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Abstract

The ultrafiltration behaviour of very dilute (ca. 10 ppm) mixtures of gold (50 nm) and latex (1 pm) colloidal
suspensions has been investigated in terms of transmembrane pressure and pH in a batch cell with and without
stirring. The hydrophobic PM30 and the hydrophilic XM300 membranes were used as ultrafilters.

Both membranes gave higher flux and lower retention in the absence of stirring and increasing AP. For the PM30
membrane, increasing pH caused higher flux. For both types of membrane, a lower pressure produced a slower flux
decline, lower solute resistance and higher retention. The PM30 membranes showed better performance (complete
retention, slower flux decline and lower solute resistance) than the XM300 membranes due to the differences in
membrane pore size and material. Pore blocking is more likely in the case of the XM300 membrane with its larger
molecular weight cut-off.

The dominant mechanism was cake formation after initial pore plugging. The estimated cake specific resistance
showed a small increase with pressure. The cake porosity was smaller than the reported porosity for the random
packing of a binary mixture due to the effect of applied pressure.

These studies have shown that membrane filtration of dilute suspensions is a complex process. Clearly, the deposition
on and within the membrane, and within the cake will be dependent on a number of parameters, including membrane
type, relative particle size, species concentrations, particle charges (dependent on pH and ionic environment) and flux
(dependent on pressure). The performance also varies with time. © 1998 Elsevier Science B.V.
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1. Introduction metre-sized) particles on the microfiltration and

ultrafiltration of dilute fine colloids are of interest.

In many practical situations, for instance waste-
water treatment, two or more colloids are mixed,
so the separation of a mixture of colloidal particles
from an aqueous solution is of considerable impor-
tance, scientifically and industrially. Ultrafiltration
of very dilute suspensions has application in ultra-
pure water production [1,2], water purification
[3.4]. virus recovery from tap water [5] or domestic
effluent [6].

It has been shown [7] that the membrane filtration
of dilute suspensions is sensitive to solution condi-
tions. The effects of the presence of larger (micro-
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In previous work [8], microfiltration of dilute
colloidal mixtures was characterised. In this article
the ultrafiltration of very dilute colloidal mixtures
as a function of stirring, transmembrane pressure
and pH has been investigated.

2. Experimental
2.1. Membranes

Amicon PM30 (MWCO =30 kDa) and XM300
(MWCO =300kDa) membranes were used as
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ultrafilters. Details of the membranes are given in
Table 1. Membranes were prepared for use acc-
ording to the information provided by the
manufacturer.

2.2. Colloidal gold particles

Gold sol was prepared according to the method
of Turkevich et al. [9] and Frens [10] by reduction
of aqueous gold(IIl) using citrate ions. Details
have been explained elsewhere [8]. For the experi-
ments the sol (50 mg 1! Au, pH=3.3) was diluted
fivefold (10mgl~! Au, pH=4.0) with distilled
water immediately before the experiments. Each
set of experiments was carried out within a few
days after colloidal gold preparation to avoid any
difference in the sol particles due to aging. The
gold sol particles had a slightly spheroidal shape
with a mean diameter of 53.5 nm (standard devia-
tion 23.7). For measuring the zeta potential of
colloids a laser-based multiangle particle electro-
phoresis analyser, Delsa 440 (Coulter Scientific
Instruments), was used. The Delsa 440 combines
electrophoresis or the movement of the charged
particles in an applied electric field and laser
Doppler velocimetry that measures the speed of
particles by analysing the Doppler shifts of scat-
tered light. In the Delsa 440, Smoluchowski's
mobility equation is used to change the mobility
into the zeta potential. The zeta potential of Au
sol was measured as —50 mV at pH=4.

Table 1
Specifications of membranes

PM30X M300
Manufacturer Amicon Amicon
Material Polysulphone Dynel*
Hydrophobicity Hydrophobic Hydrophilic
MW cut-off (kDa) 30 300
Water flux® 640-1130 12401600
(Im~2h~Y
Permeability 1.7-3.1 34-44
(10°mPa~ts™})
Membrane 3.5-4.0 2.3-29

resistance (10'! m™1)

# Poly co(acrylonitrile-vinyl chloride).
® AP=100 kPa.

2.3. Polystyrene latex particles

Polystyrene latex beads (Cat. No. LB-11) were
obtained from Sigma Chemical Company.
Transmission electron microscope (TEM) micro-
graphs of polystyrene particles showed that they
were spherical with a diameter of 1 um. Reported
particle diameter by the manufacturer is 1.020 pm
(standard deviation <0.004 pm). The zeta poten-
tial of latex was measured as —60 mV at pH=4.

2.4. Filtration procedure

All experiments were carried out in a 110 ml
capacity batch cell, with a membrane area of
15.2 cm?. The specifications of the cell have been
explained elsewhere [8]. The experiments started
after 100 m! of a mixture of gold and latex colloids
(10mg1~! Au and 10mgl~! latex) was poured
into the cell which was quickly pressurised by
nitrogen gas. The feed solution was fed continu-
ously from a feed reservoir connected to the cell
to replenish the permeate. For stirred experiments
the magnetic stirrer was started with a stirring
speed of 400 rev min ! prior to the filtration. The
experiments were carried out at ambient temper-
ature (24 +1°C). The flux was measured gravimet-
rically with a Mettler PJ 6000 electronic balance
by continuously weighing the permeate. The ret-
ention of gold particles was determined by
R(%)=100[1—(C,/Cy)], where C, and C, are
absorbances of gold sol at 530 nm for the permeate
and bulk respectively. A plot of the absorbances
for the gold sol in different concentrations showed
a straight line with a correlation coefficient of
1.000.

2.5. Electron microscopy of membranes

For viewing the membrane surface, an Hitachi
S-900 field emission scanning electron microscope
(SEM) operating at 2 kV and for observation of
membrane cross-sections an Hitachi H-7000 TEM
operating at 75kV were used. The details of
electron microscopy can be found elsewhere [8].
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3. Results and discussion
3.1. Effect of membrane tvpe

The XM300 membranes with 300 kDa molecular
weight cut-off showed initially lower retention
(Fig. 1) than the PM30 membranes (MWCO=
30 kDa) but within 30 min the retention was sim-
ilar and essentially complete. The XM300 mem-
branes (Fig. 2) did not show much higher flux
than the PM30 membrane (in some cases even

102
[ ]
100'=lllllll0l | ]
§ 98
Z
=} 96
i
P~
% 94 -
= b PM30 (stirred)
rn;‘: 92 - ® PM30 (unstirred)
90 | XM300 (stirred)
b © XM300 (unstirred)
88 T T T T T
0 20 40 60 80 100 120
TIME (min)

Fig. 1. Retention profiles of a mixture of Au sol and latex using
PM30 and XM300 membranes under stirred (400 rev min ')
and unstirred conditions (10mgl™! Au, 10mgl™"' latex,
100 kPa, pH =4).
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Fig. 2. Flux profiles of a mixture of Au sol and latex using
PM30 and XM300 membranes under stirred (400 rev min~?)
and unstirred conditions (10mgl~' Au, 10mgl™! latex,
100 kPa, pH =4).

lower flux). This performance can be explained by
pore blocking, which is more likely in the case of
the partially permeable XM300 membrane. For
the XM300 membranes (with a mean pore diame-
ter of 8.6 nm and maximum pore width of 47.6 nm
[11]) the particles have more chance to plug the
membrane pores than the PM30 membranes (mean
pore diameter of 4 nm and a maximum pore width
of 18.3nm [11]). The plugging results in lower
flux for the XM300 membrane. Another factor is
the difference in membrane material. The polymer
that is used to make the membrane affects the
retention [12,13].

3.2. Transmembrane pressure

By increasing the applied transmembrane pres-
sure, the flux, flux loss and solute resistances were
increased {Tables 2 and 3). Flux decline was due
to the formation of a sticky cake layer. This layer
could not be removed by washing and remained
stable on the surface of the membrane. Initial
water flux J; (before the experiment) and final
water flux J,, (after the experiment) were mea-
sured. A typical ratio of J,, to J,, after the passage

Table 2

Effect of transmembrane pressure on solute resistance R, and
flux loss® Ji, of a mixture of Au sol and latex using PM30
membrane at 400 revmin~' and pH=4 after filtering 800 ml
of solution

AP (kPa) Jross (%) R, (10" m ™
50 56 57

100 74 14.9

200 79 20.0

Initial flux is the flux after | min.
2 Flux loss(%)=[AJ(initial —final )/initial flux] x 100.

Table 3

Effect of transmembrane pressure on solute resistance R, and
flux loss Ji, of a mixture of Au sol and latex using XM300
membrane at 400 revmin~! and pH =4 after filtering 800 ml
of solution

AP (kPa) Jioss (%) R, (101 m™Y
50 61 10.0

100 64 10.9

200 68 15.8
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of 800 m] of the feed through the PM30 membrane
at 100 kPa was 0.21. This observation shows that
flux decline is caused by fouling.

Retention of gold particles was decreased by
increasing AP for the case of the XM300 mem-
brane (Fig. 3) and was complete for PM30 mem-
brane at all pressures. Lower retention at higher
AP is typical in UF and can be explained by a
higher concentration at the membrane surface due
to increased polarisation giving a higher concen-
tration in the permeate. For both membranes,
lower pressure produced slower flux decline, lower
solute resistance and higher retention (less initial
transmission).

3.3. Effect of pH

Increasing pH causes slightly higher flux
(Fig. 4). Rejection was complete in both cases.
The isoelectric points of the latex and gold particles
are 2.3 and 2.9 respectively. Therefore, the particles
gain extra charge upon increasing the pH from 4
to 7. This extra charge causes more porosity in the
cake, leading to reduction in the resistance [14].
Membrane charge can also play a role. The isoelec-
tric point of the PM30 membranes is 3 [15]. They
obtain more negative charge when pH is increased
[16]. This results in lower adsorption of the nega-
tively charged colloidal particles. Less adsorption
means lower resistance and higher flux.
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Fig. 3. Retention profiles of mixtures of Au sol and latex using
XM300 membrane as a function of transmembrane pressure
(10mg1~! Au, 10 mg 1~ latex, 400 rev min !, pH=4).

1000
pH=4

- 800 o pH=7
=
o
£ e0q7, PM30
§ 400 4 ¢ -
=] g,
< a3 ® e o

200 A 8 @ @

o L ) L L

T
0 20 40 60 80 100 120

TIME (min)

Fig. 4. Flux profiles of a mixture of Au sol and latex as a func-
tion of pH using PM30 membranes (10 mgl ! Au, 10 mg!~!
latex, 400 rev min ~!).

3.4. Filtration mechanism

It is of interest to compare the unstirred data
(permeate volume ¥, and time ¢) using the blocking
laws [17]. For a mechanism of pore blocking the
plot of exp(z) vs. V should be linear, for cake
deposition control ¢/V vs. V should be linear, and
for internal pore closure ¢/} vs. ¢ should be linear.

The plots of ¢/V vs. ¥V for both PM30 and
XM300 membranes (Fig.5) indicate that cake
formation is the dominant mechanism. As the
filtration starts, both gold and latex particles that
are larger than the pores of the membrane settle
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Fig. 5. Determination of filtration mechanism of a mixture of
Au sol and latex using PM30 and XM300 membranes
(10mg1~" Au, 10 mg 1~ latex, 100 kPa, unstirred, pH=4).
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Fig. 6. (a) SEM and (b) TEM micrographs of PM30 membrane after filtering 100 ml of a mixture of Au sol and latex ({10 mg1 ™!
Au. 10 mg | ™' latex, 100 kPa. unstirred, pH=4).
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Fig. 7. (a) SEM and (b) TEM micrographs of XM300 membrane after filtering 800 ml of a mixture of Au sol and latex (10 mg
Au. 10 mg 1~ latex, 100 kPa, 400 rev min~!, pH=4).
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Table 4

Specific resistances of the cake of Au sol oy, latex o, and a
mixture of Au sol and latex o, as a function of transmem-
brane pressure

AP XAu Matex Lrmix
(kPa) (10 mkg™ Y (102 mkg™ Y (108 mkg Y
50 1.0 0.35 13.5
100 1.1 0.40 20.3
200 1.2 0.50 223
300 1.3 0.54 25.6

14.5

y = 13.586 + 0.33673x R*2 = 0.918
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Fig. 8. Specific resistance of a mixture of Au sol and latex cake
as a function of transmembrane pressure using PM30 mem-
brane (10mgl ' Au, 10mgl~' latex, 100 kPa, unstirred.
pH=4).

on the membrane surface (Fig. 6). The cake is
progressively thickened and more layers are
formed (Fig. 7).

In the case of the XM 300 membrane, the initial
deviation from linearity suggests initial pore plug-
ging. The large pores in the size distribution of
this membrane can be blocked by gold particles.
In the case of the XM300 membranes, with mean
pore diameter of 8.6 nm and maximum pore width
of 47.6 nm [11], the particles have more chance to
plug the membrane pores than the PM30 mem-
branes (mean pore diameter of 4 nm and maximum
pore width of 18.3 nm [11]). However, if mem-
brane resistance is much less than the cake resis-
tance then ¢/V vs. V is linear [18], which is not
true at the beginning of the filtration while the
cake is forming. The same trend for the #/} vs.
curve was observed by Murase et al. [19].

Table 5
Porosity of the cake of Au sol €,,. latex €,,., and a mixture of
Au sol and latex ¢,;, as a function of transmembrane pressure

AP ( kpa) €au Elatex € mix
50 0.55 0.32 0.23
100 0.54 0.31 0.21
200 0.53 0.29 0.20
300 0.52 0.28 0.19

Ditferent slopes of the 7/} vs. I" curves for the
PM30 and XM300 membranes indicate the differ-
ences in the specific resistances of the cakes (specific
resistance 18 proportional to the slope of the +/
vs. }" curve). This mirrors the effect of the mem-
brane type on the characteristics of the cake layer
reported by Fane et al. [20]. The XM300 mem-
branes have higher water flux than the PM30
membranes (see Table 1). For a higher initial
‘approach velocity’, a more open cake with lower
specific resistance is formed [21]. This observation

Fig. 9. SEM micrograph of XM300 membrane surface after
filtering 800 ml of a mixture of Au sol and latex (10 mg1™’
Au. 10mg 17" latex. 100 kPa. unstirred. pH =4).
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Fig. 10. SEM micrograph of PM30 membrane surface after fil-
tering 100 ml of a mixture of Au sol and latex (10 mg1~" Au,
10 mg 17" latex, 100 kPa, unstirred, pH =4).

is similar to that found for the MF of sol-only
feed [7]. Another possible explanation is based on
membrane hydrophobicity. The XM300 mem-
branes are less hydrophobic than the PM30 mem-
branes. The cake on the XM300 membrane is
looser than the cake on the PM30 membrane
surface, due to less adsorption of the particles,
resulting in lower specific resistance.

3.5. Characteristics of the colloidal mixture cake
layer

The specific resistances of Au sol, latex and their
mixture which were calculated from the slope of
the #/V vs. V curve, are given in Table 4. The
calculated specific resistance shows an increase
with pressure. The compressibility factor of the
mixture of Au sol and latex is 0.33 (Fig. 8); this
is higher than the individual compressibility factors
of Au sol (0.14) and latex (0.25).

It is evident that the specific resistance of the

mixture is significantly higher (more than an order
of magnitude) than the individual components.
This is due to the filling of the void space between
the large latex particles with the much smaller
colloidal gold. It is possible to estimate the order
of magnitude increase by considering the way the
gold cake is altered by the presence of latex. Thus,
a given loading of gold has only 0.3 of the volume
available (the remainder is taken up by latex
particles). This would produce a gold cake
(0.3)7! thicker than for gold alone, i.e. 3.3 times
thicker. In addition, the pathway through the voids
is tortuous, which also increases the path length.
Typical tortuosity is 3, so effective ‘resistance’
increases 3.3 x 310 times. This analysis antici-
pates that a,, (in the mixture) would be ca.
10 x a4, (alone). In practice the specific resistance
increase is 13 to 20 times.

The cake porosity, estimated from the
Carman-Kozeny equation
0= 180(1—¢)/(pdie”) (1)

in which o is the cake specific resistance, € is the
porosity, p is the density and d, is the particle
diameter, is shown in Table 5. The mean diameter
for the mixture (d,=65nm) is based on mass
fractions (Eq. (2).

dy =(p1nd3 + panyd)/(piny + pamy) (2)

where p is the density, n is the number of particles,
d is the diameter of the particles and 1 and 2 refer
to the first and second particle in the mixture.
The high porosity in the case of Au sol could
be due to the aggregation of the gold particles.
Whereas for a monosize packing the porosity is at
least 0.3, in a binary mixture the porosity drops
due to the filling of the voidage between the larger
particles by small ones (Fig. 9). In this work the
size ratio was 50 nm/1000 nm, ie. 0.05. For a
binary mixture of size ratio 0.058 Fedors and
Landel [22] report a porosity of 0.19; for a size
ratio of 0.06 McGeary [23] reports a porosity of
0.16. The porosity of a binary mixture also changes
by changing the volume fraction. In this work the
volume fraction of latex particles in the mixture is
95% with 5% gold particles. With a volume fraction
of 95% for larger particles and a radius ratio of
0.05 or 0.053 (similar to this work) the reported



S.S. Madaeni | Colloids Surfaces A: Phvsicochem. Eng. Aspects 131 ( 1998} 109--118 117

2.0 um

Fig. 11. TEM micrograph of XM300 membrane surface after filtering 800 ml of a mixture of Au sol and latex (10mgl™"' Au,

10 mg 1 ! latex. 100 kPa. 400 rev min "', pH=4).

porosity is 0.34 [23] or 0.32 [22]. For the same
volume fraction and a radius ratio less than 0.1
the porosity is reported as 0.32 [24].

The calculated porosity shows a decrease with
increasing transmembrane pressure: this is due to
the effect of pressure, causing more dense layers
than the random packing by gravity.

Owing to the formation of several layers of latex
particles on the membrane surface that are sur-
rounded with gold particles (Figs. 10 and 11), the
cake thickness is estimated to be between 1 and
10 pm, depending on the permeate volume and the
applied transmembrane pressure.

4. Conclusions

The ultrafiltration behaviour of very dilute (ca.
10 ppm) mixtures of gold (50 nm) and latex (1 pm)
colloidal suspensions has been investigated for a
range of conditions (varying transmembrane pres-
sure, pH and stirring) in a batch cell with PM30
and XM300 ultrafiltration membranes.

Both types of membrane gave higher flux and
lower retention for increasing AP or pH. The
retention was essentially complete for the PM30

membrane. For ultrafiltration membranes a lower
pressure produced slower flux decline, lower solute
resistance and higher retention.

The prevailing mechanism was cake formation
during the course of ultrafiltration. However, pore
plugging can occur in ultrafiltration if the mem-
brane pores are comparable in size with the
particles.

The measured cake specific resistance showed
an increase with pressure. The cake porosity was
smaller than the reported porosity for the random
packing of a binary mixture due to the effect of
applied pressure.
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