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A steady-state fouling-resistance and osmotic-pressure model is used to predict flux in
the laminar, cross-flow ultrafiltration of micellar cetyl (=hexadecyl)pyridinium chloride
(CPCJ solutions at 0.01-M NaCl background electrolyte. The model assumes a con-
stant overall hydraulic resistance including the effect of surfactant fouling and native
membrane resistance. Measurements of osmotic pressures of CPC solutions at 0.01-M
NaCl as a function of surfactant concentration describe the effect of concentration
polarization on permeate flux. Two types of asymmetric polyethersulfone membranes
are used: 5,000 molecular weight cutoff (MWCO) membranes that allow partial
monomer permeation, but quantitatively reject all micelles; 50,000 MWCO membranes
that allow some micelle permeation. For the former, the intrinsic rejection coefficient
for monomer, measured separately, is sufficient to describe surfactant rejection, without
adjustable parameters. Predictions of the volumetric flux of the permeate, including the
value of the limiting flux, agree well with the experimental results over the entire range
of pressure drop, axial velocity, and bulk surfactant concentration. For the 50,000
MWCO membranes the data are described using a best-fit value of the overall surfac-
tant rejection coefficient. For the first time, unusual behavior is observed experimentally
in which the flux levels off with increasing pressure drop across the membrane, only to
increase sharply again at higher applied pressure drop. Both effects are in accord with
the proposed model. No gel layer need be postulated to explain the flux behavior of

either membrane type.

Introduction

Because of their unique aggregation and solubilization
properties, surfactant micelles have been widely proposed as
agents for the removal of organic contaminants from water
(Leung, 1979; Dunn et al., 1985; Bhat et al., 1987; Gibbs et
al., 1987; Smith et al., 1987) and from soil (Ellis et al., 1985;
Gannon et al., 1989; McDermott et al., 1989; Wilson et al,,
1989). An ultrafiltration (UF) step can concentrate micellar
aggregates and their associated solutes, and can liberate clean
water in the permeate (Leung, 1979). Industrial ultrafilters
are designed to operate in cross-flow because the imposed
axial velocity decreases the solute concentration at the mem-
brane surface (reduces concentration polarization), thereby
increasing solvent flux through the membrane (Cheryan,
1986).
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In ultrafiltration, design and scale-up are typically achieved
empirically, based on laboratory or pilot-scale results. To
avoid the expense of this approach and to create an efficient
design procedure, a practical and reliable model for the pre-
diction of permeate flux in cross-flow UF is required that is
based on the relevant physical phenomena. Currently, such a
model is unavailable for the ultrafiltration of micellar surfac-
tant systems because the mechanisms of flux reduction asso-
ciated with concentration polarization and fouling are not well
understood (Dunn et al., 1987). Here, we combine results on
the intrinsic rejection behavior of membranes (Markels et al.,
1994), surfactant osmotic pressure (Markels, 1993, chap. 3),
and membrane fouling (Markels, 1993, chap. 4). The re-
sultant osmotic-pressure and fouling-resistance model is used
to predict flux in the cross-flow ultrafiltration of micellar
cetyl{ = hexadecylpyridinium chloride (CPC) solutions by
asymmetric, polyethersulfone (PES) ultrafiltration mem-
branes.
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Theory

Steady, cross-flow micellar ultrafiltration is illustrated in
Figure 1. For the highly rejecting membranes considered here,
the permeate volumetric flux, V), can be written as

AP —All

V= 1
¥ R,+R;+R, M

where AP = P, — P, is the applied pressure difference across
the membrane (between the feed and the permeate), AIl =
I1,, — 11, is the osmotic pressure difference across the mem-
brane (between the membrane surface and the permeate),
and R, is the membrane nascent hydraulic resistance. Other
resistances included are R, the hydraulic resistance due to
fouling on or within the membrane, and R, any resistance
due to the concentration-polarization layer, or “gel layer”
(Porter, 1972). The osmotic pressure difference across the
membrane results from the difference in surfactant concen-
tration between the membrane surface and the permeate.
This concentration difference creates a driving force for sol-
vent flow from the permeate side of the membrane to the
retentate side, and thereby reduces the net pressure driving
force for permeate flow in the opposite direction.

The integrated result of a differential solution mass bal-
ance yields the familiar relationship for the transmembrane
velocity (volumetric flux),

(C,~C,)

Corea) @

V,=kln

where C,, C,, and C, are the total surfactant concentra-
tions, expressed as monomer, at the membrane surface, in
the permeate, and in bulk solution above the membrane, re-
spectively (Belfort and Nagata, 1985). The channel-length av-
eraged mass-transfer coefficient, k, can be approximated by
the standard Deissler correlation for laminar cross-flow UF
(Porter, 1972; Nabetani et al., 1990), as

s (3] o 2

where D is the diffusivity of the rejected solute, L and D,
are the length and hydraulic diameter, respectively, of the
retentate cross-flow channel, Sk and Pe=V,L /D are the
Sherwood and Peclet numbers, respectively, and V, is the av-
erage axial velocity. For surfactant systems containing micel-
lar aggregates in equilibrium with monomers, D is defined to
account for diffusion of total surfactant, including both mi-
celles and monomers (Weinheimer et al., 1981; Evans et al,,
1983) and is taken as 1.8 xX107® cm?/s for CPC.

A key assumption in the proposed model is that the mem-
brane is differential: the cross-flow velocity is high enough
relative to the permeate volumetric flux that there are no
variations in concentration and axial or transmembrane ve-
locity in the direction of flow along the membrane. This as-
sumption reduces the model to the set of algebraic equations
given earlier. An extended differential model, including axial

3
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Figure 1. Differential cross-flow miceliar ultrafiltration.

variations in velocity and concentration is readily formulated.
A simple ordering analysis performed on that extended model
demonstrates that the criterion for a differential ultrafilter is
hV{R,,+ R; + R,)/L(AP — All)> 1, where 4 is the height
of the cross-flow channel (Markels, 1993, append. 6D). In our
experiments this ratio is typically of order 10 to 50, and the
criterion is well met.

The UF experiments discussed in this work were per-
formed using aqueous CPC solutions in 0.01-M NaCl. Be-
cause the membranes used are permeable to sodium and
chloride ions, the permeate solution is expected to be at ap-
proximately 0.01 M NaCl. The appropriate osmotic pressure
for use in Eq. 1 is the osmotic pressure relative to a solvent
of 0.01 M NaCl. Recently, such relative osmotic pressures of
CPC solutions in 0.01 M NaCl were measured by membrane
osmometry using a nanofiltration membrane as the semiper-
meable barrier (Markels, 1993, chap. 3). The experimental
osmometer employed is similar in design to that used by
Vilker et al. (1984). The cell consists of two compartments,
one charged with aqueous solvent (0.01-M NaCl) and the
other with the surfactant solution (CPC +0.01-M NaCl), sep-
arated by the semipermeable membrane. Each chamber leads
into a volumetric tube, made from a graduated pipette (2.3-
mm-ID of volume 1 cm?® with 0.02 cm?® graduations). Using
regulated air, the solution-side pressure is increased manu-
ally as necessary to keep the liquid level at its original posi-
tion. This is done in response to increases in the level in the
solution-side pipette due to osmotic solvent transport. Even-
tually, the two levels remain equal and constant for several
hours, and the corresponding steady applied pressure is the
experimental osmotic pressure. The practice of applying
pressure to the solution to prevent osmosis has major bene-
fits. Because the initial and final liquid levels are equal, net
solvent transport across the membrane during the experi-
ment is zero. Therefore, the surfactant concentration in the
solution chamber remains constant throughout the experi-
ment, eliminating the difficulty of determining concentration
after equilibrium is achieved. In addition, since there is no
net solvent transport, the equilibration time using this device
is much shorter than for a traditional osmometer.

The experimental results for the osmotic pressure of CPC
solutions in 0.01 M NaCl are shown in Figure 2. An empirical
fit to those data gives the relative osmotic pressure in units of
kPa as
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Figure 2. Experimental osmotic pressures of CPC solu-
tions in 0.01-M NaCl.

The solid line corresponds to Eq. 4.

I =0.00366C +0.01209C? —-8.0x 107C?* +2.592 x 10~7C*,
for C <250kg/m>, (4)

where C is the total surfactant concentration in kg /m>® The
relative osmotic pressure at 180 kg /m’, for example, is ap-
proximately 210 kPa (30 psi). Since the applied transmem-
brane pressure drop in UF is typically 210~1,030 kPa (30-150
psi), osmotic pressures of this magnitude are clearly impor-
tant (Cheryan, 1986).

The surfactant concentration in the permeate in Eq. 2 is
commonly related to the concentration at the membrane sur-
face by an intrinsic membrane rejection coefficient, which is
typically constant (Kedem and Katchalsky, 1958; Robertson
and Zydney, 1987; Opong and Zydney, 1991). In surfactant
solutions, where surfactant monomer at the critical micelle
concentration (cme) is in equilibrium with a size distribution
of micelles, the situation is more complex. By measuring the
permeate surfactant concentration as a function of time from
an unstirred, batch UF cell operated at constant flux, we find
that, for membranes that completely reject micelles and par-
tially reject monomer (termed “Type I” membranes), the con-
centration of surfactant in the permeate is proportional to
the monomer concentration at the membrane surface rather
than the total surfactant concentration (Markels et al., 1994).
Therefore, for Type I membranes, an intrinsic monomer re-
jection coefficient is defined as

c
P
Ry=1=-=r»

(5)
where C), is the monomer concentration at the membrane
surface. Asymmetric, polyethersulfone NOVA 5,000 molecu-
lar-weight-cutoff (MWCO) membranes are of Type I. They
reject micelles quantitatively and exhibit a monomer rejec-
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Figure 3. Normalized reversible (@) and irreversible (v)
fouling resistances of statically and dynami-
cally fouled 50,000-MWCO UF membranes as
a function of CPC concentration.

tion coefficient of 0.80 (Markels et al., 1994). In most practi-
cal circumstances, where the surfactant concentration at the
membrane surface is large relative to the critical micelle con-
centration (such as greater than ten times the cmc), total sur-
factant rejection is nearly complete since monomers account
for only a small fraction of the total surfactant at the mem-
brane surface. In the same study, Markels et al. (1994) showed
that NOVA 50,000 MWCO membranes are of Type IT in that
they exhibit micelle leakage through some pores. Here, sur-
factant rejection by these Type II membranes is successfully
described by an overall rejection coefficient, defined as R =1
-C,/C,.

An unstirred batch cell was also used to study the effects
of fouling on membrane resistance in the ultrafiltration of
monomeric and micellar surfactant solutions (Markels, 1993,
chap. 4). Fouling by the cationic surfactant cetylpyridinium
chloride of oppositely charged, hydrophobic, polyethersul-
fone membranes exhibits a reversible component due to sur-
factant adsorption and an irreversible component associated
with the blockage of pores. As seen in the typical data graphed
in Figure 3 for a 50,000 MWCO PES membrane, both types
of fouling cause a significant increase in the nascent mem-
brane resistance. Further, each fouling resistance is essen-
tially constant for surfactant concentrations at the membrane
surface in excess of the cmc, indicating that both fouling
mechanisms are controlled by surfactant monomers (which
have a nearly constant concentration above the cmc). There-
fore, we take R,= R} + R‘frrev as a constant in the pro-
posed flux model.

As detailed in the thesis of Markels (1993, chap. 4), static
(zero flux) equilibration of a surfactant solution with the
membrane sieving surface and subsequent water filtration was
used to determine any effects of reversible adsorption. The
mass of surfactant adsorbed and the flow resistance proved
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Figure 4. Model results for permeate flux in the ultrafil-
tration of CPC through a Type | membrane.

V=231 cm/s; R =080; R, + R, =3.1x 107 kPa-s/m;
Come = 0.3 kg /m>.

to be independent of the equilibration concentration above
the cmc for both 5,000 molecular weight cutoff (MWCO)
membranes (which reject micelles completely) and 50,000
MWCO membranes (which do not). As reported in Figure 3,
additional irreversible fouling, consistent with pore blockage
at the membrane surface, was determined to occur in the
presence of an applied pressure gradient. The hydraulic re-
sistance caused by this blockage was also found to be inde-
pendent of the total CPC concentration above the cmc.

In the ultrafiltration of macrosolutes, the thermodynamic
reduction of the applied driving force due to the osmotic
pressure gradient has in the past generally been considered
to be unimportant, that is, AIT ~ 0 (Trettin and Doshi, 1980,
1981; Chudacek and Fane, 1984; Wijmans et al.,, 1984), ex-
cept perhaps at very short times after pressure is first applied
(Bhattacharjee and Bhattacharya, 1992). Rather, the forma-
tion of a gel layer was considered the predominant trans-
membrane flux-reduction mechanism. Using an unstirred
batch cell at constant driving force, however, Markels (1993,
chap. 5) has recently demonstrated for CPC ultrafiltration
that all of the observed reduction in flux is well accounted for
solely by osmotic backpressure and solute-adsorption fouling,
without assuming a gel-layer resistance. Hence, R, =0 in Eq.
1, and we recover the osmotic-pressure and fouling-re-
sistance model used successfully by Nabetani et al. (1990) to
predict flux in the ultrafiltration of ovalbumin solutions. Here
it is used to model the ultrafiltration of micellar CPC solu-
tions.

Given the cross-flow velocity, the applied transmembrane
pressure drop, the CPC feed concentration, and the system
geometry, Egs. 1 through 5 are solved iteratively (Markels,
1993, append. 6A). There are no adjustable parameters since
R, R;, Ry, and TI(C) are all measured independently of the
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cross-flow experiment, and all physical constants are known.
Typical model results for Type I membranes are illustrated in
Figure 4 (using the geometry of the experimental system de-
scribed in the Experimental section), which plots the perme-
ate superficial velocity (volumetric flux) as a function of the
applied pressure drop for several values of the bulk feed sur-
factant concentration. The critical micelle concentration for
CPCis C,,,, = 0.3 kg/m’ (Rosen, 1978; this value was veri-
fied in our laboratory and does not vary appreciably with
added NaCl concentration up to 0.5 M). The permeate veloc-
ity is lower for higher bulk surfactant concentrations because
of the higher osmotic backpressure. The model predicts a
limiting flux, that is, a flux that is independent of the applied
pressure difference, similar to that predicted by the gel-
polarization model (Blatt et al., 1970; Porter, 1972). Perme-
ate concentration for a Type 1 membrane is limited by the
monomer concentration at the membrane surface, C),. This
means that the total surfactant concentration at the mem-
brane, C,,, does not reach a constant value as the transmem-
brane pressure drop is increased. Rather, since €, is fixed at
the value mandated in Eq. 5, C,, always increases with in-
creasing AP. The osmotic backpressure increases in turn,
giving the limiting flux behavior observed.

Conversely, for the more Jeaky Type 11 membrane, the per-
meate concentration increases with increasing AP as C,, in-
creases due to increased micelle permeation. Theoretically,
C,, can reach a constant value characterized by equal perme-
ate and bulk surfactant concentrations. This is clearly an un-
desirable operating condition, however, since the solute con-
centration in the permeate has not been reduced relative to
the feed. As pressure is increased beyond this point, the net
driving force increases because All is constant (C,, is con-
stant) and the flux rise resumes. The concentration polariza-
tion layer has no effect on flux in the model because no gel-
layer resistance is present. This behavior is illustrated in Fig-
ure 5 for a Type II membrane, which shows both the perme-
ate volumetric flux and the concentration at the membrane
surface as functions of the transmembrane pressure drop for
several values of the overall rejection coefficient, R. In the
two cases illustrated in Figure Sa, where the flux first levels
off and then increases again (R = 0.9944 and R = 0.995), the
surfactant concentration at the membrane surface attains a
constant value (Figure 5b). At the higher values of R where
C,, continues to increase with increasing AP, the flux be-
comes nearly constant as the pressure difference is increased
because C,, and the osmotic backpressure continue to build.
In both Figures 5a and 5b it appears that the behaviors for
R =0.995 and R = 0.997 are fundamentally different, but they
are not. In Figure 5a, for example, V, for R=0.997 will
eventually rise sharply again in the same way that it does for
smaller R. Because the rejection is larger, more pressure drop
is required for C, to reach C,; in this case, more than 650
kPa. For R =1, though, C,, = 0 and C,, rises without bound.

Experimental

CPC was used as received from Chemie AG, Switzerland
(purity > 98%). Surfactant solutions were prepared by dis-
solving CPC in distilled and deionized water at 0.01 M NaCl
that had been ultrafiltered through a 5,000 MWCO mem-
brane to remove any particulates. CPC concentrations were
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Figure 5. Model results for (a) permeate flux and (b)
CPC concentration at the membrane surface
in the ultrafiltration of CPC through a Type I
membrane.

Cp=1.0 kg/m* V, =108 cm 5; R, + R;=4.5x10° kPa-
s/m; Cope = 0.3 kg /m>.

measured by UV spectrophotometry at 254 nm. A Filtron
minisette laboratory cross-flow UF cell with 140-cm® mem-
brane area was used in the flow apparatus illustrated in Fig-
ure 6. Both the permeate and retentate streams were recy-
cled to the well-stirred 2,000-cm? feed tank to allow steady-
state operation. Fluid temperature was 25+ 3°C. Flow rates
were measured using rotameters (Gilmont Instruments: per-
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Figure 6. Cross-flow ultrafiltration experimental appara-
tus.

meate flow error [Type I membranes]= + 1.6 cm?/min, per-
meate flow error [Type II membranes] = +0.5 cm®/min; re-
tentate flow error = +4 cm?/min). Typical Reynolds num-
bers, based on the retentate channel hydraulic diameter, were
of order unity. A Procon positive displacement, vane-feed
pump, coupled with a needle backpressure valve on the re-
tentate, allowed the cross-flow velocity and the transmem-
brane pressure drop to be varied independently. A closed-
pipe pressure dampener (80 cm® volume) was installed at the
pump outlet to minimize feed pressure variations caused by
pump oscillations. A two-blade glass agitator, controlled by a
Stir-Pak controller, was used at > 1,300 rpm to maintain a
homogenous, bubble-free feed solution. The feed and perme-
ate pressures were measured using WIKA pressure gauges
(+1.4 kPa).

Filtron PES 5,000 and 50,000 WMCO membranes were
used. These asymmetric membranes are hydrophobic and
have a slight negative charge. Average pore radii are approxi-
mately 3-10 A and 30-60 A for the two types, respectively
(Filtron, Danvers, MA). The geometry of the membrane
packet is illustrated in Figure 7. An open-channel retentate
spacer was used to avoid promotion of turbulence and to al-
low the use of standard mass-transfer correlations. The packet
contains two membranes, each with a retentate channel on

polyurethane
retentate slipsheet
separalor
[
retentate channel
FEED wm==p- D 1 1 1 =P RETENTATE
¢ & ¢ {
membranes permeate separator ;% PERMEATE
_& 4 ¢ ¢
— 1 I
FEED retentate channel =—=$ RETENTATE
)
retentate 7
separator

Figure 7. Flow configuration of membrane packets used
in ultrafiltration experiments.
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Experimental results using a 5,000-MWCO membrane and
retentate recycle.

the outside and a permeate channel on the inside. The height
and width of the retentate channel are 0.0305 and 10.16 cm,
respectively, and the cross-flow length, L, is 10.0 cm. Glyc-
erin, used by the manufacturer as a membrane wetting agent,
was removed from new membranes by prefiltering 0.1 m* of
pure water.

The experiments were performed using a single membrane
of each type (5,000 and 50,000 MWCO). The effect of mem-
brane variability on the results is not addressed specifically in
this study. However, experience indicates that lot-to-lot vari-
ability in membrane performance can be significant (Cheryan,
1986; Markels et al., 1994). As discussed in the Results sec-
tion, this is especially true for Type II membranes, for which
the model results are sensitive to variations in the intrinsic
rejection characteristics.

Before performing the flux experiments, a series of tests
was run to demonstrate the feasibility of cross-flow micellar
ultrafiltration for micelle rejection. The retentate stream was
recycled to the feed vessel as in Figure 6, but the permeate
stream was not. Typical results are illustrated in Figure 8 for
filtration of a CPC solution through the Type I membrane at
about twice the cmc and saturated with decane. Decane was
added to simulate a practical micellar ultrafiltration applica-
tion, in which the solubilizing properties of the micelles and
their rejection by the membrane are utilized to remove the
organic contaminant from water. Micelle rejection during ul-
trafiltration is indicated by the increase in the retentate sur-
factant concentration as a function of time and by the low
permeate surfactant concentration, below the cmc. Reduc-
tion in the organic concentration across the membrane asso-
ciated with micelle rejection was confirmed by measured per-
meate organic concentrations approximately 1,000 times lower
than the retentate organic concentration. Details of the
decane concentration determinations by flame-ionization gas
chromatography are available elsewhere (Markels, 1993, ap-
pend. 6B).
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Notice that the permeate concentration remains essentially
constant over the course of the experiment. This is consistent
with results using an unstirred batch cell for UF through a
Type I (5,000 MWCO) membrane, where the permeate sur-
factant concentration depends only on the monomer concen-
tration at the membrane surface, in this case the cmc (Markels
et al., 1994). The results also indicate, by the nearly equal
values of the feed and retentate surfactant concentrations,
that the ultrafilter behaves as a differential device, as justi-
fied earlier.

Total fouling resistance was measured by first filtering 0.1
kg /m* CPC through the membrane for 5 h. The surfactant
concentration at the membrane surface is greater than the
critical micelle concentration, and any irreversible fouling due
to pore blockage occurs during this period (Markels, 1993,
chap. 4). The membrane was then soaked in 1.0 kg /m* CPC
for 24 h. After rinsing the membrane to remove labile surfac-
tant, permeate flux was remeasured with pure water at 210
kPa (30 psi). The initial value of flux was used to calculate
the value of R, + R ¢ used in the flux model (Markels, 1993,
chap. 4). The initial value is used because the reversibly ad-
sorbed surfactant slowly desorbs during the resistance mea-
surement with pure water. After each cross-flow experiment,
the membrane resistance was remeasured. No change from
the initial value was observed.

To perform the actual cross-flow experiments, a CPC solu-
tion at a desired bulk concentration in 0.01-M NaCl was
added to the feed tank. The applied pressure and cross-flow
velocity were set at the desired values by adjusting a back-
pressure valve on the retentate line and the pump speed, re-
spectively. The system was allowed to reach steady state (less
than 5 min), and permeate and retentate flow rate readings
were taken from the rotameters. The pump speed and back-
pressure were then adjusted to give a new value of the pres-
sure drop at the same cross-flow velocity. When enough read-
ings at that value of V. had been obtained, the procedure
was repeated at a new cross-flow velocity. Between experi-
ments at different concentrations, the system and membrane
were rinsed thoroughly with water. No difference was found
between flux data taken with increasing or decreasing magni-
tudes of the applied pressure drop.

Results and Discussion

Typical results using a 5,000 MWCO (Type I) membrane
for various cross-flow velocities are illustrated for bulk sur-
factant concentrations 4.2, 13.9 and 22.4 kg /m® in Figures 9,
10 and 11, respectively. The clean membrane resistance for
the Type I membrane used is R,,=1.43x107 kPa-s/m
(20,700 psi-s /cm). The symbols represent experimental val-
ues of the permeate volumetric flux as a function of the ap-
plied pressure difference. As the cross-flow velocity in-
creases, the flux increases at a given A P because the surfac-
tant concentration at the membrane surface, and the corre-
sponding osmotic backpressure, are reduced. Flux generally
increases with increasing applied pressure drop as well,
though this effect is greatly reduced by concentration polar-
ization, especially at large A P. Also apparent in the figures is
that, under similar conditions, the permeate volumetric flux
is progressively lower for increasing values of the bulk con-
centration, C,. Solid lines show the corresponding model
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Figure 10. Steady permeate velocity as a function of
applied pressure drop for CPC ultrafiltration
through a 5,000-MWCO membrane at C,=
13.9 kg/m?: experiment and modeling.
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Figure 11. Steady permeate velocity as function of ap-
plied pressure drop for CPC ultrafiltration
through a 5,000-MWCO membrane at C, =
22.4 kg/m?3: experiment and modeling.

adjustable parameters. The Deissler correlation for the lami-
nar mass-transfer coefficient accounts for the effect of cross-
flow velocity on flux. In the case of the highest cross-flow
velocity, V, = 29.6 cm /s, the Reynolds number is of order 1,
clearly within the laminar regime.

Model results for the Type I membrane are insensitive to
the value of the intrinsic monomer rejection coefficient, R;.
Under the highly polarized conditions studied, surfactant re-
jection is essentially complete, that is, monomers make up an
insignificant fraction of the surfactant at the membrane sur-
face. Systematic deviations from the predictions occur at the
highest bulk concentration and lowest pressures, as seen in
Figure 11. These deviations are likely due to viscous losses in
the retentate channel at the highest surfactant feed concen-
tration.

Under the conditions used, no gel-layer or polarization-
layer resistance is necessary to account for the detrimental
effect of concentration polarization on flux. The osmotic
pressure difference across the membrane, coupled with the
fouling effect of solute adsorption and pore blockage on
membrane flux, are sufficient to describe the data. This is
consistent with model predictions of the surfactant concen-
tration at the membrane surface, shown in Table 1, which are
in all cases below the measured turbidity limit for CPC solu-
tions in 0.01-M NaCl at 30°C of 215 kg/m* (Markels, 1993,
chap. 2).

Figure 12 shows the results of similar experiments using a
50,000 MWCO (Type 1I) PES membrane at a bulk concentra-
tion of 13.9 kg/m?> for two different cross-flow velocities. In
this case the nascent membrane resistance, R, is 3.1x10°
kPa-s /m. The unusual behavior predicted by the osmotic-
pressure and fouling-resistance model in Figure 5 for a Type
II membrane is in fact observed. Flux is initially inhibited as
concentration polarization occurs and the osmotic backpres-
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Table 1. Model Predictions for the Maximum Values of the
Surfactant Concentration at the Membrane Surface”

Ch V;( Cm
(kg /m*) (cm /min) (kg /m*)
Measured Measured Calculated
4.2 1.98 193

3.89 176

8.44 150

243 100

13.9 3.89 199
8.44 184

13.6 174

22.4 13.6 143
18.9 132

24.2 125

AP = 414 kPa (60 psi.

sure increases. Eventually, however, the concentration at the
membrane surface levels off at a constant value that depends
on the membrane’s rejection characteristics and the bulk sur-
factant concentration. In these experiments, this concentra-
tion is below that at which a gel can form. The result is that
as the applied pressure is increased further, the osmotic
backpressure remains constant, so the net pressure driving
force, and the resultant permeate flux, begin to increase again.
As far as we know, this is the first time that this behavior has
been observed.

The solid lines in Figure 12 show the model predictions
using a one-point fit to give an overall rejection coefficient of
0.937. The excelient agreement with the data indicates that
osmotic reduction of the applied transmembrane pressure
drop prevails, that a steady state in the membrane surface
concentration is achieved, and that there is negligible hy-
draulic resistance associated with the growth of the concen-
tration polarization layer in this instance. Unfortunately, the

0.3 T 1 T T

3
¢, = 139 kg/m
6
R_+R =13 x 10 kPa-s/m
m i

50.000 MWCO membrane (Type II)

(cm,/min)

y
(&)
(=]
T
i
ST S

R=0.937

>
z v V =16.23 cm/s ) ;
= v V. =3.89 cm/s A !
o X / /F v i
£ R v
o -
g -~ v o |
= v i
§ o1 7
g g :
; . ﬁv /V/w/ :
s /%/ :
[ 3 :
o, /

0.0 / | | 1 i H

o] 100 200 300 400

Pressure Drop, AP (kPa)

Figure 12. Steady permeate velocity as a function of
applied pressure drop for CPC ultrafiltration
through a 50,000-MWCO membrane at C, =
13.9 kg/m?3: experiment and modeling.
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phenomenon illustrated in Figure 10 of a rapidly increasing
flux at high pressure is of little practical use because no re-
duction in solute concentration occurs across the membrane.

Unlike the Type I membrane case, the model resuits for
the Type II membrane are quite sensitive to the value of R.
Small changes in R result in significant changes in C,, and,
because the osmotic pressure is so sensitive to concentration,
in permeate velocity.

Conclusions

A physically based transport model was developed to pre-
dict permeate flux in the steady cross-flow ultrafiltration of a
micellar surfactant solution. The model utilizes measured in-
trinsic rejection coefficients, osmotic pressure, and mem-
brane fouling resistance to predict the resultant steady flux at
any operating condition. Agreement between mode! predic-
tions and new cross-flow ultrafiltration experiments for
cetylpyridinium chloride in 0.01-N NaCl clearly confirms the
quantitative power of the model. The osmotic-pressure foul-
ing-resistance mode! becomes a useful tool for designing in-
dustrial-scale MEUF processes (Markels et al., 1995).

For Type I membranes, which completely reject micelles, a
limiting flux is caused by a reduction in the net pressure force
that results from the osmotic pressure difference across the
membrane. Because the surfactant rejection is nearly com-
plete, the results are relatively insensitive to the value of the
monomer rejection coefficient.

For Type 11 membranes, which allow some micelle perme-
ation (50,000 MWCO), very unusual behavior is predicted by
the model and observed experimentally. The flux first levels
off with increasing pressure drop and then rises sharply again
at still higher AP. These results suggest that there is no gel
layer present to provide a hydraulic resistance to permeate
flow and that a steady state is reached in the surfactant con-
centration at the membrane surface.
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