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ARG TRACT

Micellar-enhanced wltrafiltration (MEUF) is
weserel Lo remove detert-butylphenol (TEP)Y from
aqueous  solution, a separation for  which
traditional uwltrafiltration is ineffective. A
micelle—Fforming i  added to the
solution, The micel solubilize & high
fraction of the TBFP. The stream is then
foreed b anghy an wltrafilter. verall
rejection of THP was greater than 99% under
all conditions studied and did not decrease
with increasing pressure drop. Micelles were
completely rejected by membranes with pore
Bize 10 000 Dalton MWCO and melow.
Congantration polarization affects MEUF fluxes
tnder condi tions of interest. el
polarization theory does not  completely
@uplain MEUF  flux behavior, Belection of
eapt i mum operating parameters in MEUF

application are discussed.
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INTRODUCTION

Wastewater streams containing dissolved organics
are & common problem in  the chemical, petrol eum,
synfuels, and other industries. These organics are
often toxic and must be removed before the water can be
discharged to the environment or reused in the process.
Ordinary ultrafiltration is ineffective in the removal
of organic compounds with molecular weights below 300
Daltoms (1), Alkylphenols are an example of a class of
commorn pollutants with molecular weights often below
this range.

Micellar—-enhanced wltrafiltration (MEUF) ie a
recently developed technigue (2,3) which can be used to
remove seoluble, low molecular weight organics from
water, as illustrated schematically in Fig. 1. In this
process, surfactant is added to the polluted aqueous

stiream. When the surfactant is present at
concentrations greater than ite critical micelle
concentration (CMC) , it forms aggregates called

micelles, into which the organic pollutant solubilizes.
The stream then passes through an ultrafiltration
mambrane with pore sizes amall enough to block the
micelles containing the solubilized organic pollutants.
S8ince the micelles are fairly large (containing around
100 molecules for the surfactant used here), a membrane
with & much larger pore size can be used to reject
micelles than would be reqguired to reject non-aggregated
surfactant molecules. If the tendency for the pollutant
to solubilize in the micelles is large, the
concentration of unsolubilized organic in solution will
be very small. The permeate solute concentration will
approximately correspond to this unsolubilized solute
concentration, resulting in a very pure permsate. If
the retentate can be concentrated to high levels of
surfactant and pallutant hefore concentration
polarization or phase separation present operational
difficulties, a high recycle ratio (permeate/feed) and a
amall waste stream containing the pollutant at high
concentrations will result from the process.

In our previous study of MEUF (3, the removal of
4-tert-butylphenol (TBP) was studied using n-
hexadecylpyridinium chloride (OFC) as the surfactant and
a 1l 000 Dalton molecular weight cut—off membrane with a
vonstant  transmembrane pressure drop of 414 kPa. In
that work, the micelles were completely rejected, as
long as high retentate surfactant concentrations
(greater than approximately 225 mM CFC) were avoided.
In the lower concentration region, raejections of 99.7%
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for both TEF and CPC were observed and fluxes were only
307 bhelow that of pure sclvent (water).

This previous work established the feasibility of
MEUF a8 & separation technigque for TBP. In this paper,
we examine the dymnamics of the ultrafiltration process
in much more detail. The effect of membrane pore size
is determined and maximum feasible pore size and Flux
rate are established For the process. The effect of
transmenbrane pressure drop is  then investigated. For
the First time, the concentration polarization effects
are quantified for MELF . Conaiderations in the
gelaction of optimum membrane and operating conditions
for MEUF are discussed.

FSOLUBILIZED
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EXFERIMENT

The source and purification of materials used in
this study, analysis of TBP and CPC and related
tachnigues (changes are noted below) are described
el sawhere (3,

The ultrafiltration experiments were carried out in
Nuclepore 400 ml bateh stirred cells. The membranes
ware 76 mm-cdiameter Nuclepore anlsotropic cellulose
acetate with an effective area of 30.2 om®, dMolecular
welght cut-pffs used were 1 000, 5 000, 10 000, 20 000,
and %0 Q00 Daltons. The membranes were pre-egquilibrated
by soaking them overnight in a solution containing 1.08
mM CPC and O.108 mM TEP. This resulted in a quicker
transition to steady state in experimental runs than the
previously desgribed method (3 of pre-swmaking the
membranes in feed solution., Feed sclutions, arbitrarily
prepared in a 1031 ratio of CPO-to~TEF, of 300 ml. were
placed into the cell for each wltrafiltration run. All
runs were made at 30°C with a stirrer speed of 8435 RFPM.
Transmenbranag pressure drops of 206, 310 and 414 kPa
were uaed.

RESULTS

The thermodynamic phase boundaries (3) for the CPC-
THF system is shown in Fig. 2, The general retentate
composition path for the ultrafiltration runa in this
work is also showng that i, the TEBEF  vi. CPC
concentrations in the retentate as a run praogressed,
From Fig. 2, the retentate was an isotropic solution
under all conditions studied,

For practical MEUF use, surfactant would be
introduced into the feed stream containing the dissolved
organic solutes, and this stream would then be treated
in a batch or continuows $low neambrane device. In a
batch operation, the retentate solution will becomne more
concentrated in rejected species with increasing time as
permeate is removed from the cell. In a continuous flow
operation, the retentate soclution will become more

concentrated in rejected ppecies with  incressing
distance (or residence time) through the device. For
each configuration, it can be concluded that the

retentate composition follows a path. A bateh, stirred
cell was wsed £ o this atudy. The resulting
differential flux (ar relative +Fflux) and permeate
concentration data, measured as functions of retentate
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concentration in the cell, can be integrated to predict
the average flux and permeate concentrations for a
continuouws wnit under specified conditions. Each of the
rung in this work followed the same path, since the
initial CPC/TEP concentration ratio was 1031 for each
run and rejection of both CFC and TEBF were very close to
100%4 under all conditions studied. Given this, the
retentate CFC/TBP  concentratiom ratio is approximately
constant at 10:1 under all conditions studied here, and
the independent variable was chosen to be the retentate
CPC concentration for data presentation.

The increase in retentate concentration in single
batch experiments was limited, since vortices generated
by the stirrer limited the fraction of solution which
could permeate the membrane in the wltrafiltration rung
therefore, several NS at different initial
concentrations were made and then connected into a
single path covering a much wider range of retentate
compositions. It could be argued that the results may
depend upon time of operation of the cell, as well as
the condition of the retentate; that is, the boundary
layer of fluid next to the membrane may take a long time
to reach a steady state condition compared to the rate
of change in the retentate solution. If this were the
case, the batch cell results could not be used to
predict performance in a continuous commercial device;
however, as seen in Figs. 3, 4 and 5, the flux data far
different ultrafiltration runs along & path form a
continuous curve. For example, each path in Fig. 3 is
composed aof three separate runs. This indicates that
the MEUF results depend only on the retentate properties
and not the time of operation.

The base case for comparison is a 10 000 molecular
welght cut—off (MWCO) membrane with a 414 kFa
transmembrane pressure drop (AF)., Complete permeate and
retentate CPC  and TRF concentrations, calcul ated
apparent rejections, and relative fluxes are shown in
Table 1 for the entire path studied. Relative fluxes
were calculated as ratios of the absolute flux to
corresponding fluxes of pure solvent water under
identical flow conditions. Table 2 gives a list of pure
water fluxes for each of the five membranes.

Absnlute and relative fluxes for path runs through
1 000, % Q00, 10 000, 20 000, and 50 000 Dalton MWCOD
membranes with a AP of 414 kFa are presented in Figs. 3
and 4, respectively. Fermeate compositions for CPC and
TBF are plotted as a function of retentate CRC
concentration in Figs. 6 and 7, respectively. Also
shown in Fig. &6 are vapor pressure osmomatry
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measurements (3) for mean ionic molality of CPC, and in
Fig. 7 are semi-equilibrium dialysis measurements (35)
for wnsolubilized TBF in the retentate,

The 10 OG00 MWCO membrane was chosen for detailed
study of the effect of transmembrane pressure drop as
representing a balance between flux reduction and solute
rejection. Fige. 5 presents results for flux rates
measured at AP values of 206 kPa, 310 kPa, and 414 kPa.
Higher pressure drops were not studied to avoid membrane
compression affects. Retentate CRC concentrations
higher tham the aforementioned 228 mM were not studied
for the two lower pressure drops because MEUF is
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TABLE 1
Ultrafiltration Results: 10 000 MWCD Membrane
and 414 kPa Transmembrane Pressure Drop

Concentrations (mM)

Rejection Fluxes
Retentate Fermeate (%)
—————ee—  fAbsolute Relative

CPC TBR (o TRE CEn TBF  (L/H~M=)

17.0 1.70 0.457 Q.0763 97.31 95.51 171, Q. 7%4
17.9 1.78 O.4435 0.0789 97.52 9%.82 169. 0.747
18.9 1.88 0.464 0.0784 97.%6 95.8% 170. 0.753
19,9  1.99 0.4464 Q0704 W7.47 Bb.46 164, D724
24,3 2,42 0,450 0.0715% 98.15 97.04 143, 0.722
I0.8 3,06 0.507 0.0714 9B.IE 97,66  1BO. 0a bbb
48.4 4,79 0.514 0.06%8 98.94 968.54 133, 0.587
57.3  H.73  0.606 0.0766 98.94 QB L& 122, 0.540
60.2 6,02 0.649 Q0821 98.92 98.64 114, 0. 8506
G4, 1 HJAQ Q.4 0.0784 HB.H? 9B.78  L1H. .51
68.4 6.84 0,678 Q.0795 99,01 98.684 113, 0. 499
@A B.30 Q.720 0.0819 99,13 99,01 103, 0O.4A54
103, 10.3 0.749 0.0817 99.28 99.21 B89.5 0.396
1%%, 19,9 0,863 0.084% 99,44 99,44 70,1 OLELO
242, 24.2 1.74 0,137 PF. 28 99,438 40,0 0177
2458, 25.8 1.81 0.146 99.29 99,43 6.7 0.158
QT77. 27.7 2,03 0.17% PP.R27 99.37 X205 0.143

299, 29.9 2.19 0.182 G927 9.5 29,2 0.129

Sd3. 32.3 2.47 0.196 99.25 99.39 25.8 0.114

SN0, 8.1 2.74 0.217 99,22 99.58 22,0 Q.72
3B83. 8.4 3.12 0.268 P9.18 99.30 18.0 Q.0793
424, 42,5 4,32 0,345 98.18 99.1%9 PE. b 0. 0601
471. 47.2 Tedd 0.561 ?8.89 968.81 ?. 36 0.0414
Bib. G2.6 7oA 103 8. 40 98, 04 8.0 0. 0235

TABLE 2
Pure Solvent Flux Rates

Membrane Pore Flus
Size (MWGE) (L / H=M52)

1 000, T I
9 000. 95.8
10 000, 226,
20 000, 411.

=0 Q0. 622,
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ineffective beyond this limit., The effect of AF on flux
at constant retentate CPC concentrations is  ghown in
Fig. 8. Fermeate CPC and TBF concentrations for these
lower pressure drop runs are presented in Figs. 9  and
10, respectively.

Flunes

For any type of pressure filtration, the absolute
flux can be related to resistances to flow and AF
through the following relation (1)@

Jw = AR/ (Ro+RW) 1)

where J. is the solvent (water) flux at 1004 solute
rejection (a condition which is nearly satisfied under
all conditions studied here), R, is the resistance to
+low caused by the membrane, and R. is the resistance to
flow (if any) within the hydrodynamic boundary layer
next to the membrane.

In the ultrafiltration of a very dilute solution,
or when using a ultrafiltration membrane with small
enough pore sizes, the membrane resistance will dominate
(Rn##Re:)3 therefore, J. becomes a linear function of aF
(1). For example, from Fig. 8, the flux is proportional
to AP for pure water for a 10 000 MWCO membrame. From
Fig. 3, fluxes for MEUF are nearly equal to pure solvent
flures for membranes of 1 000 and S Q00 MWCO when the
retentate CPC concentration is less than about 25 mM.
From Fig. 5, for a 10 000 MWCO membrane with AF values
of 206 kPa and 310 kPa, the fluxes are only slightly
dependent on concentration in the lower concentration
region of the path; therefore, the absolute flux
approaches the solvent flux and is nearly proportional
to pressure drop, at low concentrations and AF values,
at seen in Fig. 8.

Az the retentate becomes more concentrated along
any given path, the solution will enter the
concentration polarization regime. In this regime, a
"hydrodynamic boundary layer" forms near the mambrane
surface, and containe a higher concentration of rejected
species than the bulk solution, Ag  the retentate
becomes more concentrated, or the applied AF is
increased, the contribution of the boundary layer to the
total resistance becomes more significant. Az a result,
the relative +flux declines from unity. Increasing the
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mambrane pore size decreases the relative contribution
of the membranme resistance (1)§ therefore, the relative
contribution of the boundary layer resistance becomes
more significant. The decrease in the permeate fluxes
caused by concentration polarization can be seen in
Figs, 3 and 4, for the varying membrane pore size
experiments. This effect can also be seen in Figs. §
and 8 where, except for pure water, the flux does not
increase proportionally with increasing AF, as R. in
Equation (1) becomes increasingly slgnificant. For the
system studied here, MEUF is generally in the
concentration polarization regime for operating
conditions of interest.

When the retentate is further concentrated into the
concentration polarization regime, the resistance term
in Equation (1) may become dominated by Rz, In the gel
polarization model (1,4,85), the concentration of solute
at or near the membrane surface increases until it
reaches a maximum value, commonly referred to as the gel
concentration (Cg) (1,4-&). According to gel
polarization theory, Cgy is independent of the bulk
concentration, +the applied AP, the flow conditions, and
the membrane characteristica (1,4). At this point, the
solute Fforms a thixotropic gel adjacent to the membrane
analogous to cake formation in ordinary filtration (D).
Fig. 11 presents a schematic of the gel layer with
respect to the hydrodynamic boundary layer. When the
solution is in the gel polarization regime, and the
boundary layer is considered to be at steady state (the
convective masa transport of the solute to the membrane
surface just equals the back-diffusive from the membrane
cawased by the asspciated concentration gradient), the
flux will vary with the bulk concentration (Cs) as
follows:

where K is the mass transfer coefficient. According to
Equation (2), when the solution concentration is equal
to the gel concentration, the flux is zero. A plot of
the absolute (or relative) flux vs. 1ln{ls) should be
linear with the slope indicating the value of K,
Figs. 3 and 4 indicate that Equation (32) is obeyed for
gach membrane used, as the relative fluxes approached
zero.

Az ahown in Figs. 3 and 4, and in Table 3,
approximately the same gel concentration is observed for
aach pore size, with an average value of 528 mM CPC and
52.9 mM TBF. This gel point is shown in relation to the
phase boundaries in Fig. 2. The gel point is not close
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TARLE 3

Gel Concentrations and Mass Transfer Coefficients
Membrane Fore Cqy (mM) K
Size (MWCO AF (kFa) CPC TRF (L /MM

1 000, 414, 524, 2.6 25,

% 000, 414, 548, 58,0 8.0

10 000, 414. 23, H2. 4 55.3

20 000, 414, B2t H2.4 65,

G0 000, 414, S22, S52.3 74.1
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to any thermodynamic phase boundarys therefore, the gel
which forms on the membrane surface is not a result of
phase separation. It has been shown, in addition, that
the solution at this gel concentration is very viscous
(about & cP  (3)).

Consider +the flux data given in Figs. & and 8.
While the flux is nearly proportional to the pressure
drop +for the paths run at AF values of 206 kFa and 310
kPa, the flux increases only slightly between paths run
at  AF values of 310 kPa and 414 kFa. From Fig. %, the
data for the three paths at different transmembrane
pressure drops all extrapolate approximately to the
corresponding gel concentration inferred from Figs. 3
and 4., Also, the same gel concentration is observed
when the stirrer speed (shear forces) is varied for this
same system (7).

The data in Fig. 3 and 4 illustrate that the
concentration range, between the point where
concentration polariration begins and the gel point,
increases as the membrane pore size increases. Also,
the point where the flux seems to become a linear
function of In(Cs) occurs at lower retentate
concentrations as the membrane pore size increases) that
is, the point where the gel initially forms occurs at
lower retentate concentrations as the membrane pore mize
ig increased., Apparently, gel layer formation removes
some of the advantage of using higher MWCO membranes.
The ratio of the fluxes for two membranes of increasing
MWCD at a specific condition inm a MEUF application is
not as great as the ratio of the fluxes for pure solvent
for those same membranesy that is, the relative flux is
lower for higher MWCO membranes, as seen in Fig. 4.

Fig. 12 and Table 3 give mass transfer coefficients
calculated Ffor each membrane (MWCCH) from the data given
in Fig., 3 and from Equation (2). The value of K
increases in direct contradiction with gel polarization
theory. 8Since the gel concentration is independent of
mambrane permeability, and the mass transfer coefficient
can only he a function of the shear rate at the membrane
aurface, the cell geometry, and the solute diffusivitys
then according to Equation (2), the permeate flux must
be independent of the membrane permeability (1,4). The
data in Figs. 3 and 4 indicate that Cy is independent of
membrane pore size, but the corresponding K values are
nat, This pattern is very significant Ffor the lower
membrane pore sizes.

When the ogel layer is formed, the flux should
become invariant with increasing AP3 however, from
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Fig. 13 Mass Transfer Coefficient as a
Function of Membrane Fore Size

Fig. S, the Flux data for a AF of 310 kFa varies
linearly with the log of the retentate crC
concentration, indicating that some type of gel layer

has formed at this pressure drop. But, the Fflux
increases slightly as the AF is increased to 414 kPFa.
Increasing flwt with idincreasing AF at gel layer
conditions haa been previously observed in

wlitrafiltration (&),

In our previous work (3), we observed that the
fluses were essentially independent of stirrer speed at
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concentrations which we have found to be in the
concentration polarization regime in this work. From
that reswult, we incorrectly comncluded that we did not
have concentration polarization uwunder the conditions
used there. The relative independence of the Fflux  an
the shear rate (under some conditions) when
concantration polarization is present is yet another
unusual characteristic of MEUF. For MEUF in general,
the boundary layer and the membrane characteristics
affect the Fluxes in any portion of the concentration
polarization regime. Formation of some type of flux
hindering gel adjacent to the membrane surface explains
why wsome of the advantages of uwsing more porous
membranes are lost. Finally, due to contradictions in
flux behaviar and the apparent dependency of the mass
transfer coefficient on membrane permeability, it can be
concluded that +the gel polarization model does not
gsatisfactorily explain the behavior of MEUF in  advanced
stages of comncentration polarization.

Permeate Purity

Consider the CPC concentrations in the permeate in
Fig. 6 below a retentate CFC concentration of 2285 mM,
For the 1 000 MWCO membrane, the CPC concentration is
below the mean ionic molality of CPC in the retentate, a
concentration which would be espected to approximate the
permgate CPC concentration i micelles were completely
rejected and monomer hindrance were negligible (3). For
the S 000 MWCO membranme, the CFC concentration is
somewhat higher than for the 1 000 MWCO membrane. This
may be due to the monomer being less hindered during
passage through larger pores. The 10 Q000 MWCO membrane
exhibits a lower permeate CPC concentration than the
5 000 MWCD membrane. This effect may be due to an
earlier development of the concentration polarization
regime for the former, as seen in Fig. 4. The boundary
layer, containing an increased rejected species
concentration, acts as & presieve to aid the memhrane in
rejecting solute (1). Larger particles in the boundary
layer (in our case, micelles) are known to presiseve
smaller particles (in our case, monomer) (1). For the
10 000 MWCO  membrane, this effect counteracts the
reduced monemer hindrance.

The 20 000 and S0 000 MWCOD membranes produce
permegats CFC  concentrations which are around or above
the mean ionic molality and substantially above the
1 000 and 10 000 MWED membrane data. Some micelles are
leaking through the membrane for these higher pore
sizes. Btill, it is remarkable that the vast majority
of micelles are being rejected for such a large membrane
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pore size. If a micelle is being forced through & pore
smaller than its minimum diameter by solvent flux,
rather than deform, it may disassociate to form monomer
which will rapidly diffuse away from the membrane and
reform a micelle in the bulk retentate solution. 0Only
pores large enough to let micelles permeate relatively
unhindered will allow micelle leakage. This is a

‘valuable characteristic Ffor MEUF from a practical

viewpoint.

Congider now the TBF concentrations in the permeate
in Fig. 7 below a retentate CFPC concentration of about
225 M, The same trend is seen with increasing membrane
pore size as for the aforementioned CFC data, but in
this case, the 1 000, & 000, and 10 Q00 MWCO membranes
permeate TRF comcentration results approximately
correspond to the unsolubilized TBP concentrations in
the retentate. The permeate TBF concentrations for the
20 000 and S50 000 MWCO data are above this level. This
substantiates that an insignificant level of micelle
leakage occurs for MWCO membranes of 10 000 and below.
Some micelle leakage occurs for MWCO levels of 20 000
and above. From a comparison of the 1 000, & 000, and
13 000 MWCO membrang data, the concentration
polarization boundary layer presieving effect may
improve rejections of TBP, as well as CFC, but not as
extensively., When small enough pore sizes are selected
such that micelles are rejected, others have observed
solute concentrations in the permeate being eqgual to
unsolubilized concentrations in the retentate (8,9).
Our  laboratory has discovered that this is also valid
for MEUF of n—alcohols using CPC (10).

From the discussion of the +lux rate data, we
concluded that concentration polarization is present for
almost all runs just discussed; yet, almost no decrease
in rejection is observed as concentration polarization
becomes further pronounced. This is a valuable aspect
of MEUF, since guite high rejections are attaimable at
high fluxes.

Consider the retentate CPC concentrations above 225
mM in Figs. 6 and 7. Both CPC and THF permeate
concentrations increase rapidly with retentate
concentrations in this region. This has been previously
attributed to passage of n-mers (for example, dimers,
trimers, and etc.) through the membrane (3). The data
in Fige. & and 7 can be explained on this basis with the
additional consideration of micelle leakage for large
MWCO membranes. From a practical standpoint, this high
concentration region should be avoided for any membrane
pore size. This imposes a limit on recycle ratios
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(permeate/feed ratios), but the undesirable
concentrations are so high that this limitation is not
BEVEre.

The effect of AF on permeate purity in Figs. 9 and
10 only considers the region of the low retentate
toncentrations which are feasible for effective
separation. The permeate CPC concentration decreases as
the AP (and the +flux) increases. This is due to the
higher degree of concentration polarization under higher
AF conditions, increasing the presieving effect for
surfactant monomer. At very low values of AF, othar
authors have observed that the surfactant concentration
in the permeate is equal to the mean ionic molality of

surfactant in the retentate (11). In contrast to the
CrPC, the hindrance of the unassociated TBF is
negligible, 161 it is nearly at an equilibrium

concentration in the permeate. As shown in Fig. 10, the
AF haw little effect on the permeate TBF concentration.
At all AF values studied, no micelle leakage was
observed for the 10 000 MWCO membrane.

From Figs. 7 and 10, as long as membrane pore sizes
no greater than 10 Q000 MWED are used, and high
surfactant concentrations are avoided, the permeate TEBF
concentration is very nearly at its equilibrium
unsolubilized concentration in the retentate; therefore,
in order to predict the performance of MEUF with respect
to rejection of the pollutarnt, MEUF experiments need not
be run. Equilibrium methods such as semi-equilibrium
dialyasis (132) can predict performance. The maximum
surfactant concentration in the permeate under these
conditions can be satimated by the mean ionic molality,
which can be approximated by the UM, an easily measured
gquantity. This can potentially simplify screening for
new potential pollutants to be removed from wastewater
streams. MEUF data must be available to predict flux
values, and scale-up af work such as that done here to
commercial hollow-fiber, spiral-wound, and other units
should allow development of such information for general
application. As group contribution methods of
predicting solubilization behavior of various organice
are developed, the ability to estimate performance of
MEUF on an a priori basis should be attainable. This is
a goal of our current research.

SUMMARY OF PERFORMANCE OF MELF

This section discusses the selection of optimum
conditions for application of MEUF for removal of TBF
from wastewater streams.
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Increasning AP resulted in no deleterious effects on
flux or permeate purity. 0Of course, pressures high
enough to cause membrane compreseion should be avoided,
bBut within this constraint, as bigh & AF value as
possible should be used to minimize membrane area
regquirementes,

In order to compare the effect of membrane pore
size, the data presented in this paper were analyzed for
a feed being treated from an initial composition of
about 17 oM CFC and 1.7 mM TRP to & final retentate
composition of 225 oM CPC and 22.% mM TBP with a AF of
414 kPa., This path is illustrated in Fig. 2, although
the path was not followed to the gel point. The
undesirable high CPC concentrations above 225 mM which
have bheen discussed were avoided in this path.  The
overall permeate composition, membrane area required per
unit flow rate of solution treated, and the product
permeate to feed ratio are reported in Table 4.

A membrane pore size is increased, maembrane area
requirements decrease due to greater flux. The
rejactions of CPC and TBFP are maximized for the 1 OO0
and 10 000 MWOD membranes. At larger pore sizes,
rejections decrease. Recycle (permeate/feed) ratios are
a respectable 92,64 for all cases.

It i interesting to observe the trade-offas of
increasing membrane pore size. When increasing pore
mize From 1 000 to 10 000, the membrane area decreases
by 7&%3 therefore, only 244 of the membrane area
reparted in our previous paper (where only 1 Q00 MWCO
membranes were studied) need be wsed when esmploying a
10 000 MWEO membrane with no deterioration in
rejections., When the pore size is increased from 10 Q00
e 20 000 MWCD, +the membrane area decreases by 20%,
while the TBF and CPC rejections decrease slightly.
When increasing pore size from 20 000 to 50 000 MWCO,
the membrane area decreases by 12%, while the rejections
of both TBP and CPC decrease, but still remained greater
bhan 99% for the most porous membrane studied.

The CMC of OFC doss provide an upper limit on
permeate CPC concentrations (about 0.88 mM (13)) except
for case of the S0 000 MWCD membrane, where substantial
micelle leakage occurs.

The opbimum pore size membrane for use in MELUF will
still depend on how pure the permeate must be in
specific application. From this analysis, one ocan
conclude that despite slight micelle leakage, MWCD
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values of 20 Q00 and %0 000 and perhaps even higher
result in extremely good rejection characteristics with
minimum mambrane area requirements and minimum capital
cost.
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