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Abstract

We describe an experimental procedure for the modification of ultrafiltration membranes by the deposition of
monodisperse polymer spheres. The conditions for irreversible formation of particulate deposit are studied and
correlated with the particle charge. The separation characteristics of the membranes before and after particle deposition
are compared. For this purpose, a method for determining the membrane rejection coefficient is developed. The
method is based on the light-scattering study of permeates obtained upon the filtration of commercial dextran samples.
The results show that the modified membranes have improved retention characteristics. © 1998 Elsevier Science B.V.
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1. Introduction

Membrane pore size distribution is an important
characteristic determining the application and per-
formance of a membrane in filtration processes
[1.2]. The mean pore size characterizes the typical
size range of particles that can be separated. More
narrow pore size distribution corresponds to a
better selectivity of the membrane.

One possibility for preparing a membrane with
a required pore size and a relatively narrow size
distribution could be the coating of the membrane
surface with more- or less-ordered layers of mono-
disperse particles. For instance, when a colloidal
suspension is filtered through a membrane, an
accumulation of particles in the vicinity of the
membrane surface takes place (cake formation)
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{2,3]. When the particles are spherical and mono-
disperse, this filter cake may consist of well ordered
multilayered array — see, for example, Fig. 1.6 in
Ref. [3]. If the suspension is very stable, the filter
cake destructs spontaneously after the filtration is
ceased. At certain conditions, however, the par-
ticles in the layer coagulate, forming a structure
which cannot redisperse in the suspension [3]. This
problem of colloidal stability was examined from
a theoretical viewpoint and quantitative criteria
for the formation of irreversibly coagulated layer
were formulated [4]. With respect to the filtration
process, such a layer presents a second membrane
with a given mean pore size and a relatively narrow
pore size distribution. Only solutes with radius, R,
smaller than a given cut-size (which is determined
by the diameter and the spatial arrangement of
the deposited particles) could pass through the
membrane. For example, in the case of a perfect
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hexagonal packing of monodisperse spheres of
radius @, one can estimate:

2V3
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Thus, one may expect that an ordered multilayer
from particles of, for example, radius 50 nm,
should correspond to a membrane with a rather
narrow pore size distribution centered around
8 nm.

The molecular weight cut-off (MWCO) value
and the partial rejection coefficient are usually
used as main characteristics of the membrane
retention ability [1,2]. These quantities can be
determined by filtration of reference polymer
solutes (e.g. proteins, polyoxyethylenes or
dextrans) of known molecular mass at standard
conditions. From the concentrations of the poly-
mer of mass M before and after filtration, the
partial rejection coefficient, Re(M), can be
obtained [2]:

( C,(M )>
Re(M)Y%=| 1—— ] x 100, (2)
Ci(M)
where C,( M) and C(M) are the polymer concen-
trations in the permeate and the feed solution,
respectively. MWCO is usually defined as the
molecular mass of a polymer, which is 90% rejected
by the membrane [5,6], i.e. Re(MWCO)=90%.
Different experimental procedures for determi-
nation of the MWCO have been proposed in the
literature [5-7]. Some authors recommend the use
of a feed solution containing a polymer mixture
with a wide molecular mass distribution [6,7]. This
procedure allows determination of the Re(M) and
MWCO of a given membrane by performing only
one ultrafiltration experiment. However, this
method has an tmportant disadvantage: when a
mixture of polymer molecules with rather different
sizes are filtered, the larger molecules may form a
dynamic membrane thus apparently increasing the
rejection of smaller molecules. For this reason,
other authors argue that the polymer samples of
different mass must be tested separately [5]. The
feed solutions and the permeates in such experi-
ments are usually analyzed by gel permeation
chromatography in order to obtain the molecular

mass distributions and to calculate Re(M) [6,7].
However, the gel permeation chromatography
requires a precise calibration using polymer stan-
dards with very narrow molecular mass distribu-
tion. These standards are rather expensive and not
readily available [6,8].

In the present work, we describe experiments on
membrane modification by filtration of mono-
disperse latex particles, which form a deposit (par-
ticle multilayer) at the membrane surface. The
permeability and the retention characteristics of
the membranes, before and after their modifica-
tion, are compared. The partial rejection coeffi-
cients and MWCO are determined by filtration of
commercial (polydisperse) dextran solutions,
which are studied by dynamic light scattering
before and after passing through the membrane.
The effect of the particle charge on the formation
of the deposited particle layer is studied. The
results show that at relatively “soft conditions”
(low driving pressure), irreversibly deposited par-
ticulate layers can be obtained from particles pos-
sessing a { potential of a magnitude below
approximately 30 mV. The modification of the
membranes leads to lower MWCO and improved
selectivity.

2. Experimental
2.1. Materials

We used polysulphonic ultrafiltration mem-
branes produced by DOW Separations, Denmark
(named MWCO 20kD) and the Insitute of
Chemical Technology, Plovdiv, Bulgaria (MWCO
150 kD). The membranes were treated by several
types of particles. Two samples of polystyrene
latex were kindly supplied by Professor Furusawa
( University of Tsukuba, Japan). The mean particle
diameter of these samples was d;, =260 and 140 nm,
respectively. The particles of diameter 140 nm pos-
sessed a { potential equal to —60 mV, while the
particles in the other sample (260 nm) were ampho-
teric and their { potential was strongly pH depen-
dent. Two samples of polybutylcyanoacrylate
(PBCA) particles (both of mean diameter
d,=107 nm) were synthesized at the Institute of
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Special Polymers (Sofia, Bulgaria). These two
samples differed in their { potentials: —33 and
— 12 mV, respectively.

The electrophoretic mobility of the particles was
measured by means of Zetasizer 1IC equipment
(Malvern Instruments, UK ) in 0.001 M NaCl. The
particle { potential was calculated by using the
Smoluchowski equation (see, for example, chap-
ter 7 in Ref. [3]). For membrane characterization,
we used commercial dextran fractions (Sigma Co.
USA) with a molecular mass between 10 and
500 kD — see Table 1. All solutions were prepared
with deionized water obtained from a Milli
RO4/Milli Q Organex system (Millipore USA).

2.2. Membrane modification by particle deposition

All filtration experiments were performed at
room temperature (25+1°C) in a 100ml
ultrafiltration experimental cell produced by the
Institute of Chemical Technology, Plovdiv,
Bulgaria. It operates in the dead-end mode of
filtration and allows continuous stirring to sup-
press the concentration polarization at the mem-
brane surface. This is particularly important in the
experiments aimed to determine the MWCO of
the membrane. The transmembrane pressure was
created by nitrogen gas and was kept constant
(0.5, 1 or 2 bar) during the experiment.

Two series of experiments were performed to
study the process of particle deposition. The first
set was aimed to show how the thickness of the
deposited layer depends on the particle charge.
For this purpose, we used the amphoteric latex

Table 1

(d,=260 nm) whose charge was pH dependent.
The pH of the suspension was varied by a phos-
phate buffer, always keeping the ionic strength at
0.001 M. The particle volume fraction in the initial
suspension was ¢=0.1%. The filtration experi-
ments were performed with a polysulphonic mem-
brane (MWCOQO =150 kD) at a driving pressure of
1 bar. The filtration process was carried out until
half of the solution, put in the experimental cell
at the beginning, passed trough the membrane.

It has been shown theoretically [4] that the filter
cake formed in the course of filtration may consist
of two parts: (1) coagulated with permeability K§;
and (2) noncoagulated part with permeability
K?°. These quantities are related to the total perme-
ability, K, the permeability of the clean membrane,
K,, and the transmembrane solvent flux, J,, by
the following expressions:

111 1
=4+ —— J,=KAP, (3)
K K, Ki K

where AP is the pressure drop across the mem-
brane. The main difference between the coagulated
and the noncoagulated parts of the filter cake is
that the former remains stable after the end of the
filtration process due to strong van der Waals
attraction between the particles. The noncoagu-
lated layer is present only during the transmem-
brane solvent transfer and disappears with the
removal of the pressure drop because of the par-
ticles” Brownian motion.

The values of K, Kf and K{° can be estimated
in the following way:

Properties of the studied dextran fractions (Sigma Co.). M was measured by static light scattering, whereas D, R, and the relative
standard deviations (g3 > and were determined from the size—distribution histograms measured by dynamic light scattering (see

Section 2.3 and Appendix A)

Sample M (kD) {ay 2 Dx10°em?s™! {af )i R, (nm)
D-9260 9.4 0.420 1.08 0.240 2.35
D-4626 19.6 0.505 0.890 0.243 2.8
D-4133 40.6 0.443 0.548 0.210 4.7
D-1390 71.2 0.459 0.370 0.187 6.0
D-3759 71.5 0.775 0.438 0.229 6.5
D-4876 124 0.348 0.320 0.203 8.0
D-7265 266 0.579 0.192 0.248 12.1
D-5251 510 0.606 0.134 0.277 17.4
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(1) First, the permeability of the clean membrane
K, is determined by measuring the dependence
of J, versus AP. The liquid passing through
the membrane in this measurement must be
identical with the medium in which the latex
particles are dispersed.

(2) Then a suspension of latex particles is filtered
and the contributions of K, K§ and KI° are
measured together (cf. Eq. (3).

(3) After ceasing the filtration, the noncoagulated
part of the cake is removed by gentle rinsing
of the membrane with pure water and,
afterwards, the permeability of the membrane
together with the coagulated layer is measured.

(4) From the difference in the permeability mea-
sured in steps 2 and 3, one can determine the
values of K and K7° separately.

Finally, one can estimate the thickness, L, of the

coagulated part built on the membrane surface

using the Kozeny-Carman equation [9]:

2 3
Lo B0 @
1807¢7 K}

where ¢, is the particle volume fraction in the

deposited layer (in our calculations, we adopted

the value corresponding to closely packed
spheres — ¢, =0.74).

The aim of the second series of particle depos-
ition experiments was to investigate how the partial
rejection coefficient and the MWCO of a given
membrane are affected by the presence of a depos-
ited layer. The particle deposition was performed
at 2 bar transmembrane pressure and continuous
stirring until half of the fluid in the cell passed
through the membrane. The higher pressure in
these experiments facilitated the coagulation of the
particles on the membrane surface [4]. The modi-
fied membranes were gently washed with deionized
water (obtained from a Milli RO/Milli Q System)
and the characterization procedure as described in
Section 2.4 was carried out to determine their
rejection coefficient and MWCO.

2.3. Determination of the molecular mass
distribution in dextran solutions by light scattering

The light scattering experiments were performed
on Malvern 4700C system (Malvern Instruments,

UK) equipped with an argon laser Innova 70
(Coherent) operating at a 488 nm wavelength. The
temperature of the samples was 25+0.1°C. NaN,
(0.1 wt.%) was added into the dextran solutions
to prevent the growth of bacteria. The ionic
strength of the solutions created by NaN; was
16 mM. No buffer was used and pH of the solu-
tions was about 6 (+0.5) due to CO, dissolved
from the air.

The Malvern 4700C system allows one to per-
form static (SLS) and dynamic (DLS) light-scat-
tering experiments. By SLS, one can determine the
average molecular mass of the polymer, M, and
the second osmotic virial coefficient, 4, (which is
related to the intermolecular interactions) [10]:

KC, 1(1 16mn2

R, M 3,2

L0
RZ sin? E>+2A2Ct. (5)
Here K is known optical constant; C, is the total
mass concentration of the polymer; R, is the
Rayleigh ratio determined from the intensity of
the scattered light at a given concentration and
scattering angle 0; R is the radius of gyration of
the polymer molecules; n, is the solvent refractive
index; and 4 is the light wavelength in vacuo. Since
the studied dextran molecules were relatively small
in size, the angular dependence of the scattered
light was very weak and R could not be deter-
mined with reasonable accuracy.

DLS provides information about the relative
concentration of particles having different diffusion
coefficients, C(D)/C, (i.e. the diffusion coefficient
distribution of the particles) {11]. The molecular
mass distribution, Y(M)= C(M)/C,, can be calcu-
lated from the diffusion coefficient distribution by
using the following relationship [11,12]:

M=aD’ orln M=Ina=hIn D, (6)

where a and b are constants for a certain homolo-
gous series and depend on the type of the polymer,
the solvent and the temperature. The constants a
and b can be determined experimentally by using
several solutions containing polymer of different
molecular mass. The intercept and the slope of the
linear dependence In M versus In D give a and b,
respectively. Usually such a calibration line is
constructed by using strictly monodisperse samples
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(standard deviation in the molecular mass less than
approximately 1%). As mentioned above, such
samples are rather expensive [6,8]. For this reason,
we developed a simple computational procedure
which allows the determination of a and b from
experiments with  polydisperse  commercial
samples — see the Appendix A.

As an estimate of the size of a polymer molecule
of given mass, M, one can use the Stokes—Einstein
relationship [13]:

Rh(M): 61[}1D(M)’

(N

where kg7 is the thermal energy, # is the solvent
shear viscosity and Ry, is the hydrodynamic radius
of the polymer molecule.

To check the effect of the polymer concentration
on the DLS data, measurements with dextran
solutions of different concentrations (between 0.1
and 1wt.%) were performed. No concentration
dependence of the measured mean diffusion
coefficient was detected.

2.4. Determination of the rejection coefficient of the
membranes

For characterization of the ultrafiltration mem-
branes we used the following experimental
procedure.

2.4.1. Filtration of dextran solutions

The filtration experiments were carried out in a
batch-stirred filtration cell in dead-end mode.
Initially, the influence of the dextran concentration
and of the applied transmembrane pressure on the
rejection coefficient was checked (see Section 3.2),
As a result of these experiments, a dextran concen-
tration of 0.5 wt.% and a pressure of 1 bar were
chosen for determination of the partial rejection
coefficient of the membranes. We separately filtered
several dextran fractions of molecular mass around
the expected MWCO value of the investigated
membrane. Before each experiment, the ultra-
filtration membranes were rinsed with deionized
water at | bar transmembrane pressure until a
constant permeate flux was reached.

2.4.2. Determination of the total dextran
concentration and of the molecular mass distribution
in the permeate

The total dextran concentration, C,, was deter-
mined by measuring the refractive index of the
permeate, n,, with a sensitive Pulfrich refractome-
ter (Carl-Zeiss, Germany). C, is proportional to
the increase of the refractive index of the solution
with respect to that of pure water, n,:

Cy=k(n, —ny). (8)

The constant k=7.14+0.05 g/cm? was determined
experimentally and turned out to be independent
(in the framework of the experimental accuracy)
on the molecular mass of the dextran used.

On the other hand, DLS gives us the relative
molecular mass distribution, Y(M), of the polymer
molecules in the solution. The concentration of
the polymer molecules, C(M), of a given molecular
mass, M, is equal to the product:

CM)=C, Y(M). ©))

The partial rejection coefficient, Re(M), is deter-
mined from the change in the concentration C(M)
for a number of values of M upon filtration [see
Eq. (2)]. The molecular mass corresponding to
Re=90% is considered as the MWCO value of the
ultrafiltration membrane.,

3. Results and discussions

Before discussing the results on the membrane
modification, we present some data about the
properties of the dextran molecules.

3.1. Dextran characterization by light scattering
methods

In Fig. 1, the diffusion coefficient of the dextran
molecules (as measured by DLS) and the calcu-
lated hydrodynamic radius [see Eq.(7)] are pre-
sented as functions of the molecular mass. One
can see that the diffusion coefficient decreases and
the hydrodynamic radius increases with the molec-
ular mass. The curves are well described by the
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Fig. 1. Diffusion coefficient, D, and hydrodynamics radius, Ry,
of dextran molecules as a function of the molecular mass, M.

expressions:
D=2.63x10"%M %83 (cm?/s) and R,
=8.27 x 10710 A 79583 (cm), (10)

where the numerical constants were determined by
the least-squares method. A similar expression for
D(M) with slightly different numerical constants
was reported by Sellen [12].

We measured by SLS the second osmotic virial
coefficient, 4,, to check whether specific intermo-
lecular interactions appear between the dextran
molecules. The dimensionless second virial coeffi-
cients [14]:

(11)

of all investigated samples were close to the theo-
retical value for particles interacting as hard
spheres, B=4 [14]. For example, in the case of
dextran with M=40.6kD, we measured
A,=5.8x10"%cm?/g? mol, R,=4.7 nm and from
Eq. (11) one calculates B=3.7, which is very close
to the theoretical value for hard spheres. This is
an indication that the dextran molecules interact
with each other approximately as hard spheres (at
least in the absence of shear hydrodynamic fields)
with a radius close to that determined by DLS.

3.2. MWCO of unmodified ultrafiltration
membranes

First we studied the effects of the applied driving
pressure and of the dextran concentration on the
measured rejection coefficients of unmodified
membranes. The results from these measurements
were used to chose the standard conditions for
further comparison of the membrane properties
before and after modification.

Fig. 2(a) presents the measured rejection coefhi-
cients, Re(M) of a polysulphonic membrane at
several values of the transmembrane pressure:
AP =0.5bar (curve 1); AP=1.0 bar (curve 2); and
AP=2bar (curve 3). To obtain each of these
curves, we separately filtered four commercial
dextran fractions. The number of the experimental
points on the graph for each curve (7-10 points)
is larger because several points can be obtained
from one dextran sample containing molecules of
different mass (see Section 2.4). Thus, after suit-
able selection of the used polymer fractions, one
can perform the membrane characterization using
three or four of the commercial (polydisperse)
dextran fractions.

One can see from Fig. 2(a) that the molecular
mass which corresponds to 90% rejection
(MWCO) is almost the same for curves 1 and 2.
The MWCO determined from these data is
between 20 and 22 kD, which is very close to the
value of 20 kD certified by the membrane manufac-
turer. Almost 100% rejection is obtained for mole-
cules with molecular mass above 50kD. The
comparison between curves 1, 2 and 3 shows that
the increase in the driving pressure up to AP=
2.0 bar leads to a slight shift of the MWCO
towards greater values (30 kD).

On the other hand, curve 1 (AP=0.5 bar) exhib-
its a different shape at the low molecular mass
region, compared with curves 2 and 3. In curve 1,
the molecular fractions between 3 and 8 kD have
almost constant rejection (slightly above 50%). A
possible explanation of this experimental fact is
that the convective flux is relatively weak, and the
backward diffusion flux of the small molecules
becomes significant at this low driving pressure.
Hence, the small molecules are rejected more effi-
ciently due to their lower concentration in the
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Fig. 2. (a) Influence of the applied transmembrane pressure on
the partial rejection coefficient, Re, of polysulphonic membrane
of certified MWCO =20 kD: AP=0.5 bar (curve 1); AP=1 bar
(curve 2); and AP =2 bar (curve 3). (b) Influence of the applied
transmembrane pressure on the partial rejection coefficient, Re,
of polysulphonic membrane with certified MWCO =150 kD:
AP=0.5bar (curve 1); AP=1 bar (curve 2); and AP=2 bar
(curve 3).

vicinity of the membrane surface. On the contrary,
at a higher driving pressure, AP =2 bar, the con-
vective flux is so intensive that even large molecules
(M>20kD) may leak through the membrane
vielding Re=90% (this effect might be due to
deformation of the dextran molecules at these
conditions); for 0.5 and 1 bar, the rejection of
these large molecules is almost 100%. In conclu-

sion, these results suggest that AP =1 bar is most
suitable pressure for membrane characterization,
at least in this pore size range.

The influence of the applied driving pressure on
the determined MWCO is even more pronounced
when a membrane with larger pores is studied.
Fig. 2(b) presents results for the ultrafiltration
membrane of certified MWCO =150 kD. Curves
I, 2 and 3 correspond to AP=0.5, 1.0 and 2 bar,
respectively. One observes a dramatic change in
the Re(M) curves and in the MWCO value with
the increase of the applied pressure (similar results
were reported in previous studies [6,7]). As
explained below, the deposition of latex particles
reduced the MWCO of this membrane from 150
to 45kD. Bearing in mind the results from
Fig. 2(a), we chose AP=1.0bar as a standard
driving pressure for the further comparison of the
retention characteristics of the membranes before
and after coating with latex spheres.

The influence of the polymer concentration in
the feed solution on the rejection coefficients was
checked with the same membrane (MWCO=
150 kD) at AP=1.0 bar within the concentration
range between 0.25 and 2 wt.% dextran. The
increase in the total polymer concentration above
1 wt.% shifted the MWCO towards smaller values.
The explanation of this observation could be the
formation of a gel layer (dynamic membrane) at
higher total concentrations, which would increase
the retention of the small dextran fractions. We
did not find any significant differences in the
measured MWCO values when using solutions
with total dextran concentrations of 0.25 and
0.5 wt.%. For this reason, all other experiments
were carried out at 0.5 wt.% because this concen-
tration allows one to perform light scattering and
refractometric measurements of the permeates with
good accuracy.

3.3. Dependence of the thickness of the deposited
layer on the particle charge

The measured { potential of the amphoteric
latex particles (d,=260nm) is presented in
Fig. 3(a) as a function of pH. At pH=38.2, the
surface potential is practically zero (isoelectric
point, 1EP). Below the IEP, the particles are
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Fig. 3. (a) { potential of the amphoteric latex particles (d, =260 nm) as a function of pH; (b) permeability, K, of the coagulated part
of the deposited layer obtained during particle filtration at different pH; (c) thickness, L, of the layer of coagulated latex particles
obtained upeon filtration at different pH. The circles are experimental results and the curve is a guide for the eye.

positively charged, while above the IEP, they are
negatively charged. In both cases, a strong electro-
static repulsion between the particles should
appear far from the isoelectric point. On the other
hand, the polysulphonic membrane is negatively
charged in the entire pH range such that one might
expect an electrostatic attraction between the par-
ticles and the membrane surface at pH <8.2.

The filtration experiments carried out with the
same particles and with a polysulphonic membrane
of MWCO =150 kD showed that the total mem-
brane permeability (including that of the deposited

layer) was strongly influenced by the particle sur-
face potential. In Fig. 3(b), we show the results
for the calculated permeability of the coagulated
part of the cake as a function of pH (for the
procedure of determination of K§ see Section 2.2).
The minimum of the permeability is in the vicinity
of the isoelectric point of the latex particles [cf.
Fig. 3(a)]. This result might be expected because
most enhanced coagulation of the particles is
expected around the IEP [15]. The permeability
of the layer increases with the magnitude of the
particles’ { potentials irrespectively of its sign. This
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result can be explained with the formation of a
thicker coagulated layer around the IEP. Indeed,
the thickness of the coagulated layer, L, deter-
mined as explained in Section 2.2, shows a well-
pronounced maximum around the IEP — see
Fig. 3(c). The layer thickness around the IEP is
of the order of 100 um, which corresponds to
several hundreds of particle layers, one over the
other.

In conclusion, a coagulated particle deposit is
formed around the IEP, and one could expect that
the membrane properties are substantially modi-
fied at these conditions (see Section 3.4). However,
the formation of a very thick coagulated layer
results in a strong reduction of the membrane
permeability [Fig. 3(b)], which should be avoided.
Thus, an optimum layer thickness (depending on
the particular system) can be searched for. As seen
from Fig. 3(c), the layer thickness can be con-
trolled well by varying pH of the suspension. Other
factors which might be used for control of the
layer thickness are the particle concentration in
the feed suspension and the driving pressure during
the layer formation.

3.4. Modified membranes

We tried to modify the membrane with
MWCO=150kD by filtering polystyrene latex
(d, =140 nm) with {= —60 mV, as well as by fil-
tering PBCA latex (d, =107 nm) with {= —-33 mV.
In both cases, the rejection curves Re(M) obtained
before and after treating the membrane with these
particles were practically the same. These results
mean that the electrostatic repulsion between the
particles dominates and they cannot coagulate at
these ““soft” conditions to form a thick enough
layer. As shown in Ref. [4], the addition of neutral
electrolyte in many cases (e.g. when the particle
surface potential is weakly dependent on the
electrolyte concentration) would not lead to par-
ticle coagulation and the suspension remains
stable.

As could be expected, the filtration of particles
having a lower surface potential (PBCA latex with
{= —12 mV) resulted in the formation of a coagu-
lated layer (at the same experimental conditions)
and in a substantial change of the membrane

retention ability — see Fig.4. The comparison

between curves 1 and 2 in Fig. 4 shows that the

formation of deposited layer resulted in the
following changes:

(1) the MWCO value decreased from 150 down
to 40 kD;

(2) the selectivity of the membrane was improved,
which is shown by the much steeper initial
slope of curve 2 compared with curve 1.

Therefore, the relatively simple deposition process
described above resulted in a substantial change
of the membrane retention characteristics. The fact
that the rinsing of the membrane with water does
not wash the coagulated layer shows that the latter
has enough mechanical stability to allow careful
handling of the membrane. In principle, the depos-
ited particle layer can be further treated (e.g. by
thermal annealing or by adsorption of polymers)
in order to increase its stability and to further
modify its filtration properties.

As discussed in Section 2.3, the dynamic light
scattering allows one to relate the molecular mass
of the polymer with the size of the dextran mole-
cules. The inset in Fig. 4 shows the partial rejection
coefficient Re as a function of the hydrodynamic
radius, R;. One can see that the modified mem-

100 . : -
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EE. 80 !
& = 60
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20/ ¢
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0 1 I 1
0 60 120 180 240 300
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Fig. 4. Partial rejection coefficient Re(M) of polysulphone mem-
brane before (curve 1) and after (curve 2) deposition of layer
of PBCN particles ({= — 12 mV). The inset shows Re as a func-
tion of the hydrodynamic radius, R;, of the dextran molecules:
unmodified (curve 1); and modified (curve 2) membrane.
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brane rejects (rather well) molecules which are
about two times smaller than the nonmodified
membrane (cf. curves 1 and 2 in the inset). The
MWCO value of the modified membrane corres-
ponds to dextran molecules with R, ~4.5 nm. It is
worthy to note that this value is about two times
smaller compared with the value which is calcu-
lated from Eq. (1). Indeed, the diameter of the
particles used to form the layer was d,=107 nm,
and Eq. (1) predicts that spherical polymer mole-
cules of radius about 8 nm could pass through the
array of particles. This result is easily understood
considering the fact that the hydrodynamic radius
[defined by the Stokes—Einstein relationship,
Eq. (7)] is substantially smaller than the geometri-
cal size of the polymer molecule [16] due to the
loose structure of the molecules. The relationship
between the hydrodynamic radius, R, of a random
coil and the mean square end-to-end distance,
(R*»Y2, of the polymer chain (which is a measure
of the molecular size) is [16]:

R, =(31/32)2(R?)12 2 0.54( R2 Y12 (12)

If we assume that the dextran molecules have
the structure of a random coil (which is an approxi-
mation), the mean square end-to-end distance of
the rejected molecules is (R*)'?>8.3 nm, which
is very close to the value predicted by Eq.(1).
Therefore, the agreement between the predicted
limiting size of the rejected molecules and the
experimental results is rather good if we consider
the mean square end-to-end distance as a charac-
teristic size of the dextran molecules.

4. Conclusions

The performed experiments show that a coagu-
lated layer of monodisperse latex spheres deposited
over the membrane can substantially change the
membrane retention characteristics — the molecu-
lar weight cut-off value is reduced and the selectiv-
ity of the membrane is improved (see Fig. 4). The
limiting size (mean square end-to-end distance) of
the rejected dextran molecules agrees very well
with the calculated radius from the minimal cross-
sectional area of the “pore” formed between three
neighboring particles, Eq. (1).

The experiments show that at the used relatively
low transmembrane pressure (AP<2 bar), only
particles of { potential below approximately 30 mV
in magnitude form an irreversibly coagulated layer.
Otherwise, the particles do not coagulate during
the filtration process and redisperse after the filtra-
tion is ceased. The thickness of the deposited layer
can be controlled by several parameters — pH of
the suspension (if amphoteric latex is used), dura-
tion of the deposition process, concentration of
the particles, etc.

The characterization of the membranes was per-
formed by using the well-known method of filtering
polymer molecules (dextrans) of different molecu-
lar mass. However, we measured the molecular
mass distribution of the polymer in the permeates
by using dynamic light scattering (DLS) as an
alternative to the commonly used gel-permeation
chromatography. In some cases DLS method can
be advantageous because: (1) a precise calibration
with expensive, perfectly monodisperse samples is
not necessary — see the procedure developed in
Appendix A; and (2) the hydrodynamic radius of
the molecules is directly measured.
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Appendix A

In this appendix, the procedure for determina-
tion of the constants ¢ and b in Eq. (6) is described.
The main difficulty arose from the fact that the
light scattering experiments were performed with
commercial dextran samples with certain size dis-
tribution of the molecules within each sample. In
a polydisperse polymer sample, the average molec-
ular mass, M (which is directly measured in the
static light scattering experiments) can be related
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to the average diffusion coefficient, D (which is
determined in the dynamic light scattering experi-
ments) in the following way:
AD; )”
D

_ bb—1)
~aD ZP, 1+bx+Tx +-- 1, (Al)

M=y P,M;=Y PaD!=aD"y P, (1 +

where x; =(4D,)/(D). P; is the molar fraction of
the polymer of mass M, in the sample (£ P;=1,
Z Pyx;=0). Hence:

b(bz"l)- ag]. (A2)

M=aD" [1+

65 =2; P;x? is the standard deviation which is
measured in the DLS experiments. In our experi-
ments (¢3)'? was between 0.18 and 0.28 for all
samples.

Eq. (A2) can be written in the form:

M

n e ——
b(b—1)
1+
2

o3 |=Ina+bIn D, (A3)

where M, D and o, are known from the experiment
for a series of dextran samples, while the parame-
ters a and b have to be calculated. For this purpose,
we used an iterative computational procedure
based on a counterpart of Eq. (A3):

n LOJD =In ay 1 "|‘b"+1 In 5,
bn(bn_l)
1+

2
(A4)

where g, and b, are consecutive approximations
determined in the iterative procedure.
The following algorithm was used:

(1) Determination of the average molecular mass,
M, by using static light scattering. The value
of M given by the manufacturer can be used
as well.

(2) Measurements of D and op, by dynamic light
scattering.

(3) Plotting M versus In D and obtaining the

initial values, a, and b, from the intercept and
the slope of the obtained straight line.
(4) Plotting

M
tn bo(bo —1)
1 =D g

versus In D and determining the next values,
a, and by, from the new straight line.
(5) Plotting

M
tn (b, ~1)
1+‘+ag

vs In D, thus obtaining a, and b,. The pro-
cedure can be repeated to obtain more precise
values but usually two or three steps provided
sufficient accuracy.

(6) Using the final values, a=7.235x 107 and
b= —1.7152, we calculate the molecular mass
distribution in the sample from the diffusion
coefficient distribution — see Eq. (6).

A plot of the experimental points and the straight

line determined by the least squares method is

shown in Fig. 5. The correlation coefficient is 0.994.
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Fig. 5. Calibration line used to determine the constants a and
b from the light scattering results (see the Appendix A).
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