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ABSTRACT: Membrane fouling phenomena ooccurring during microfiltration were studied
for a nylon membrane with yeast (Saccharomyces cerevisiae) suspension as a model system.
Yeast was adsorbed on various adsorbents (nylon film, nylon membrane, modified nylon film,
and modified nylon membrane) for the examination of the effect of surface characteristics of
a membrane on the interactions of yeast particles with membrane surface in the initial stage
of fouling. The adsorption was mainly influenced by the hydrophilicity and the electrostatic
charge of the adsorbent surface. The least amount of adsorption was observed on the modi-
fied adsorbents which have hydrophilic and negatively charged surface via oxygen or acrylic
acid plasma treatment. As a consequence, the fouling could be reduced to a large extent by
modifying the nylon membrane by oxygen or acrylic acid plasma treatment. Those plasma
treatments modified not only the outer surface of the membrane but also the inner surface of
membrane pores, which was tested with casein solution.

Keywords: fouling, microfiltration, membrane, yeast, surface modification, low temperature plas-

ma.
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INTRODUCTION

The membrane process is a highly attractive
pracess for the separation of various materials, es-
pecially biological materials such as foods, bever-
ages, and pharmaceuticals. It is a nonthermal en-
ergy-saving and highly efficient compact modular
process. Because of these unique advantageous
features, a lot of membrane processes have been
developed since the preparation of a highly selec-
tive asymmetric polymer membrane in the early
1960s.! However, some of them could not be prac-
tically used because of one crucial problem, flux
decline during the process which all the mem-
brane processes suffer from.

There are three major phenomena which cause
the flux decline: concentration polarization, mem-
brane compaction, and fouling.?*® Concentration
polarization occurs due to the selective transport
characteristic of a membrane and reduces the
flux by increasing the concentration of solutes m
the vicinity of a membrane. Membrane compac-
tion occurs due to the applied pressure and reduc-
es the flux by densifying a membrane. These two
phenomena occurs only in the beginning stage of
the process, and thus may not be as critical as the
last one, fouling. Fouling occurs due to the
adsorption of materials from the feed stream and
continuously accumulates solid deposits onto a
membrane surface. The deposits create a growing
new dense layer blocking pores in the membrane
and resulting in the continuous flux decline. As a
result, the process becomes less productive with
shortened service-life of a membrane.

Efforts to reduce the fouling have been focused
mainly to the treatment of a feed stream and the
optimization of flow pattern in the early stage.!’
Prefiliration was used to remove large particles.
Physico-chemical characteristics of the feed solu-
tion such as pH, temperature, and salt concentra-

tion were adjusted to control solubility, dispersion,
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and confirmation of solutes. Cross flow with a
high velocity in a small channel and pulsatile flow

%2 In recent

were used to increase the shear rate.
years, more attention is given to the development
of fouling-resistant membranes.! Since hydro-
phobic membranes are known to be more prone to
fouling in an aqueous medium, major effort is
given to the modification of a membrane surface
to make more hydrophilic.?®

In this work, membrane fouling during
microfiltration was studied with a nylon mem-
brane and yeast (Saccharomyces cerevisiae) as a
model system. Yeast was adsorbed on various
adsorbents for the examination of the effect of sur-
face characteristics of a membrane on the interac-
tions of yeast particles with membrane surface in
the initial stage of fouling. Reduction of the fouling
was tried by surface modification of a membrane
using a low temperature plasma process.

Effect of Surface Characteristics of a
Membrane on Fouling. Since fouling is initiated
by the adsorption of materials from the feed
stream although its overall mechanism is not well
known yet, the effect of surface characteristics of
a membrane on the fouling can be understood
from the simple thermodynamic model of solid-
solid adsorption in liquid.

According to the thermodynamic model, Gibbs
energy should be decreased for particles in liquid
to be adsorbed on a solid surface. Therefore,

AG = ysp— ysl — ypl{0

where ysp refers to the interfacial energy between
the solid surface (s) and the particle (p), ys/ the
interfacial energy between the solid surface and
the liquid (/), yp! the interfacial energy between
the particle and liquid. This equation implies that
the adsorption and thus the fouling are favored as
the interfacial energy between the solid surface

and the liquid, ys/, increases for constant ypl.
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Therefore, fouling would be favored on a
hydrophobic membrane surface than a hydrophilic
membrane surface in aqueous system since ys/ in-
creases as hydrophobicity of a solid surface In-
creases In agueous system.

The above equation can also be expressed n
terms of surface energies of each material. If the
surface energy 1s divided into dispersive compo-
nent (9 and polar component (y?), it can be

written as follows:

4G = ysp— ysl — ypl
=y = (rpH' P 2= ()12
= (O 2= (VR (V2= (y)?)?
_:(,)/pd)l/z_(,},ld)l,/2]27[(7pp)l/27(},[p)1/2]2
= —2yM—2y PP+ 20y’ ¥ 2+ 2(yp° yP)?
=20yt yp)' P20y y I P2y y )
—2(ys pypp)ll’l

This equation shows that the Gibbs energy change
increases as much as 20y (¥ (yp")"'%)
as the polar characteristic of the solid surface in-
creases. This means that fouling can be reduced if
a membrane surface 1s modified to be more polar
as far as y[ is greater than yp®.

In addition to the surface or interfacial energy
taken into account in the above thermodynamic
model, forces between the particle and the solid
surface, such as electrostatic force and hydro-
phobic force, play an important role in the
adsorption of the particle.*** Hydrophobic force
may decrease as the solid surface becomes polar.
However, electrostatic force does not always de-
crease. It decreases only when the particle and the
solid surface have electrostatic charges of the

same polarity.

EXPERIMENTAL

Membrane and Surface Modification. The

membrane used in this study was a nylon micro-
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Figure 1. Schematic diagram of a plasma reactor.

filtration membrane with a pore size of 0.2
mm. It was purchased from Aldrich (product of
Schleicher & Schuell).

Surface modification of the membrane was car-
ried out in a plasma reactor shown in Fig. 1. The
membrane was attached on a rotating sample
holder with a speed of 9.2 rpm for uniform treat-
ment. Since the membrane moved in and out of
plasma zone while rotating, real contact time of
the membrane with plasma was approximately
1/4 of the treatment time.

Adsorption Experiment. Adsorption experi-
ment was carried out at 15 °C by immersing a
film or a membrane in a beaker which contained
yeast suspension, as shown on Fig. 2. The suspen-
sion was stirred slowly with a magnetic stirrer to
prevent sedimentation of yeast particles. Adsor-
bed amount of yeast was determined by measur-
ing the dry weight of the film or the membrane
before and after the adsorption, respectively.

Fouling Experiment. Fouling experiment
was carried out at 15 °C for dead-end filtration
with a stirred cell apparatus (purchased from
Amicon) shown in Fig. 3. The cell was filled with
50 ml of yeast suspension and pressurized to 2.5
bars using a nitrogen gas while stirring the sus-
pension with a magnetic stirrer to reduce the ef-

fect of concentration polarization.
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A:Magnetic Strrer B:Water Bath C: Yeast Solution
D:Sample E:Magnetic Bar F:Clamp
G:RF Power Supply H:Vacuum Pump 1:Ground

Figure 2. Apparatus for adsorption experiment.
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Figure 3. Filtration apparatus for fouling experi-
ment.

The filtration process was stopped when volume
of the suspension was decreased to 30 ml and re-
peated with the same membrane after rinsing the
membrane with a distilled water. The degree of
fouling was determined based on the flux decline
with repetition of the filtration. Total amount of
foulants was calculated by measuring the dry
weight of a membrane before and after the filtra-

tion respectively.

RESULTS AND DISCUSSION

Adsorption of Yeast. When yeast was

Z2H A21¥ A1z 19974 14

Figure 4. Scanning electron micrograph of nylon
surface after the adsorption of yeast for 20 minutes.

adsorbed on a nylon film at pH 6.5 (distilled
water), adsorbed yeast cells distributed non-
uniformly on nylon surface forming small and
large islands (Fig. 4) and the amount of adsor-
puion fluctuated up and down rather than increas-
ing steadily with time. The degree of fluctuation
became higher as concentration increased. Howev-
er, the average amount of adsorption was not
much dependent on the concentration. This is
shown in Fig. 5 for concentrations of 0.2, 0.3, and
0.5 wt.%. This seems to be due to shear force ex-
erted on the islands while suspension is stirred to
prevent sedimentation of yeast cells and weak
adhesion of the adsorbed yeast cell islands. If the
adhesion 1s not so strong to overcome the shear
force, some islands will be detached while growing
bigger resulting in the decreased amount of
adsorption at that moment.

pH of 0.2 wt.% suspension was adjusted to 4
and 10 and adsorption was carried out for 2 hours
to see the electrostatic charge effect of yeast cells
and nylon surface. If yeast cells carry electrostat-
1c charge, the amount of adsorption will be varied
as pH changes. Electrostatically charged materials
are known to show the highest adsorption at pH
of their isoelectric point.? If both yeast cells and
nylon surface carry electrostatic charge, adsor-

ption will be promoted at pHs where they carry
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Figure 5. Amounts of adsorption as a function of
time for 0.2, 0.3, and 0.5 wt.% yeast suspensions.

the opposite charge and depressed at pHs where

331 The amount of

they carry the same charge.
adsorption decreased significantly as pH changed
to 4 and 10 as shown In Fig. 6. This indicates that
there surely was electrostatic interaction involved.

To mvestigate the electrostatic charge effect
more in detail, the nylon film was modified first
with propylene plasma. The propylene plasma
treatment deposits an ultrathin nonpolar hydro-
carbon film on nylon surface. The hydrocarbon
film does not carry electrostatic charge at any
pHs, the effect of electrostatic interaction between
yeast cells and adsorbent surface can be eliminat-
ed if the modified film is used as an adsorbent. A-
mounts of adsorption on the modified film at three
different pHs are also shown in Fig. 6. They are
not much dependent on the pH. A little bit higher
value at pH 10 seems to be due to the bridging ef-
fect by cations, which will be further discussed
later. From this result, it can be concluded that
the large difference between the amount of
adsorption at pH 6.5 and those at pH 4 and 10 on

a nylon surface was mainly attributed to electro-
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Figure 6. Amounts of adsorption on a nylon film
and modified nylon films with propylene, oxygen, and
acrylic acid plasmas after the adsorption for 2 hours In
0.2 wt.% yeast suspension at pH 4, 6.5, and 10.

static interaction between yeast cells and nylon
surface. That 1s, yeast cells and nylon surface car-
ried the opposite charge at pH 6.5 but the same
charge at pH 4 (positive) and 10 (negative). Note
that the amount of adsorption at pH 6.5 is smaller
on the modified film than on the nylon film even
though the modified film has more hydrophcbic
surface (water contact angle: 87°) than the
nylon film (water contact angle: 70°).

Next, the nylon film was modified with oxygen
and acrylic acid plasma. Since such films are neg-
atively charged at pH 6.5 due to high concentra-
tions of oxidized carbons and/or acid groups on
the surface, as shown in Fig. 7, the amount of
adsorption at pH 6.5 will decrease if yeast cells
are negatively charged and increase if positively
charged. Amounts of adsorption on the modified
film with oxygen and acrylic acid at three differ-
ent pHs are also shown in Fig. 6. It is shown that
the modification decreased the amount of adsor-
ption at pH 6.5 and 10 and increased the amount

Polymer(Korea) Vol. 21, No. 1, January 1997
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Figure 7. ESCA C spectra of nylon surface and
modified nylon surfaces with oxygen(above) and acrylic
acid(below) plasmas: above; (a) unmodified, (b) 10 W,
15 min, (¢) 20 W, 15 min, (d) 20 W, 20 min, below; (a)
unmodified, (b) 30 W, 5 min, (¢) 20 W, 5 min, and (d)
10 W, 5 min.

of adsorption at 4. This indicates that yeast cells
are negatively charged at pH 6.5, which has been
reported in the literature.*” The reason why the
amount of adsorption was increased at pH 4 may
be that the modified film surfaces were still nega-
tive even at pH 4 (or neutral at least) while yeast
cells became positive.

Finally, the adsorption experimenis were re-
peated using a nylon membrane as an adsorbent.
The same pattern of the adsorption was observed
but the amount of adsorption was always smaller
than the amount of adsorption on a nylon film as
shown in Fig. 8. On a membrane modified with
oxygen or acrylic acid plasma, the amount of
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Figure 8. Amounts of adsorption on a nylon mem-
brane and modified nylon membranes with propylene, ox-
ygen, and acrylic acid plasmas after the adsorption for 2
hours in 0.2 wt.% yeast suspension at pH 4, 6.5, and 10.

adsorption could hardly be measured. This is be-
cause the membrane has much smaller contact
area available for yeast cells. The membrane 1s
porous and only the outer surface is available
since the pore size of the membrane is smaller
than the size of yeast cells.

Membrane Fouling and Its Control. When
yeast suspension was filtrated with a nylon
microfiltration membrane at pH 6.5, water flux
continuously declined as the membrane was re-
peatedly used in a batch filtration unit indicating
that the membrane was fouled by yeast cells in
every run. As concentration increased, the flux
decreased from the first run proportionally to the
concentration. This is shown in Fig. 9 for concen-
trations of 0.2, 0.3, and 0.5 wt.%. However, the
degree of fouling does not seem to be influenced
by the concentration. Slopes of the flux decline
are almost the same independently of the concen-
tration.

Based on the results in the adsorption study,
pHof suspension was adjusted to 4 and 10 to see
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Figure 9. Water flux of a nylon membrane at pH 6.5
as a function of repeated number of filtration for 0.2,
0.3, 0.5 wt.% yeast suspensions.

whether the fouling could be reduced. When test-
ed for 0.3wt.% suspension, less fouling was
oberved at pH 4 as expected but even heavier
fouling was observed at pH 10 on the contrary to
the case of adsorption (see the flux decline in Fig.
10). This seems to be due to the bridging effect of
Na* ilons which was added in the form of NaOH
to adjust the pH of suspension. The Na* ions co-
agulated yeast cells and enhanced the adhesion of
yeast cells on nylon surface by acting as bridges
among negatively charged yeast cells and be-
tween the yeast cells and negatively charged
nylon surface.

The reason why the bridging effect which was
not well observed In the adsorption study ap-
peared so distinctly in the filtration may be that
Na* ions were highly concentrated in the vicinity
of the membrane surface due to concentration po-
larization and all the coagulated yeast cells were
driven towards the membrane by the transmem-
brane pressure.

Since 1t has been reported in the literature that

the addition of small amount of salt depressed the
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Figure 10. Water flux of a nylon membrane at pH 4,
6.5, and 10 as a function of repeated number of filtration
of 0.3 wt.% yeast suspension.

adsorption of proteins and increased the flux,**

pH adjustment to 10 was retried by adding NaOH
and HCl together instead of NaOH alone. The
result is shown in Fig. 11. The same trend is ob-
served. The reason for this result is not explained
in the literature but it is postulated that the bridg-
ing effect is screened by Cl™ ions. Fig. 11 also
shows that the flux declines more rapidly when
pH is adjusted with Ca(OH),+HCl than NaOH+
HCL This indicates that cations with higher va-
lence has higher capability of bridging and are
less screened with counter ions.

The membrane was modified with oxygen and
acrylic acid plasma to reduce the fouling at pH
6.5. Oxygen plasma treatment was done at the
discharge power of 20 W and at the gas pressure
of 120 and 200 mtorr for 5, 15, and 30 minutes.
Acryhic acid plasma treatment was done at the
discharge power of 10, 20, and 30 W and at the
gas pressure of 35 mtorr for 5 minutes. The
results are shown in Figs. 12, 13, and 14. The fig-
ures show that the fouling can be reduced by the

modifications. The reduction of fouling 1s attribut-

Polymer{Korea) Vol. 21, No. 1, January 1997
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Figure 11. Water flux of a nylon membrane at pH 10
as a function of repeated number of filtration of 0.3
wt.% yeast suspension. The pH was adjusted in three
different ways: A; with just NaOH, B; with NaOH and
HCL, C; with Ca(OH), and HCL.
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Figure 12. Water flux of modified nylon membranes
with oxygen plasma at 20 W and 120 mtorr for 5, 15,
and 30 minutes as a function of repeated number of fil-
tration of 0.3 wt.% yeast suspension at pH 6.5.

ed to the resistance of the modified surfaces
against adsorption of yeast cells. Fig. 15 shows
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Figure 13. Water flux of modified nylon membranes
with oxygen plasma at 20 W and 200 mtorr for 5, 15,
and 30 minutes as a function of repeated number of fil-
tration of 0.3 wt.% yeast suspension at pH 6.5,
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Figure 14. Water flux of modified nylon membranes
with acrylic acid plasma at 10, 20, and 30 W and 35
mtorr for 5 minutes as a function of repeated number of
filtration of 0.3 wt.% yeast suspension at pH 6.5.

fouled surfaces of a nylon membrane and a modi-

fied membrane with oxygen plasma which were
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Figure 15. Scanning electron micrographs of fouled
surfaces of a nylon membrane(above) and a modified
nylon membrane with oxygen plasma (below) after
being used for 30 times in the filtration of 0.3 wt.%
yeast suspension.

used for 30 times in the filtration of 0.3 wt.%
veast suspension. The modified membrane is only
partially covered with small number of yeast cells
while the nylon membrane is entirely covered
with a thick yeast layer.

In the case of oxygen plasma, the best result
was obtained when treated for 15 minutes at any
pressure. When treated longer, only the damage
on the very surface of the membrane was resulted
as shown In Fig. 16. In the case of acrylic acid
plasma, the best result was obtained at 20 W and
no change in the surface morphology of the mem
brane was observed at any discharge power
although the modification resulted in the deposi-
tion of a thin film.

150

Figure 16. Scanning electron micrographs of nylon
membrane surface and modified nylon membranes with
oxygen plasma for 15 and 30 minutes: up; unmodified,
middle; 15 min, below; 30 min.

The membrane was also modified with propyl-
ene (20 W, 25 mtorr, 10 min), hexamethyldi-
siloxane (20 W, 100 mtorr, 10 min), and diamino-
cyclohexane (20 W, 100 mtorr, 5 min)lasmas for

comparison. Hexamethyldisiloxane plasma makes

Polymer{Korea) Vol. 21, No. 1, January 1997
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Figure 17. Water flux of a nylon membrane and modi-
fied nylon membranes with propylene, hexamethyl-
disiloxane (HMDSO), and diaminocyclohexane (DACH)
plasmas as a function of repeated number of filtration of
0.3 wt% yeast suspension at pH 6.5.

the membrane surface hydrophobic (water con-
tact angle: approximately 105°) even more than
propylene plasma. Diaminocyclohexane plasma
makes the membrane surface hydrophilic (water
contact angles: between 30° and 50° depending
on the plasma conditions) but positively charged
with high concentrations of primary amines.* The
results are shown in Fig. 17. In all cases, the flux
declines more rapidly after the modifications.
These results show again the importance of the
hydrophilicity and the electrostatic charge effect
in the fouling.

Fouling can occur not only on the outer surface
of a membrane but also on the inner surface of
membrane pores if feed stream contains materials
smaller than pore size of the membrane. In such
case, the inner surface should also be modified for
the membrane to be fouling-resistant. To check
whether the plasma modifications can modify even
the inner surface of membrane pores, 0.3 wt.% ca-
sein solution was passed through the membrane.
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Figure 18. Water flux of a nylon membrane and a
modified membrane with acrylic acid (AAcid) plasma as
a function of repeated number of filtration of 0.3 wi.%
casein solution.

Since the size of casein 1s smaller than the pore
size of the membrane, most of casein will deposit
on the inner surface of pores which has much
larger area than the outer surface if fouling oc-
curs. The result is shown in Fig. 18. There is
almost no flux decline for the modified membrane
with acrylic acid plasma while flux declines rapid-
ly as the filtration is repeated for the unmodified
membrane. This indicates that plasma modifica-
tion can modify the membrane surface all the
way through the membrane pores.

CONCLUSIONS

Membrane fouling causes the f{lux decline in
membrane filtration processes. The fouling is mitt-
ated by the adsorption of solid materials in feed
stream on a membrane surface and thus highly in-
fluenced by surface characteristics. Therefore, the
fouling can be reduced if the membrane surface is
properly modified.
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Less fouling occurs as interfacial energy be-
tween liquid medium and membrane surface de-
creases. Thus, the membrane should be modified
to be hydrophilic to make it fouling-resistant in
the filtration of aqueous feed stream.

When the feed stream contains electrostatically
charged materials, however, just the hydrophilic
modification is not enough. Electrostatic charge
Interaction between those materials and the mem-
brane surface should be considered. Therefore, in
such case, the membrane should be modified to be
hydrophilic and electrostatically charged with the
same polarity as the polarity of materials in the
feed stream. The low temperature plasma process,
plasma treatment or plasma polymerization, Is a
suitable process for such kind of modification. It
modifies only the surface characteristics of the
membrane without altering surface morphology of
the membrane. And, it can modify not only the
outer surface of membrane but also the nner sur

face of membrane pores.
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