ter for 1 hour, PEG 0.6, 1.0, and 1.5 kd at 15, 30, 45, 60, 75, 90, and 105 g/L were
filtrated. For each type of solute, the model solutions were successively used in or-
der by increased concentration. The pH of all the solutions was 6.5. The results are
shown in Fig. 4. As polarization became more pronounced as the bulk concentra-
tion increases, fluxes decreased. This decline was accompanied by a decrease in
observed retention (R).

Estimation of Transport Parameters

The mass transfer coefficient (k) and solute concentration at the membrane
surface (Cy,) are deduced from data points. The values of k, calculated from Eq.
(2) with v and D values that are shown in Table 1, are given in Table 5 along with

40

Flux (1/h-m?)

o>e
x4

20

10

80 r

40 o o

Retention yield R (%)

L

20 40 60 80 100
PEG concentration (kg/m3)

Figure 4. Flux and retention yields versus PEG concentrations (CJ PEG 0.6 kd, @ PEG
1.0 kd, A PEG 1.5 kd).
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Table 5. Mass Transfer Coefficient, k (107 m/s'), and Polarization Layer Thickness, &
(107 m), at Variable Concentrations of PEGs

c PEG 0.6 kd PEG 1.0 kd PEG 1.5kd
(kg/m?) k S k ) k B
15 19.2 2.08 15.1 1.92 11.7 1.89
30 14.1 2.27 10.9 2.20 8.4 2.01
45 10.8 2.41 8.0 2.38 5.8 2.23
60 8.4 2.62 5.8 2.58 4.1 2.45
75 6.5 2.77 4.3 2.79 2.9 2.72
90 4.6 3.02 3.2 3.13 2.0 3.00
105 3.6 3.32 2.4 3.40 1.5 3.35

U=1m/s;T=293K; AP =2 X 10° Pa.

the estimated thickness of the mass-transfer boundary layer 8. However, J, and C,
data points as well as calculated C,, are reported in Table 6.

The permeability (L) of the protein membrane is determined by filtrating
ultrapure water at different pressure gradients. From plots of J, versus AP, L, is
estimated at 7 X 10~ "' m/s-Pa. w and o can be estimated either from graphs of

e s ool e
AC Versus (AC)

or from Egs. (7) and (8). Both methods give consistent results for PEG 1.0 kd.

However, these graphical interpretations led to suspect results for the other two
PEGs: o < 0 for PEG 0.6 kd and o > 1 for PEG 1.5 kd. These unexpected results

Table 6. Flux J, (10° m/s), Permeate C, (kg/m?) and Surface Cy, (kg/m?) Concentrations

c PEG 0.6 kd PEG 1.0 kd PEG 1.5 kd

o
(kg/m?) Jy Gy Cn Jy 0N Cn Jy Gy (o

15 5.83 N/A N/A 7.00 5.43 20.6 642 N/A N/A
30 525 188 351 583 129 420 583 8.97 50.9
45 438 30.2 524 467 216 63.5 350 138 70.7
60 408 395 72.8  4.08 327 87.7 292 198 101.8
75 3779 557 90.2 350 453 1123 292  33.1 146.3
90 321 711 1082  3.60 59.8 1526 233 440 191.6
105 350 88.7 1316 233 693 1654 193 61.8 219.3

N/A Data not available.
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Table 7. Transport Parameter Values

PEG 0.6 kd PEG 1.0 kd PEG 1.5 kd
Solute permeability o (107 m/s) 2.466 1.134 0.394
Reflection coefficient o 0.57 0.74 0.84
Solute rs (nm) 0.6 0.8 1.5
Calculated pore radii rp (nm) 1.309 1.392 1.504

probably are due to a low number of data points. Therefore, in Table 7 only the
values estimated by calculation are indicated. The mean pore radius of the mem-
brane was estimated through the use of Eqs. (10) and (11). Regardless of the PEG
tested, the results are very close, ranging from 1.3 to 1.5 nm as seen in Table 7.
The use of this kind of model should be questioned because the model is based on
the assumption that the membrane is a network containing fixed water-filled
cylindrical channels/pores through which mass transport occurs. However, Kra-

2

6.0 KV xi1e.0k dlv@um

Figure 5. SEM photographs for a standard proteinic membrane (A) surface layer, (B) de-
tails, and (C) transversal cut.
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Figure 6. AFM images of a standard gelatin membrane (A) dried and (B) wet.
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jewska and Olech (19-20), who used that model to determine the pore radii of
membranes created from chitosan, found results consistent with those obtained in
2 other ways.

Physical Characterization of the Membrane

Figure 5 exhibits SEM photographs for a standard gelatin membrane. Pho-
tograph 5A reveals that the gelatin layer is not uniform. In some zones, the pro-
tein deposit seems denser than in others areas; the alumina support can even be
observed in places. The photograph 5B focuses on a defect of the protein layer.
The protein penetrates inside the support, but the bottom cannot be checked to de-
termine if it is covered with gelatin. In picture 5C a transversal cut of the mem-
brane is shown, and a superficial gelatin deposit can be observed. Its thickness is
too thin to be estimated.

Figure 6 shows the topographies obtained by AFM of a standard gelatin
membrane. Figure 6A shows the dried membrane while Fig. 6B shows a mem-
brane that was submerged in water for 6 hours. Figure 6A allowed us to charac-
terize the surface of the ceramic support under the gelatin deposit. The protein de-
posit takes the shape of the alumina grains, and the depressions observed probably
correspond to the entry of the pores of the inorganic support. Figure 6B shows an
aspect of the membrane closer to reality because the image was obtained under
wet conditions: The protein layer appears more hydrated, more swollen, in Fig. 6B
than in Fig. 6A. The surface observed in Fig. 6B is more uniform than that of Fig.
6A, and the depressions observed in Fig. 6A seem less deep than those of Fig. 6B.
The openings of support pores are partially filled in Fig. 6B, which explains why
the selectivity of protein layer is better than that of the ceramic support alone.
Contrary to other results already described in the literature (21-23), which report
on AFM applications for microfiltration membrane characterization, we could not
estimate the pore size of the deposited layer. However, the channels, at the bottom
of which the solute may cross the membrane, are not cylindrical (as proposed in
the model described above) but are in the form of valleys.

CONCLUSION

In this paper, we present our studies on the structure and the transport prop-
erties of a protein membrane. The SEM observations showed that the gelatin forms
an ultrathin layer over the surface of a ceramic support. The AFM permitted the ob-
servation of the wet layer. The size reduction of support pores, filled with a swollen
gelatin layer, could explain the selectivity of the protein membrane. The use of a
mass transfer model, even if a few simplifying assumptions are applied to it, per-
mit the estimation of a mean pore diameter between 2.6 and 3.0 nm.
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Filtration experiments performed at various pH and ionic strengths showed
that the macromolecular deposit structure is strongly dependent on these two
parameters. High and small pH values and high ionic strengths increase the per-
meability of the membrane and reduce its selectivity. These modifications are
partially irreversible. An in-depth understanding of gelatin solution behavior (in-
traprotein, interprotein, and protein-solvent interactions) is necessary for a better
understanding of the permeability of the deposited layer. However, the lack of in-
formation on the far less-known interactions that are responsible for fixing pro-
teins onto the inorganic surface (such as, their nature and relative strength) and
that narrowly condition the whole structure of the deposited layer prohibits a thor-
ough explanation of gel protein morphology and resulting transport phenomena.

NOMENCLATURE

*

mean concentration over the membrane thickness (kg/m?)
solute concentration at the membrane surface (kg/m®)
solute concentration in feed stream (kg/m?>)

solute concentration in permeate (kg/m?)

solute concentration in retentate (kg/m?)

diffusion coefficient (m?/s)

solvent flux (I/h-m?)

solute flux (mol/m?>-s)

mass transfer coefficient (m/s)

pure water permeability (m/s- Pa)

molecular weight (dalton)

ratio of solute radius to membrane pore radius (ry/r,)
real retention (%)

observed retention (%)

Reynolds number

pore radius (m)

Stokes-Einstein radius (m)

Sc Schmidt number

3

o

SESSTANNOQ

z
2

St AR RN
(¢ *

Sh Sherwood number
U tangential fluid velocity (m/s)
Greek Symbols
S boundary-layer thickness (m)
ATl osmotic pressure (Pa)
AP transmembrane pressure (Pa)
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reflection coefficient (—)
kinematic viscosity (m*/s)
solute permeability (m/s)
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