
Journal of Membrane Science 211 (2003) 1–11

Fouling behaviour of polyethersulfone UF membranes
made with different PVP

J. Marchesea, M. Poncea, N.A. Ochoaa, P. Prádanosb, L. Palaciob, A. Hernándezb,∗
a Grupo de Desarrollo y Tecnolog´ıa de Membranas, Laboratorio de Ciencias de Superficies y Medios Porosos,

UNSL-CONICET, Chacabuco y Pedernera, 5700 San Luis, Argentina
b Group of Surfaces and Porous Materials (SMAP), Departmento de Termodinámica y F´ısica Aplicada, Facultad de Ciencias,

Universidad de Valladolid, 47071 Valladolid, Spain

Received 25 February 2002; received in revised form 24 May 2002; accepted 27 May 2002

Abstract

Several polyethersulfone (PES) ultrafiltration membranes have been made with small quantities of polyvinyl-pyrrolidone
(PVP) of different molecular weights to increase the permeability without a significant reduction in selectivity. The corre-
sponding fouling mechanism and subsequent structural modifications have been analyzed when in contact with bovine serum
albumin (BSA) anddl-histidine (DLH). It has been shown that according to the relative sizes of solute and pores of the mem-
branes: BSA fouls the three membranes externally whereas DLH fouls them internally. Moreover, BSA fouls the non-PVP
membranes faster than DLH fouls them slower, according to the action of hydrophobic and electrostatic forces acting at the
working pH (4.9). The changes in structure, remaining after water rinsing, is quite similar for the three membranes and both
the solutes, as obtained by a r etention test of adequate polyethylene glycols (PEGs).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The main factors determining the membrane be-
haviour in a filtration process are the structure, the
chemical composition and the operation conditions
[1]. Structure, involving pore size distribution or pore
density and the active layer thickness is the main
factor in determining the flux and retention. How-
ever, these parameters are strongly influenced by the
chemical composition of the material, which has a
great influence on adsorption and fouling mecha-
nisms in the surface and inside the pores,[2,3]. In the

∗ Corresponding author. Tel.:+34-983-42-3134;
fax: +34-983-42-3013.
E-mail address:membrana@termo.uva.es (A. Hernández).

manufacture of membranes by phase inversion, it is
common to add different substances, to control both
structure and chemical interactions[4–10].

In a previous work[11], the effect of small quanti-
ties of polyvinyl-pyrrolidone (PVP) in the structure of
a polyethersulfone (PES) membrane, made by phase
inversion, was studied. The pore size distribution of
membranes, with similar selectivities but different
permeate flux, were shown to be very similar by AFM
and permeation of polydispersed solutes (polyethy-
lene glycols (PEGs)). The different hydraulic per-
meability obtained for these membranes with similar
pore size distributions shows that they must have dif-
ferent porosities, tortuosities and/or thickness of the
dense layer. Other possibility is the appearance of
bigger macrovoids under the dense layer, decreasing
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Nomenclature

A membrane area (m2)
B constant of theEq. (6)(Da)
c0 feed concentration given as a volume

fraction
cm membrane concentration in contact

with the high-pressure interface given
as a volume fraction

cm,k membrane concentration, given as
a volume fraction, in contact with the
high-pressure interface, for each
molecular weight of a polydisperse
mixture

cp permeate concentration given as a
volume fraction

cp,k permeate concentration, given as a
volume fraction, for each molecular
weight of a polydisperse mixture

C exponent of theEq. (6)
CCB number of pores per surface unit

blocked per unit of filtered
volume (m−5)

CCF apparent specific resistance of the
cake (m/kg)

CS volume deposited on the pore walls
per unit of permeated volume (s/m)

dp pore diameter (m)
Js solute flux (m/s)
JV volumetric flux (m/s)
JV(t) volumetric flux at timet (m/s)
JV,t volumetric flux transmitted through the

non-rejecting fraction of pores (m/s)
Jw pure water flux (m/s)
Jw,t pure water flux transmitted through

the non-rejecting fraction of pores (m/s)
Jw,r pure water flux transmitted through

the rejecting fraction of pores (m/s)
JV0 initial volumetric flux (m/s)
K normalization constant inEq. (6)(m4)
K kinetic constant inEq. (10)(s−1)
KCB kinetic constant for complete blocking

model (s−1)
KCF kinetic constant for cake filtration

blocking model (s/m2)
KS kinetic constant for standard blocking

model (m−1)

Mw molecular weight of the solute (Da)
N cumulative pore density (m−2)
N0 initial number of pores per

surface unit (m−2)
NT total pore density (m−2)
�p the applied pressure (Pa)
r0 the initial mean pore size (m)
R true retention coefficient
R[Mw(i)] Accumulate true retention

coefficient for a polydisperse
mixture of solutes defined inEq. (7)

Ro observed or apparent retention
coefficient

t time (s)
V permeate volume (m3)
V∗ permeate volume until timet

per surface unit of membrane (m)

Greek letters
�0 membrane thickness (m)
ρC the cake mass per unit of

permeated volume (kg/m3)
η solution viscosity (kg/m s)
η(cm) solution viscosity at concentration

cm (kg/m s)
η(0) solvent viscosity (kg/m s)

flux resistance through the macroporous structure of
the modified membranes.

However, a more speculative reason has been pro-
posed in the literature: the presence of PVP (which is
a very hydrophilic polymer) in the membrane could
change the hydrophilicity of the membrane, producing
a permeability increase[6]. In effect, the N–C=O
group, present in PVP, should interact with the more
polar group, O=S=O, present in the PES. The inter-
action could be of donor/receptor type between
N-C=O and the aromatic ring of PES, as probed by
the viscoelastic behaviour of PES–PVP solutions re-
ported by Lafreniere et al.[6] and by Miyano et al.[8].
If the addition of PVP in PES produced only a struc-
tural effect, it should not lead to substantial changes
in fouling or molecular adsorption on the pore sur-
face of the membrane. Nevertheless, the entrapment
of PVP should increase the hydrophilicity and lead to
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important changes in the solute filtration and fouling
through these membranes.

Actually, the membranes increase their permeability
adding PVP with very similar pore size distribution,
[11]. This result can be due to three causes:

(a) an increment in the pore density;
(b) a decrease of the effective thickness of the dense

layer due to macrovoids in the support layer;
(c) an increment in the hydrophilicity of the surfaces

on the membrane and inside the pores.

AFM results show an increment in the surface
roughness by PVP addition, and also an increment in
the porosity; however, this last result is not decisive.
It indicates that, certainly, the structure is modified
by the PVP addition. But if the additive remained
entrapped, it could also increase the hydrophilicity.In
a previous study about the characterization of com-
mercial polysulfone membranes with different pore
sizes by XPS and phase contrast AFM[12], a cor-
relation between the nitrogen content on the surface
(not present in the polysulfone) and the pore size has
been found. The existence of nitrogen, probably due
to the addition of PVP during the manufacture of
these membranes, shows that PVP could remain on
the membrane surface.

In this work, we show the modification of the
chemistry of the membrane surface by studying the
fouling kinetic of bovine serum albumin (BSA) and
dl-histidine (DLH) solutions filtered through the
modified membranes, for different PVP contents. The
results are analyzed in terms of their hydrophilicity,
sizes and electrostatic solute–membrane interactions
for pH 4.9. The study is completed with the com-
parative analysis of the pore size distributions by
the retention method of polydisperse solutes in the
membranes before and after the fouling process.

2. Theory

2.1. Apparent and true retention

Actually, due to concentration-polarization, a true
retention coefficient needs to be defined in terms of
the concentration directly in contact with the mem-
brane,cm > c0 (feed), and the permeate concentra-
tion, cp, asR = (1 − cp)/cm. The observed retention

coefficient,Ro = (1 − cp)/c0, can be evaluated for
different low-pressure drops and thus extrapolated to
a zero pressure. Under these extrapolated conditions,
the membrane concentration should be very similar to
the feed one and thus the so evaluated retention should
refer to the membrane itself (true retention)[13].

In order to evaluate the pore size distributions of a
partially retaining membrane, it can be assumed 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
a free pass of the molecules[14]. Then, we can write
the mass balance for each molecular weight as follows:

JVcp = JV,t cm (1)

where JV is the total volumetric flux andJV,t the
volumetric flux transmitted through the non-rejection
fraction of pores. On the other hand, the ratio of the
transmitted volumetric flux and pure water flux,Jw,t ,
passing through the transmitting pores is:

JV,t

Jw,t

= η(cm)

η(0)
(2)

whereη(cm) andη(0) are the solution and solvent vis-
cosities. But, for lowcm this ratio can be approximated
to 1 in such a way thatEq. (1)can be rewritten as[15],

Jw,t = JV(1 − R)

Jw,r = JVR

}
(3)

Therefore,Jw,t and Jw,r (pure water flux passing
through the retentive pores) can be evaluated onceJV
for eachR is known. Then, by again using the mass
balance,

JVcp = Js

JV − Js = Jw

}
(4)

wherecp has to be expressed as a volume fraction,Js is
the solute flow andJw is the total pure water flow that
can be obtained by this equation. Thus,Jw,t /Jw versus
the molecular weight gives the accumulated fraction
of flux passing through the non-rejecting pores. The
derivative of this function should thus provide the flux
carrying molecules of a given molecular weight. In
order to increase definition an analytical function can
be used to interpolate theJw,t /Jw versus the molec-
ular weightMw. The derivative of this function can
easily be calculated point-by-point. To reproduce well
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the experimental data, a logical curve, with horizon-
tal asymptotes atJw,t /Jw = 1 and 0, seems appro-
priated:

Jw,t

Jw
= 1

1 + (Mw/B)C
(5)

whereB and C are the constants to be evaluated by
fitting Eq. (5)to the experimental results. In this way,
d(Jw,t /Jw)/dMw can be obtained. Singh et al.[16],
use a lognormal distribution to fit these data; never-
theless, the procedure used by us seems to be more
adaptable.

On the other hand, the abscissas can be changed
from Mw to pore sizes,dp, by considering the gy-
ration radii of the PEGs used here as can be ob-
tained from literature[17–20], and fitted todp =
(1550±60)×10−13×M

1/2
w . These resulting pore sizes

could be modified by taking into account the num-
ber of adsorption layers onto the pore walls and the
molecular ability to pass through a pore, from com-
plete rigidity to some degree of flexibility that should
allow a size reduction when crossing the membrane
[21]. Thus, these assumptions lead to an evaluation of
d(Jw,t /Jw)/d(dp).

Finally, the differential flux fraction can be cor-
related with the pore fraction through the Hagen
Poiseuille equation, in such a way that:

d(N/NT)

d(dp)
= d(Jw,t /Jw)

d(dp)

K

d4
p

(6)

whereK is a normalization constant.
For a polydisperse solute, a different retention must

be used for each molecular weight that can be defined
as follows[11]:

R[Mw(i)] = 1 −
∑i

k=0cp,k∑i
k=0cm,k

(7)

where
∑i

k=0cp,k is the solute concentration of the
permeate, due to molecules with molecular weights
equal or smaller than thei-th one. The concentration∑i

k=0cm,k refers to the solution on the membrane.

2.2. Models of blocking

Blocking filtration mechanisms were first studied
by Hermans and Bredée[22]. Gonsalves[23], made
a critical study of the physical models used to derive

these laws. Grace[24], made a through analysis of the
blocking mechanisms in relation to the performance
of the filter media to be used, with particular reference
to the “standard blocking” process. Finally, Hermia
[25], revised all the blocking mechanisms and refor-
mulated the all the mechanisms in a common frame
of power-law non-Newtonian fluids.

Attending to the physical causes of these blocking
mechanisms, posterior practice has given them more
descriptive names that can be used alternatively to the
original ones: pore plugging (complete blocking), di-
rect adsorption on the pore walls (standard blocking)
and boundary layer resistance (cake filtration).

In any case, the volume flow (m/s) versus time de-
pendency for the complete blocking model should be
given by:

JV(t) = JV0 e−KCBt (8)

where

KCB = CCBA
�pπr4

0

8η�0
(9)

whereCCB is the number of pores per surface unit
blocked per unit of filtered volume,A the membrane
area,η the solution viscosity,�p the applied pressure,
�0 the membrane thickness andr0 the initial mean
pore size. The Hagen Poiseuille equation has been
assumed.

While the rest of the models can be summarised in
[3], as follows:

JV(t) = 1

A

dV

dt
= JV0(1 + Kt)−n (10)

where for:

• Standard blocking,n is 2 andK = (1/2)KSJV0,
where

KS = CS
A

2

(
JV0�pN0

2ηπ�3
0

)1/2

(11)

whereCS is the volume deposited on the pore walls
per unit of permeated volume andN0 the initial
number of pores per surface unit.

By integratingEq. (10), we get

t

V ∗ = KSt + 1

JV0
(12)

with V ∗ = V/A.
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• Cake model withn = 1/2 and

K ≡ 2KCFJ
2
V0 (13)

with

KCF = CCF
ρCη

�p
(14)

whereρC is the cake mass per unit of permeated vol-
ume andCCF is the apparent specific resistance of the
cake. An integration ofEq. (10)leads to,

t

V ∗ = KCFV
∗ + 1

JV0
(15)

3. Experimental

For each membrane, permeability was first mea-
sured followed by the retention experiments of ad-
equate mixtures of PEGs. Another sample from the
same batch was instead fouled with BSA or DLH and
after rinsing and permeation of bidistilled water dur-
ing 1 h at 135 kPa, this sample was characterized also
by the PEGs retention test.

3.1. Membranes

PES (Ultrason E 6020P,Mw = 58,000 Da and
glass transition temperatureTg = 225◦C) from BASF
Aktiengesellschaft, Germany was used. Two kinds of
PVP were used: K30 from Fluka (Mw = 40,000 Da)
and K360 from Sigma (Mw = 360,000 Da). The
solvents wereN,N,-dimethylformamide (DMF) and
tetrahydrofuran (THF) from Merck (analytical grade).

Three kinds of membranes were laboratory prepared
following the standard method of phase inversion tech-
nique:

(a) without additive (membrane PES17);
(b) with 2 wt.% PVPK30 (membrane PES17–K30);
(c) with 2 wt.% PVPK360 (membrane PES17–K360).

The PES concentration was 17 wt.% in a casting
solution formed by DMF with a 1.5 wt.% of THF.

Casting a polymer solution onto a glass plate made
flat membranes. After 30 s of solvent evaporation in
ambient atmosphere (20◦C), the membranes were im-
mersed in water (20◦C) for 1 h. Then, the membranes
were stored in a glycerine–water solution for 12 h and

cleaned with 500 ml water bidistilled prior to be used
in the experimental tests.

3.2. Filtration experiments

All filtration experiments have been done in a
Minitan-S cell from Millipore. The retentate is cir-
culated on the membrane at a speed of 0.35 m/s
controlled by a regulatable peristaltic pump Watson-
Marlow 704U/R. The detailed experimental device
has been described elsewhere[13].

Besides pure water permeability experiments, the
solute retention test has been performed on the stud-
ied membranes with 1 g/l solutions (pH= 7) of a
mixture of several polyethylene glycols of increasing
molecular weights. The solutions were filtered through
a membrane area of 3.68× 10−3 m2. We used PEGs
of analytical grade from Fluka AG. Their molecular
weights were 2, 3, 4, 6, 10, 12, 20 and 35 kDa, respec-
tively, with the following proportions: 16.5, 4.6, 5.4,
15.4, 14.3, 3.2, 2.7, and 37.9 wt.%. These proportions
give an almost flat molecular weight distribution for
the mixtures; i.e. they lead to equal mass concentration
for all the molecular weight fractions. True retention
was obtained by measuring the observed retention for
decreasing pressures (from 135 to 75 kPa) and extrap-
olating to zero pressure[13].

An HPLC equipment from Shimazdu using also a
refractive index detector and provided with a Varian
GMPWXL column has been used to obtain the con-
centration, both for retentate and permeate, for each
molecular weight slice, for mixed PEG retention ex-
periments.

3.3. Flux decay

BSA was provided by FLUKA AG, fraction V,
no. 05488 with a 98% purity. Its molecular mass is
67000 g/mol with a isoelectric point at pH= 4.9.
DLH is an amino acid provided by Sigma catalogue
no. H 7750. It has a molecular mass of 155.2 g/mol
and an isoelectric point of 7.58. Aqueous solutions of
these species with a concentration of 5 g/l at pH= 4.9
have been filtered through the above mentioned mem-
brane system under an applied pressure of 200 kPa
during around 2 h. The feed and permeate concentra-
tions have been determined by spectrophotometry at
193 nm for BSA and 202 nm for DLH.
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Fig. 1. Normalized differential pore size distribution, attending to flow, obtained by retention experiments[11], for the three membranes
studied here. From fittings to lognormals, the following values are obtained:dp = 4.06± 0.61 nm for PES17,dp = 4.32± 0.62 nm for
PES17–K30 anddp = 3.32± 0.67 nm for PES17–K360.

4. Results and discussion

In Fig. 1, the normalized differential pore size distri-
bution is shown. The so obtained distributions fit very
well to a lognormal leading todp = 4.06± 0.61 nm
for the membrane PES17,dp = 4.32 ± 0.62 nm
for PES17–K30 anddp = 3.32 ± 0.67 nm for
PES17–K360. The error ranges shown correspond to
the standard deviations.

4.1. BSA filtration

The molecule of BSA has an elipsoidal equivalent
shape with principal axes dimensions of 4.16 nm×
4.16 nm× 14.09 nm which leads to a gyration diam-
eter of 7.28 nm. This means that its size is bigger
than the mean pore size (Fig. 1). Actually, retention
was very close a 100% in all the cases. Thus, it can
be assumed that the resulting fouling should follow
mainly external blocking mechanisms, probably start-
ing with a complete blocking first and then a cake
fouling.

In Fig. 2, a representation of lnJV versus time for
the three membranes is shown, this representation
should give an straight line when the complete block-

ing was the more important fouling mechanism acting.
It can be seen that this is effectively the case for times
below 2000 s. When it is the cake mechanism which
is mainly acting, a plot oft/V∗ versusV∗, should give
a linear fitting as in fact is observed inFig. 3, for all
the cases after values ofV∗ corresponding to times
over 4000 s.

In Table 1, the values for the constantsKCB (block-
ing) andKCF (cake) along with the initial flow,JV0,
calculated fromFigs. 2 and 3are shown. The values of
the cake and complete blocking constants are directly
correlated with the corresponding time constants,KCB
and KCF according toEqs. (9) and (13). In Table 1,
the so calculated values forCCB, have been obtained
by assuming�0 = 0.25�m, [26], andr0 according to
Fig. 1. Whereas to calculateCFC it has been assumed
that the deposited mass per unit of filtered volume,
ρC, is equal to the feed BSA concentration (CBSA =
5 kg/m3). In fact it is strictly true only for dilute con-
centrations.

The so obtained values forCCB mean that the BSA
blocks more pores of the PES17 membrane per unit
of filtered volume and membrane area. In particular,
3.33 times those blocked for the PES17–K30 and 1.25
times those blocked for the PES17–K360, respectively.
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Fig. 2. The lnJV for the BSA fouled membranes as a function of time. Straight lines mean good accordance with the complete blocking
mechanism.

Fig. 3. Thet/V∗ for the BSA fouled membranes as a function ofV∗. Straight lines mean good accordance with the cake fouling mechanism.

Table 1
Values for the fouling mechanisms obtained fromFigs. 2 and 3and Eqs. (9) and (13)

Membrane JV0

(×10−5 m/s)a
Complete blocking Cake filtration

KCB

(×10−5 s−1)
CCB

(×1015 m−5)
JV0

(×10−5 m/s)
KCF

(×105 s/m2)
CCF

(×10−12 m/g)
JV0

(×10−5 m/s)

PES17 1.82 7 11.666 1 7.486 33.942 1.041
PES17–K30 2.05 2 3.499 1.998 0.314 3.237 2.005
PES17–K360 3.113 3 9.340 1.998 0.715 4.602 2.140

a Experimental.



8 J. Marchese et al. / Journal of Membrane Science 211 (2003) 1–11

Fig. 4. Normalized differential pore size distribution, attending to flow, obtained by retention experiments for the PES17 membrane after
BSA fouling and water rinsing as compared with the corresponding distribution for the non-fouled membrane as shown inFig. 1.

These results can be explained in terms of the hy-
drophobic attractive forces between the protein and
the membrane that are stronger for the membrane
non-containing PVP. BSA is at its isoelectric point
thus it is uncharged so, due to the hydrophobic nature
of PES it prevents water from disturbing BSA adsorp-
tion. Which is not the case for the membranes PVP
containing that are more hydrophilic.

Now referring to the cake parameters it is seen that
also the apparent specific resistance of the cake is
higher for the PES17 than for the other membranes.
The cake should be formed by the protein aggregates
that effectively are present in the BSA solution at its
isoelectric point. The differences between the mem-
brane without and with PVP added should be again
due to the higher hydrophobicity of the PES (without
PVP) that should lead to a denser first adsorbed layer
and thus a tighter packed cake.

Referring to the extrapolated initial flux from both
models, they are close within the error range to the ex-
perimental ones. These discrepancies can be attributed
to the difficulties in dealing with the initial flux mea-
surements when replacing pure water by the feed pro-
tein solution.

After BSA ultrafiltration, the PEG retention test
was performed by followingEqs. (1)–(7). In Fig. 4,
the pore size distribution curve for the PES17 mem-

brane after fouling is compared with that correspond-
ing to the non-fouled membrane. It is clear that for all
the membranes the pore size distribution is centered
around smaller pore sizes when they have been previ-
ously fouled. InTable 2, the corresponding mean di-
ameter and standard deviation for all the BSA fouled
and unfouled membranes are shown.

It is clear that these results refer to the fouling that
remains under the water rinsing and 1 h permeation
through the membranes, in this sense we could say we
are characterizing the permanent protein deposition.
Thus, this permanent deposition is quite similar for
all the membranes leaving opened pores always below
5 nm in diameter (Fig. 4) and average pore reductions
from 60 to 70%. The measured permeability reduction,
around a 40%, has been also very similar for all the
membranes.

Table 2
Average values ofdp, for the three synthesized membranes before
and after UF of BSA solutions at pH 4.9

Membrane dp ± σ (×10−9 m )a dp ± σ (×10−9 m)b

PES17 4.06± 0.61 1.58± 0.32
PES17–K30 4.32± 0.62 1.12± 0.45
PES17–K360 3.32± 0.67 1.52± 0.46

a Clean.
b Fouled.
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Fig. 5. The t/V∗ for the DLH fouled membranes as a function of time. Straight lines mean good accordance with the standard internal
fouling mechanism.

4.2. dl-Histidine filtration

The much smaller size of DLH as compared with
BSA and pore sizes of the membranes as shown in
Fig. 1 allow to assume internal fouling instead of ex-
ternal fouling as was the case for the BSA. This foul-
ing occurs almost without rejection (actually less than
a 10% retention has been observed in the less favor-
able conditions) but with a progressive increase in the
resistance with time.

Attending to the size relation of DLH and the pores,
it seems reasonable to test the standard blocking
model. This is also confirmed by the positive second
derivative of the resistance versus time[27]. In Fig. 5,
t/V∗ is shown as a function of time, what should give
an straight for the standard blocking model. Results
show that there is effectively a linear dependency af-
ter a very short (for less 200 s) initial time-span. This
initial lack of linearity can be attributed to the stabi-
lization of flux and transmembrane pressure after the
introduction of the amino acid solution. The values
for the parameters of the standard blocking evaluated
for the linear zone are shown inTable 3.

The values ofKS show that the PES17 mem-
brane reduces the effective radii of their pores at a
speed 20.5 and 12.2 times slower than PES17–K30
and PES17–K360, respectively. This should be due,
again, to the higher hydrophobicity of the non-PVP

Table 3
Values for the parameters of the standard blocking mechanism

Membrane JV0

(×10−5 m/s)a
Standard blocking

KS (×
102 m−1)

JV,t

(×10−5 m/s)

PES17 1.82 0.406 2.006
PES17–K30 2.05 8.319 1.960
PES17–K360 3.113 4.947 3.122

a Experimental.

containing membrane. DLH is positively charged at
pH 4.9 (as far as it is below its isoelectric point) thus
there is a greater adsorption affinity on theN–C=O
functional groups present in PVP.

The pore size distributions for the PES17 mem-
brane, fouled and unfouled with DLH, are shown in
Fig. 6. As for the BSA fouled membranes, they seem
to have a lower average pore size. InTable 4, the

Table 4
Average values ofdp, for the three synthesized membranes before
and after UF of DLH solutions at pH 4.9

Membrane dp ± σ (×10−9 m)a dp ± σ (×10−9 m)b

PES17 4.06± 0.61 1.57± 0.41
PES17–K30 4.32± 0.62 1.31± 0.35
PES17–K360 3.32± 0.67 1.13± 0.45

a Clean.
b Fouled.
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Fig. 6. Normalized differential pore size distribution, attending to
flow, obtained by retention experiments for the PES17 membrane
after DLH fouling and water rinsing as compared with the corre-
sponding distribution for the non-fouled membrane as shown in
Fig. 1.

corresponding mean diameters and standard deviations
are shown for all the studied membranes.

As mentioned, these results refer to the fouling that
remains under the water cleaning of the membranes.
Thus it seems clear that this permanent amino acid
deposition is quite similar, both from the pore size
distribution and the experimental permeability points
of view, for all the membranes and substantially equal
when the membranes are fouled by BSA and DLH.

In this case, it is worth noting that the experimental
permeability after the pure water treatment is even
smaller than the final permeability during the fouling
process. This seems to mean that with DLH the water
treatment is in fact increasing somehow fouling.

5. Conclusions

Results on BSA fouling seem to indicate that the
protein aggregates are initially deposited and block
some of the pores afterwards acting as nucleation sites
to an increasing cake on the membrane surface. The
presence of PVP acts preventing to some extent pore
blockage due to its hydrophilic action. This increased
hydrophilicity is also preventing the cake from exces-
sive compaction. The more hydrophilic character of
the PVP containing membrane along with the posi-

tive character of DLH at the used pH causes its faster
internal fouling.

The differences in the fouling mechanism can be
attributed to the relative sizes of the permeate and the
pores of the membrane: giving retention and external
fouling when the permeate or its aggregates are clearly
over the pore size of the membrane and no significant
retention and internal fouling otherwise.

The permanent fouling, that remains after water
rinsing and 1 h permeation, is shown to be indepen-
dent of the presence of PVP added. This is probably
due to the elimination of only the cake layer with a
remaining similar blocked fraction of pores that water
rinsing and permeation is unable to eliminate. Refer-
ring to the DLH results, they show that the pore size
distributions are also quite similar for all the mem-
branes and to those obtained with BSA. In fact, the
cleaning mechanism leads to a, probably only partial,
remotion of the adsorbed DLH inside the pores but it
also takes pH to its isoelectric point. This should prob-
ably lead to aggregation (in fact precipitation as far as
at neutral pH, DLH is not soluble in water) inside the
pores that should then result in a partial plugging of
them, with a similar action to complete blocking. This
process could explain the reduction of permeability
after the water rinsing and permeation for the mem-
brane fouled with DLH as compared with the final one
reached during fouling experiments.
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