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Abstract

Two flat ceramic commercial membranes for filtration applications with similar composite structure (a fibrous stain steel network covered by
a sublayer of Al,O; particles plus an external layer of ZrO,) but different “nominal” pore size (25 and 100 nm) are studied. Chemical surface
and morphological characterisation was carried out by X-ray photoelectron spectroscopy (XPS) and scanning electronic microscopy (SEM),
while transport of NaCl solutions at different concentrations through both membranes was characterized by determining hydraulic and diffusional
permeabilities, ion transport numbers and electrical resistance.

Protein adsorption on membrane walls (membrane fouling) was considered by maintaining the membranes in contact with a protein solution
for 48 h (2 g/1 of bovine seroalbumin or BSA). The effect of protein adsorption on electrochemical parameters was determined by comparing the
values obtained with clean and BSA-fouled samples. Results show reduction in diffusional permeability and increase in the electrical resistance

(around 20%), but cation transport number hardly depends on membrane fouling.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Membrane processes for desalination and separation of lig-
uid mixtures are commonly used nowadays.! However, filtration
of protein or macromolecules as those treated in food and phar-
maceutical industries cause important problems associated to
membrane fouling, that is, the adsorption/deposition of particles
on the membrane surfaces. Cleaning and sterilization proce-
dures used in such systems (high temperature, hard chemicals
and radiation) have increased the interest of inorganic mem-
branes due to their better thermal and chemical stability when
compared with polymeric membranes,” although their higher
fragility might reduce their use. Flat ceramic membranes for
liquid filtration obtained by particle deposition on a flexible
network are already accessible,® which are presented as sys-
tems combining the most favourable aspects of both inorganic
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and polymeric membranes, and they are been used in this
work.

Chemical surface (XPS analysis) and transport characteri-
zations of two similar flat ceramic membranes (a stain steel
network covered by Al,O3 and ZrO, sublayers), with differ-
ent nominal pore size (25 and 100 nm) are performed in this
work. Membrane transport characterization is carried out with
the membranes in “working conditions”, that is, in contact with
electrolyte solutions and they indicates a weak anionic behaviour
for both membranes while differences between “nominal” and
estimated geometrical parameters were obtained. Changes in
electrochemical characteristic parameters (diffusional perme-
ability, electrical resistance and ion transport numbers) as a
result of protein (BSA) adsorption on the membrane sur-
faces was also considered by comparing results obtained with
clean and BSA-fouled samples. A reduction in the poros-
ity of both fouled membranes was obtained from diffusional
permeability and electrical resistance results, but ions trans-
port numbers (relative fluxes) hardly vary for the studied
samples.
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2. Experimental
2.1. Membranes and solutions

Two microporous ceramic membranes CREAFILTER Z25S
and Z100S from Degussa (Germany) with nominal thickness
between 80 and 100 wm, and nominal pore size of 25 (sample
7Z25S) and 100 nm (sample Z100S) were studied.? According
to the suppliers, the membranes present a composite structure
formed by a fibrous stain steel network covered by a sublayer
of Al;O3 particles plus an external layer of ZrO,, and this
complex structure made necessary the estimation of effective
geometrical parameters; that is, the surface area and thickness
corresponding to the ceramic porous material crossed by the flow
(without including the impenetrable stain steel support), which
clearly differ from the values determined by usual methods (f.i.,
amicrometer), other information related to membrane geometry
can be found in the literature.>*

Protein-fouled membranes were achieved by maintaining one
of the membrane surfaces in contact with a solution containing
2 g/l of bovine serum albumin (BSA) for 48 h. The fouled sam-
ples will hereafter name Z25S +48BSA and Z100S +48BSA.

2.2. Chemical surface and morphological characterization

Surface chemical characterisation was carried out by XPS
using a Physical Electronics PHI 5700 spectrometer with a non-
monochromatic Mg Ka radiation (300 W, 15kV, 1253.6eV)
as excitation source. High-resolution spectra were recorded at
45° take-off-angle by a concentric hemispherical analyser oper-
ating in the constant pass energy mode at 29.35eV, using a
720 pm diameter analysis area. Other equipment characteristics
and experimental procedure are indicated in Refs. 5,6.

Membrane scanning electron micrographs were recorded by
using a JEOL JSM-6400 scanning electron microscope (SEM).
Samples were coated with a thin layer of gold before microscopy
examination.

2.3. Determination of transport characteristic membrane
parameters

Hydrodynamic permeability was determined from the vol-
ume flow—pressure measurements by using a cross-flow cell
(Minitan II, Millipore), with an exposed membrane area of
59.2cm? and re-circulation in feed and permeate solutions.’
Water and NaCl solutions were used and the applied pressure
ranged between 75 and 400 kPa.

Salt diffusion, membrane potential and impedance spec-
troscopy measurements were carried out in a “dead-end” test cell
similar to that described elsewhere.® The membrane was tightly
clamped between two glass half-cells, which have magnetic stir-
rers at the bottom to minimise concentration—polarisation at the
membrane surfaces (stirring rate of 525 rpm).

o In salt diffusion measurements the membrane was initially
separating a concentrated solution, ¢, from a diluted one
(initially, co =0). Changes in solution ¢, were recorded ver-

sus time by means of a conductivity cell connected to a
digital conductivity meter (Radiometer CDM 83). Diffusion
measurements with membranes Z25S and Z100S were per-
formed at five different c| constant concentrations (0.005 <c¢
(M) <0.1 M), while for both fouled membranes only the
higher concentrations were studied (c;=0.05 and 0.1M
NaCl).

e The electromotive force (AE) between both sides of a mem-
brane caused by a concentration gradient was measured by
two reversible Ag/AgCl electrodes connected to a digital volt-
meter (Yokohama 7552). Measurements for clean and fouled
samples were carried out by keeping the concentration c; at
one side of the membrane constant (c¢; =0.01 M) and grad-
ually changing the concentration of the solution at the other
side, ¢3, from 1073 t0 0.1 M.

e Impedance spectroscopy (IS) measurements were performed
by using an Impedance Analyzer (Solartron 1260) con-
trolled by a computer. The data were corrected by software
and the influence of connecting cables and other parasite
capacitances. The measurements were carried out using 100
frequencies in the range 1 to 10’ Hz at a maximum voltage
of 0.01V, the solutions at both sides of the membrane having
the same concentration (0.001, 0.002, 0.005 and 0.01 M for
7258 and Z100S membranes, and 0.001 M for both fouled
samples).

All these measurements were performed at room temperature
(25.0£0.5) °C and standard pH (5.9 £0.3).

3. Results and discussion

Membrane surface chemical characterization was carried out
from XPS analysis. Relative atomic concentrations (AC%) of
the elements present in the surface of Z25S and Z100S are
indicated in Table 1 (average of three measurements). There
are two significant points in the values shown in Table 1: (i)
the high atomic concentration percentage of carbon, which is
partially associated to membrane manufacture compounds, but
environmental contamination must also be considered?; (ii) the
low atomic concentration percentage of zirconium on the sur-
face of Z100S membrane. This latter result seems to indicate
that Z100S sample could practically be considered as an alu-
mina membrane; then, possible differences in some membrane
parameters might exist, which could be related to the different
membrane materials.

SEM micrographs of membrane Z25S is shown in Fig. 1. This
picture permits us to estimate the effective “ceramic membrane”
thickness, Axp(ef)=(60=+5)wm and area, Sp(ef) =40%Sm,
related to the transport of solution or ion fluxes, where Sy, rep-

Table 1
Atomic concentration percentages of different elements on the surface of ceramic
Z25S and Z100S membranes

Membrane (C 1s) (%) (O1s) (%) (Zr 3d) (%) (Al 2p) (%)
7258 177 £ 2.3 53.7 £ 1.1 204 + 1.4 82+ 1.5
Z100S 16.0 = 1.5 515+ 1.0 22 £ 0.1 30.1 £ 0.8
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Fig. 1. Cross-section and surface SEM micrographs for membrane Z25S (black mark = 100 wm).

resents the cell hole where membrane was placed (it depends
on the cell system used); surface and thickness effective val-
ues were determined by subtracting the contribution of the stain
steel fibres as was previously indicated, and practically the same
values for Z25S and Z100S were obtained.

The flux of solute through a membrane, J5, and the concentra-
tion difference causing the flux, Ac, are related by the diffusional
or salt permeability, Js = PsAc, and it can be written!:

dn 1 Wd
J = [d_n_] = 22 pAc= P —a@) (1)
t Sm

TSy, dr
where Sy, and V{ are the membrane area expose to flux and
the volume of the solution at the side of concentration ¢;. For
a quasi-steady state (Js =cte) and considering solution conduc-
tivity instead of concentration, the following expression can be
obtained:

d Sm [ d
_do2 _ om(do P, dt )
c1 — oa(1) Vo \dc /.

where (do/dc). is an electrolyte characteristic parameter at
a given temperature. Eq. (2) allows the determination of Pg
by measuring solution conductivity o> as a function of time.
Fig. 2 shows the oot relationships for Z25S and Z100S mem-
branes at a given concentration (c; =0.05M NaCl); from the

slopes of these straight lines, diffusional permeability across
the membrane was obtained by Eq. (2), and their average val-
ues for the whole interval of concentration are indicated in
Table 2. Results show that diffusional permeability for Z25S
sample is lower (85% approximately) that for membrane Z100S,
which could be due to differences in geometrical parameters or
solute/membrane interactions. For a porous membrane, P; is
given by!: Pg = (Ds®/Axy), where Dy is the salt diffusion coef-
ficient in the membrane, ® and Axy, are the membrane porosity
and thickness, respectively. From average diffusional perme-
ability value for membrane Z100S, assuming Ds = Dy (solution
diffusion coefficient) due to its high pore size, a porosity around
20% was obtained; however, for Z25S membrane differences
between Ds and D¢ could also exist due to its (nominal) low
pore radii.

For comparison, Fig. 2 also shows solution conductivity—time
dependence for fouled membranes, Z25S+48BSA and
Z7100S +48BSA samples, at the same constant concentration.
Diffusional permeability for both fouled samples are indicated
in Table 2, as can be observed lower permeability values for
fouled samples were obtained (a reduction around 25%), which
could be attributed to a decrease in the porosity of the fouled
membrane as a result of protein adsorption.

Other characteristic membrane parameter connecting mem-
brane transport and geometrical parameters is the hydraulic or
hydrodynamic permeability, Ly = (Jy/AP)ac=0, Which is deter-
mined by measuring the volume flow through the membrane,
Jy, under a pressure difference, AP. Fig. 3 shows hydraulic
permeability—concentration dependence for both membranes
and as can be observed lower values were also obtained for Z25S
sample (LIZ)258 / L%IOOS = 0.8)Water, even when distilled water
was used, in agreement with diffusional permeability values.

Table 2
Average membrane cation transport number, (z,), and diffusional permeability,
(Ps), for clean and protein-fouled membranes
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Fig. 2. Solution conductivity, o7, vs. time for membranes: Z25S (Q);
725S +43BSA (#); Z100S (V); Z100S +48BSA (V). ¢; =0.05M NaCl.

Membrane (ts) (Ps) (x107% m/s)
7258 0.340 + 0.003 4.63 +0.12
725S +48BSA 0.375 + 0.006 3.68 & 0.05
Z100S 0.341 + 0.004 5.48 & 0.18
7100S +48BSA 0.350 + 0.005 3.80 & 0.17
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Fig. 3. Membrane hydrodynamic permeability vs. salt concentration: ({) Z25S;
(V) Z100S.

For an ideal porous membrane L;, can be related with geomet-
rical parameters assuming the validity of the Poiseulle-Haagen
equation, then!: Ly,= (@rﬁ)/(SAxmn), where 7}, is the equivalent
pore radius and 7 is the solution viscosity. Taking into account
hydrodynamic permeability and the porosity previously deter-
mined from diffusion results for Z100S sample, a pore radii of
45 nm is obtained; this value is in very good agreement with its
nominal value (50 nm), and it can also serve as a probe of the
reliability of the other two parameters, thickness and porosity,
assumed for Z100S sample. Considering these values also valid
for membrane Z25S, a pore radii of 40 nm was obtained, which
is three times higher than the nominal value indicated by the
suppliers (if 45% porosity is considered ’%253 ~ 27 nm).

When transport of electrolyte solutions or charged macro-
molecules across a membrane is considered, determination of
its electrical parameters is of great interest. The electrical poten-
tial difference measured at both sides of a membrane separating
two solutions of the same electrolyte but different concentrations
is AE (which also includes the electrode contribution), and its
expression for a 1:1 electrolyte is'?:

2RT aj
AE=—|—)t:In| — 3)
F a
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Fig. 4. Measured potential difference, AE, versus solution activity ratio for the
different membranes studied: (Q) Z25S; (V) Z100S; (x) Z25S +48BSA; (0O)
Z100S +48BSA.

where g; is the solution activity, R and F are the gas and Faraday
constants and 7 is the thermodynamic temperature of the sys-
tem. The ion transport number, ¢; = I;/It, represents the amount
of current transported for one ion with respect to the total cur-
rent crossing the membrane, then 7, +7_ = 1. Fig. 4 shows the
linear dependence between AE and In(a;/az), which allows the
determination of average cation transport number in the studied
membranes (clean and fouled samples) (z.), from the slopes of
the straight lines in Fig. 4 and they are indicated in Table 2.
Cation transport number in the membranes are practically inde-
pendent of both pore radii and fouling since it correspond to
a relative flux,!! although the presence of BSA seems slightly
increase the cation flux.

Fig. 5a shows the impedance plot (Nyquist plot, —Zjy,, ver-
Sus Zyea1) for membranes Z25S, Z100S and both fouled samples.
The analysis of impedance is usually carried out by the complex
plane Z*, where a single parallel resistance—capacitor (R—C)
circuit gives rise to a semi-circle as that shown in Fig. Sa,
which has intercepts on the Z., axis at Ry (w — 00) and
Rop (w — 0), being (Ryp — Rx) the resistance of the system; the
maximum of the semi-circle equals 0.5(Ry — Roo) and it occurs

(b)
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Fig. 5. Impedance plots. (a) Nyquist plot for the studied membranes: () Z25S; (V) Z100S; (x) Z25S +48BSA; (O) Z100S +48BSA. (b) Bode plot for both fouled

membranes: (x) Z25S +48BSA; (O) Z100S +48BSA.
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Fig. 6. (a) Comparison of Bode plots for both clean membranes. Z25S sample: ({) real part; (A) imaginary part; Z100S sample: (V) real part; (A) imaginary part.
(b) Variation of membrane system electrical resistance, Ry, with salt concentration: (¢) Z25S sample; (V) Z100S sample.

at an angular frequency (w) such that oRC=1, being t=RC
the relaxation time.!? Bode plots (—Zimg Versus f, or Zgea
versus f) is another impedance plot, and it allows the estima-
tion of the frequency range associated to a given relaxation
process as is shown in Figs. 5b and 6a. A unique relaxation
process was obtained for all the “membrane systems” stud-
ied, that is, the membrane and the electrolyte solution placed
between the electrodes and the membrane surfaces, as was
reported in the literature for highly porous membranes. >4 Dif-
ferences in Zjyg values for Z25S and Z100S membranes indicate
different ion adsorption on the membrane, which could be asso-
ciated to differences in surface membrane materials (ZrO, for
sample Z25S and Al,Os for Z100S) in agreement with XPS
results.

The fitting of the experimental points as those indicated
in Fig. 5a by means of a non-linear program'> allows the
determination of the membrane system electrical resistance,
Rym. Variation of Ry, with salt concentration for Z25S and
7Z100S membranes is shown in Fig. 6b, where the differences
obtained are associated to differences in the membrane geomet-
rical parameters; the following value for the average resistance
ratio was obtained, (RZ1095 /RZ258) — (0.86 + 0.08), which is
in concordance with hydrodynamic results.

Differences between clean and fouled membranes are also
observed when the impedance plots are compared (see Fig. 5a).
An increase in the electrical resistance of both fouled samples
was obtained, in agreement with the lower porosity assumed
from diffusional permeability results. However, impedance plots
for fouled membranes hardly differ one from each other:
RZ25S+48BSA /RZI00SH48BSA — .92, and similar Zimg values
were obtained as can be observed in Fig. 5b; this last point
seems to indicate that BSA complete covers the membrane sur-
faces, since no differences in adsorption attributed to different
materials are obtained with fouled samples.

4. Conclusions

Two ceramic composite membranes for liquid filtration appli-
cation were characterized by determining surface chemical
composition and transport parameters under common ‘“‘mem-
brane working conditions”. This latter characterization allows

the estimation of geometrical parameters, which were compared
with “nominal” ones.

Protein adsorption on the membrane surfaces (membrane
fouling) can modify some of these parameters causing a reduc-
tion of diffusional permeability and an increase of electrical
resistance, both parameters dependent on membrane porosity,
and their modifications indicate porosity reduction as a result of
membrane fouling. Capacitive effects obtained from IS measure-
ments are related to charge adsorption and differences among
the studied samples are attributed to differences in the membrane
surface material in agreement to XPS results.
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