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Aqueous Micellar Solvent Extraction
of Phenol from Wastewater

Marcial Cordova Figueroa and Martin E. Weber

Department of Chemical Engineering, McGill University, Montreal,
Quebec, Canada

Abstract: In aqueous micellar solvent extraction (AMSE), an organic solute is
extracted from an aqueous solution across an ultrafiltration membrane into a solvent
consisting of an aqueous micellar surfactant solution. The solute crossing the
membrane is solubilized in the surfactant micelles, which are retained by the
membrane. Phenol was extracted from water into an aqueous solution of sodium
dodecyl sulfate (SDS) in hollow fiber membrane contactors of 5K and 10K
molecular weight cutoff. The objectives were to determine the effect of bulk flow
across the membrane on the transfer of phenol, and to measure the extent of back con-
tamination of the wastewater by surfactant. Cocurrent flow of solvent and wastewater
with equal transmembrane pressure differences at each end of the module were used to
impose uniform bulk flows. Extractions with a range of bulk flowrates across the
membrane in either direction yielded smaller overall diffusive mass transfer coeffi-
cients than the value with no bulk flow, which was approximately 2 pm/s. Back con-
tamination of the wastewater by the surfactant was reduced by lowering the CMC of the
solvent.

Keywords: Solvent extraction, hollow fiber contactor, surfactant micelles,
solubilization

INTRODUCTION

Phenol is a major water pollutant because of its high toxicity and high water
solubility. At low concentrations phenol can be removed from wastewater by
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adsorption or biological degradation. At higher concentrations, treatment is
problematic because of poisoning of microbes and the cost of adsorbents. In
this case, other methods may be used to reduce its concentration before bio-
logical treatment or adsorption. One candidate method is extraction because
its costs are often less than distillation or catalytic oxidation.

Solvent extraction is usually carried out by direct contact of the solvent
and the wastewater. Because direct contact may generate a persistent
emulsion, extraction across a microporous membrane is advantageous
(1, 2). To compensate for the additional mass transfer resistance imposed
by the membrane, hollow fiber contactors having a large membrane area per
unit volume are used (3, 4). Such contactors have been employed in the extrac-
tion of phenol from wastewater (5—7). In many extractions, the two phases
leave the contactor mutually saturated; for example, Yun, Prassad, and
Sirkar (8) found more than 1.5 g/L MIBK solvent in their treated wastewater
from which 95% of the phenol had been extracted. Back-contamination may
be reduced by using solvents of low water solubility, such as decanol (5). An
alternative is to use an aqueous, micellar surfactant solution as a solvent.

In aqueous micellar solvent extraction (AMSE), an aqueous surfactant
solution acts as a solvent to extract a pollutant across a microporous
membrane. The concentration of the surfactant in the solvent is above its
critical micelle concentration (CMC). Pollutant molecules crossing the
membrane are solubilized in the surfactant micelles. The micelles are
retained in the solvent by selecting an ultrafiltration membrane of appropriate
molecular weight cutoff (MWCO). Since surfactant monomers may diffuse
across the membrane, a surfactant with a low CMC is desirable. This
process, proposed by Hurter and Hatton (9), was demonstrated by Marx and
Weber (10) using hollow fiber membrane contactors. The latter authors
showed that a dissolved organic solute could be extracted from an aqueous
phase into a surfactant solution even when the total concentration in the
solvent was larger than the concentration in the wastewater. They also
found some back-contamination of the treated water by the surfactant.

Since both phases in AMSE are aqueous, there may be a bulk flow across
the membrane even with a very small transmembrane pressure difference.
Marx and Weber (10) carried out AMSE with countercurrent flow of solvent
and wastewater. In countercurrent flow, the pressures on opposite sides of the
membrane cannot be matched, hence there will always be a pressure-driven
bulk flow across the membrane. Marx and Weber adjusted the flowrates of
the wastewater and the solvent so that the net bulk flow across the membrane
was small, i.e., the flow across the membrane out of the solvent near one end
of the contactor was balanced by an equal flow across the membrane in the
opposite direction near the other end of the contactor.

The objectives of the present work were to demonstrate AMSE for
phenol, to determine the effect of a transmembrane bulk flow on the diffu-
sional transfer of phenol across the membrane, and to investigate the pheno-
menon of back-contamination of the wastewater. To produce a uniform
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bulk flow across the membrane, we operated a hollow fiber contactor in
cocurrent mode with flowrates adjusted to maintain the same transmembrane
pressure difference at each end of the contactor. The transmembrane flow
could be fixed in direction and magnitude. The wastewater was a phenol
solution, and the solvent was an aqueous solution of sodium dodecylsulfate
(SDS). This surfactant was chosen because it has a large CMC, thus making
the effect of back-contamination more pronounced.

MATERIALS AND METHODS

The experiments were carried out in the apparatus sketched in Fig. 1. The
hollow fiber contactor was run in cocurrent mode using two identical
flow loops. Liquid was pumped from a stirred reservoir by a peristaltic
pump (Masterflex VWR Canlab, Montreal, QC, Canada). Needle valves
(VWR Canlab, Montreal, QC, Canada) were used to regulate the pressure in
each loop. Parts were connected with PTFE or vinyl tubing of 0.635 cm ID.
The differential pressure transducers (OMEGA, Model PX26-015DV,
Stamford, CT) had an overall range of +103kPa and an error of + 1kPa.
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Figure 1. Flowsheet of AMSE setup: a) reservoir, b) peristaltic pump, c) pulse damp-
ener, d) flowmeter, e) differential pressure transducer, f) hollow fiber membrane mod-
ule, g) needle valve, h) sampling valve.
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They were calibrated using a dead-weight tester. The membrane contactors
were Xampler™ model polysulfone hollow fiber modules (Amersham Bios-
ciences, Piscataway, NJ). The modules had molecular weight cutoffs
(MWCO) of 5, 10, and 30kDa. Each module contained 30 fibers of 0.5 mm
ID, 0.9 mm OD, 30cm in length, inside a shell of 8 mm ID. The membrane
area inside the fibers was 140 cm?.

Phenol (95-99% pure) and sodium dodecylsulfate (99.9+% pure) were
obtained from Fisher Scientific (Montreal QC, Canada), and used as
received. The phenol concentration was measured by UV absorption
(Varian, CARY-UYV, Baltimore, MD) at 260 nm. The surfactant concentration
was normally computed from an analysis of total organic carbon (TOC,
Rosemount-Dohrman, Model DC-80, Mason, OH), but it was occasionally
measured directly by surfactant titration.

Properties of solutions were measured at 22 + 2°C. The CMC of SDS
solutions was determined by measuring the surface tension of SDS
solutions of different concentrations with a ring tensiometer. The CMC was
changed by adding salt to SDS solutions at concentrations up to 17.4g/L
NaCl. The kinematic viscosity of SDS solutions was measured with a
capillary viscometer. The partition coefficient of phenol between SDS
micelles and free phenol was determined by equilibrating a surfactant
solution of known concentration with an excess phenol phase.

In extraction experiments, different flowrates were used on each side of
the membrane so that the pressure drop was the same along the shell and
fiber sides. The mean values of the flowrates were 480 mL/min on the
shell side and 120mL/min on the fiber side with some variation from
run to run. The needle valves were used to pressurize one side, thus gener-
ating a bulk flow across the membrane. The differential pressures at each
end of the module were maintained equal by occasional adjustment of
the needle valves. Before starting a run, the solutions in the reservoirs
were sampled. During a run the sampling time, the pressure transducer
readings, and the flowrate on each side were recorded as each sample
was taken. At the end of a run the flow loops were emptied into their
respective reservoirs. From the final liquid volume in each reservoir and
the total volume of samples, the total volume of liquid on each side of
the membrane was calculated.

After each run the module was cleaned in an ultrafiltration mode, first by
passing distilled water through the fibers under a pressure of 50—70kPa, and
then through the shell at the same pressure. The pure water flux was checked
after every five to seven runs. If the expected flux was not achieved, the
module was filled with isopropyl alcohol and left for 24 hours. The water
cleaning procedure was then repeated.

Since there was no significant difference between the results when the
solvent flowed in the fibers or in the shell, for most experiments the solvent
flowed inside the fibers. Three types of experiments were conducted, all at
22 + 2°C. The largest number of experiments involved aqueous micellar
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extraction of phenol from a wastewater having an initial volume of 2L and
containing approximately 2 g/L of phenol in membrane contactors of 5K
and 10 K MWCO. The solvent was an aqueous SDS solution with an initial
volume of 500 mL. A few runs were made without SDS in the solvent to
determine the resistance of the membrane to diffusion of phenol. Some
experiments were made without phenol in the wastewater to highlight the
back-contamination phenomenon. Runs were made with 5K and 10K
membranes as well as with a 30 K MWCO membrane. The solvent was
either SDS in distilled water or SDS in a salt solution. In the latter case, the
phenol-free wastewater contained salt at the same concentration as the
solvent. In these runs the initial volumes of the wastewater and solvent
were 1.5 L. See Cordova-Figueroa (11) for additional details.

At the end of an experiment, two values of the time-averaged bulk
flowrate across the membrane were calculated; one from the volumes on the
fiber side, the other from the volumes on the shell side. Since these values
differed by less than 15%, their average value is used subsequently. The
time-averaged bulk flowrate across the membrane, O, was taken as positive
when the flow was from the solvent into the wastewater.

PROPERTIES OF SOLUTIONS

The CMC of SDS in water was measured as 2450 mg/L (8.5 mM), in good
agreement with literature data (12). The CMCs of NaCl solutions agreed
with Phillips’ (13) data. For NaCl concentrations less than 18 g/L, the
results are represented with an average deviation of 11% by

0.4
Cvur C a
—SME = exp| —1.15( (1)
Csmf,CMC surf,CMC

where C?Wf,CMc is the CMC of SDS in water, and Cy,; is the concentration of
NaCl.

The kinematic viscosity of SDS solutions increased with concentration,
but was only 20% larger than that of water at 20 g/L SDS, in agreement
with the data of Yang and Matthews (14).

The distribution coefficient of phenol between water and SDS solutions
was defined as

S =
Cw

2
where Cg is the total concentration of phenol measured in the surfactant
solution. Since an excess phenol phase was present, Cy, was taken as the solu-
bility of phenol in water. The partition coefficient varied linearly with the
surfactant concentration (Cj,,s) in excess of the critical micelle concentration
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(Csurrcmc)- For concentrations in g/L, the distribution coefficient is rep-
resented with R? = 0.99 by

S =1.0240.0889 (Csupy — Csurf,cmc) (3)

AQUEOUS MICELLAR SOLVENT EXTRACTION OF PHENOL

Figure 2 shows the variation of the phenol concentration in the wastewater and
in the solvent during extraction across a 5 K MWCO membrane with no time-
averaged bulk flow across the membrane (Q = 0). Initially, the solvent, which
contained 20 g/L SDS, was free of phenol while the wastewater contained
approximately 2000 mg/L of phenol. In 3 hours the concentration of phenol
in the wastewater was reduced by 300mg/L, while the concentration of
phenol in the solvent increased more rapidly because the volume of solvent
was less than the volume of the wastewater. Similar results were obtained
with the 10 K MWCO membrane (see Fig. 3).

The extraction of phenol against its overall concentration difference is
demonstrated in Fig. 4 for AMSE in a 5K MWCO contactor. The solvent
was a 20 g/L SDS solution initially containing 2100 mg/L of phenol while
the wastewater initially contained 2020 mg/L of phenol. The average bulk
flowrate across the membrane was zero. The phenol concentration
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Figure 2. Phenol concentrations versus time for AMSE of phenol with solvent
initially phenol-free. (membrane MWCO: 5K; Q = 0; initial wastewater concentration:
2160 mg/L phenol; solvent: 20 g/L SDS solution).
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Figure 3. Phenol concentrations versus time for AMSE of phenol with solvent
initially phenol-free. (membrane MWCO: 10K; Q = 0; initial wastewater concen-
tration: 2030 mg/L phenol; solvent: 20 g/L SDS solution).

decreased in the wastewater and increased in the solvent as it was extracted
into the solvent against its overall concentration difference. Without bulk
flow, the driving force for phenol transfer across the membrane is the
difference between the concentration of phenol in the wastewater and the
concentration of free phenol (i.e., phenol not solubilized in the micelles)
in the solvent. At the start of the run, when the total concentration of
phenol in the solvent was 2100mg/L, the partition coefficient indicates
that the concentration of free phenol was about 800 mg/L. Initially, a
free phenol concentration difference of about 1200 mg/L drives the extrac-
tion of phenol across the membrane into the solvent. As time passes, the
driving force decreases. At 150 min, if the free phenol is in equilibrium
with the phenol solubilized in the micelles, the driving force is about
900 mg /L.

Overall Mass Transfer Coefficient

The overall mass transfer coefficient, K*, was calculated from the rate of
change of the total mass of phenol in one flow loop (e.g., the solvent side)
by accounting for the contribution due to the bulk flow. The superscript dot
indicates that K* is affected by the bulk flow. The driving force for the
transfer of phenol across the membrane was taken as the difference between
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Figure 4. Phenol concentrations versus time for AMSE of phenol with solvent
initially loaded with phenol. (membrane MWCO: 5K; Q = 0; initial wastewater con-
centration: 2010 mg/L phenol; solvent: 20g/L SDS solution initially containing
2100 mg/L phenol).

the bulk concentration of phenol in the wastewater, C*, and the bulk concen-
tration of free phenol in the solvent, ;. Assuming that the phenol is solubil-
ized into the micelles instantaneously, the free phenol and the solubilized
phenol are in equilibrium and the bulk concentration of free phenol in the
solvent in the contactor is

C‘_;
S

Cr = “4)
where Cy is the average total bulk concentration of phenol in the solvent in the
contactor and the distribution coefficient, S, is from Eq. (3). On the wastewater
side, the change in phenol concentration per pass through the module was less
than 1%, so the bulk concentration of phenol in the wastewater was taken as
the concentration in the reservoir. On the solvent side, the change in total
phenol concentration per pass was about 5-10%, so this change was
accounted for in calculating C’; (11).

Using the solvent side concentration data, K* was calculated from the
following equations. For bulk flow into the wastewater (Q > 0):

. [amydr+ OCy] )
T AC G (
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where M is the total mass of phenol in the solvent flow loop, and A, is the
inside area of the fibers. For bulk flow into the solvent (Q < 0):

 [dM/dt + OC*]
. et ARl 6
K A (C* = CF) ©

The value of M was calculated from the concentration vs. time data and the
volume of solution on the solvent side. The time derivative was obtained ana-
lytically from a second order polynomial fitted to the M vs. time data. The
values of K*, which were computed at 15 min intervals scattered around
their mean by 5-25%, hence the mean is reported. Similar equations can be
derived for the wastewater side of the membrane, thus two values of K* can
be calculated.

Figure 5 shows the overall mass transfer coefficient as a function of the
flowrate into the wastewater. The points represent the average values of K.
Where whiskers are visible, they indicate the values of K* from the solvent
and wastewater sides in experiments where these values are not covered by
the symbol. The overall mass transfer coefficients for the 5K MWCO (l)
and the 10 K MWCO (@) membranes are similar. The results of experiments
with the solvent flowing in the shell side (bars) are similar to those with the
solvent in the fibers. Experiments without SDS in the solvent (O, [J)

w
=}

25

20

10

05 F

MASS TRANSFER COEFFICIENT (pm/s)
th

0.0 1 1 I! 1 1
-3 -2 -1 0 1 2 3

FLOW INTO THE WASTEWATER (mL/min.)

Figure 5. Overall mass transfer coefficient across the membrane as a function of the
flowrate across the membrane into the wastewater. (MWCO 5 K: B normal CMC, @
CMC lowered by salt, [ distilled water as solvent, A adverse concentration difference;
MWCO 10K: A normal CMC, O distilled water as solvent).
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yielded similar results to the ones that used an SDS solvent. The presence of
NaCl in the solvent and wastewater had no effect on the overall mass transfer
coefficient. The results of experiments with no SDS and experiments with the
solvent pumped through the shell indicate that the major resistance to transfer
of phenol is the membrane.

The two experiments in which there was an adverse overall concen-
tration difference (one is shown in Fig. 4) gave smaller mass transfer coeffi-
cients than those in which the total concentration of phenol in the solvent was
always less than the concentration of phenol in the wastewater. With high
phenol concentrations in the solvent, it is likely that the phenol crossing
the membrane is not solubilized instantaneously. If the solubilization rate
is finite, the concentration of free phenol in the solvent is larger than the
value from Eq. (4), the driving force is overestimated, and thus K° is
underestimated.

The overall mass transfer coefficient was at its highest value, about
2 wm/s, when there was no bulk flow across the membrane (Q = 0). This
value compares favorably with overall mass transfer coefficients measured
in membrane solvent extraction, a process in which there is no bulk flow.
Urtiaga et al. (7) measured overall mass transfer coefficients for extracting
phenol from water into solvents consisting of mixtures of kerosene and
methyl isobutyl ketone. For mixtures having distribution coefficients
around unity, their overall mass transfer coefficients were between 0.6
and 3 pm/s for hollow fibers with a wall thickness identical to ours. For
extraction across hydrophobic membranes with solvents having large distri-
bution coefficients, where the membrane resistance should be of less
importance, overall mass transfer coefficients between 0.2 and 7 pwm/s
have been reported (5, 15).

Bulk flow in either direction reduced the overall mass transfer coefficient
essentially symmetrically. A flowrate of +2mL/min reduced the mass
transfer coefficient to about one-half of its value with no bulk flow. If the
value of the bulk flow, measured as the flowrate per unit area, is larger than
the zero bulk flow mass transfer coefficient, major changes in the mass
transfer coefficient are expected (16). For Q = +2 mL/min, the velocity at
the inner surface of the fibers is +2.4 wm/s, a value approximately 20%
larger than the no bulk flow overall mass transfer coefficient.

ANALYSIS OF THE EFFECT OF BULK FLOW

The concentration profile across the three resistances to mass transfer is
sketched in Fig. 6. The analysis is carried out using the stagnant film model
(16) for three resistances in series, each resistance of annular cross-section.
The dashed lines (at ry and r3) represent the limits of the fictitious fluid
films across which the concentration change occurs. The resistances are: (1)
the fluid inside the fibers between ry and ry; (2) the membrane between r;



09: 52 25 January 2011

Downl oaded At:

Aqueous Micellar Solvent Extraction of Phenol 1663

1
wall | Outside fiber

o gl C

3

1
Inside fiber :
1
1
1
[
1
1
1
1
1

1 ©
1
C(,: 1
1
1
Radius: ry  #; oo

Figure 6. Sketch of concentration profile during AMSE. Dashed lines indicate limits
of the fluid films. The superficial velocity (v;) varies with radius.

and r,; (3) the fluid outside the fibers (in the shell) between r, and rs.
Assuming steady state and constant physical properties, the continuity
equation for the solute between r; and 7; is

dC D;:(1d ( dC
(M) N iy Bt (7)

r / dr r \rdr\ dr
where C is the concentration, D;; is the diffusion coefficient in the phase
between r; and r;, and v, is the velocity at the inside surface of the fibers

where r = ry. Solving Eq. (7) with C = C; at r;, and C = C; at r;, yields the
concentration profile:

C—Ci expl(vir1/Di;)In(r/ri)] — 1
G -G B CXP(Bi.j) -1

®)

with

Viri rj
o=——1nl<
By ="5n(2) ©

The intermediate concentrations Cy and C, are obtained from the continuity of
the fluxes at r; and r».

For bulk flow out of the fibers (v; > 0), the overall mass transfer coeffi-
cient K* based on the inside area of the fibers is calculated from the total solute
flow at ry through the following definition.

dc

NoAy = voAoCo — Do 1 <_r> =v1A1Co+ K'A(Co — C3) (10)
r=ryp
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where Ny and A are the flux and area at ry, respectively, and A, is the area at
r1, the inside area of the fibers. Since

V,'A,' = Q (11)

for any i, the overall mass transfer coefficient is

. no/n dC
K'__Cb-'cs[_I%J<57>m] (12

For bulk flow into the fibers (v; < 0), the overall mass transfer coefficient is
obtained from the total solute flow at r3:

dC .
N3Az = v3A3C3 — D) 343 (5> =v1AC3 +K'A1(Co — C3) (13)
r3

hence

. n3/n dC
K = Co_ G, |:—D2,3 <%>r:| (14)

The overall mass transfer coefficient, calculated through Eq. (12) for v{ > 0
and Eq. (14) for v; < 0, is symmetrical about v; = 0. It is represented by

K I
il exp(IBy; + Bipx+ Basl) — 1

(15)

The quantity $3;; can be written in terms of the thickness of the layer, §, ;:

Bij=w < o Bj"j > (16)

D;jrij

where 8;; =r; — r; and 7;; is the logarithmic mean of r; and r;. For the
membrane (layer 1,2), D, is the effective diffusivity.

Assuming that the thickness of each fluid film is much smaller than its
radius, the term in parentheses in Eq. (16) is related to the mass transfer coeffi-
cient without bulk flow, k¢ ; inside the fibers and k, 3 outside the fibers:

Vi

Bo1 = . and Bas =
0.1

(17)

For vi — 0, K®* — K, the overall mass transfer coefficient without bulk flow,
and

K _ 1Boi + Bia+ Bl
K exp(IBo1 + Bio+ Bzl — 1

(18)
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with

1 1 51 2 r
—-—=—+4 — 1 19)
K koi Diarip ks (

Estimation of the Mass Transfer Resistances

The mass transfer coefficient inside the fibers was estimated from the Lévéque
expression for laminar flow in a circular tube (17, 18). With subscript F
denoting the fiber side (layer 0,1):

dF 1/3
Shy = 1.62 [RepScF <L)} (20)

where Shp, Rer and Scr are the Sherwood, Reynolds, and Schmidt numbers
inside the fibers, respectively, dr is the inside diameter of the fibers, and L
is their length. The Schmidt number was evaluated using the diffusivity
values of Yang and Matthews (14). The mean Reynolds number was 144,
giving a mass transfer coefficient inside the fibers of 14 um/s.

The many published empirical correlations for shell side mass transfer
coefficients differ widely. Estimates of shell side coefficients should be
made from correlations based on experiments with values of important dimen-
sionless variables close to those in our experiments. These variables are: the
packing fraction, the fraction of the shell volume occupied by the fibers,
p = 0.38; the Reynolds number in the shell, Reg = 290; the ratio of the
fiber length to the hydraulic diameter of the shell, L/d;, = 260; and the ratio
of the fiber length to the inside diameter of the shell, L/d,.; = 38. Three
experimental studies match these values reasonably closely. Prasad and
Sirkar (19) correlated their data by

d
Shs = 5.85(1 — p) <L">Reg~53scg~33 1)

Costello et al. (20) correlated their data by
Shs = (0.53 — 0.58p)Rel 3 Scy (22)

where the subscript S denotes the shell side (layer 2,3), and Shg, and Scg are the
Sherwood and Schmidt numbers in the shell, respectively. Reviews, like that
of Lipnizki and Field (21), show that the Costello et al. mass transfer coeffi-
cients are among the highest measured values while the Prasad and Sirkar
coefficients are among the lowest. As a general correlation, Lipnizki and
Field recommended

d 1/3
Shg = 1.62(1 + 0.14p—1/4)[ReSScS (Zhﬂ (23)
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Equations (21), (22), and (23) give values of the shell side mass transfer coef-
ficient, kg, of 4 um/s, 45 wm/s, and 16 pm/s, respectively.

The fraction of the overall mass transfer resistance represented by the
membrane was estimated from Eq. (19) using kr = 14 wm/s and the three
values of kg. Without bulk flow the experimental overall mass transfer coeffi-
cient was approximately 2 wm/s. For the smallest kg the membrane rep-
resented 58% of the overall resistance; for the largest ks, 83%; for the
intermediate kg, 78%. For our modules, which had fiber walls of 0.2 mm
thickness, the rate of mass transfer was largely controlled by diffusion
across the membrane. Using fibers with thinner walls would increase the
mass transfer rate.

Of the three estimates, we believe that the best is kg = 16 um/s because it
is consistent with the small effect of shell side flowrate on the overall mass
transfer resistance found in previous work on similar modules (10). This
value is used in the following analysis. The effective diffusivity of the
membrane, D,, is (22):

D, = D(f) (24)
T
where D is the diffusion coefficient of phenol, € is the void fraction of the
membrane, and 7 is its tortuosity. From the overall mass transfer coefficients
measured with distilled water as the solvent, the fiber and shell side mass
transfer coefficients, and noting that D , = D,, &/7 was estimated to be 0.4
for both the 5K and 10 K MWCO membranes.

The effect of the bulk flow on the overall mass transfer coefficient, K°,
was computed from Egs. (15)—(17) using the values of kg, ks, and &/7
given above. The computed values are shown as curves in Fig. 7. In runs
with micellar solvents, the average difference between the experimental and
calculated values was 12%:; for runs with water, it was 6%.

BACK-CONTAMINATION

Figure 8 shows the time variation of the SDS concentration in the wastewater
for a 10 K MWCO membrane with flowrates, Q, across the membrane ranging
from —1.4mL/min (from the wastewater into the solvent) to +4.7 mL/min
(from the solvent into the wastewater). The solvent initially contained
20 g/L SDS and the wastewater contained no phenol. The SDS concentration
increased with time as surfactant molecules and, perhaps small aggregates,
crossed the membrane. For Q > 0, bulk flow contributed to the increased
back-contamination of the wastewater. For Q =0, SDS crossed the
membrane into the wastewater only by diffusion. For Q < 0, bulk flow
opposed the diffusion, and the back-contamination was reduced.

The concentration of SDS in the wastewater at 180 min is shown in Fig. 9
as a function of the flowrate into the wastewater. In all runs the wastewater was
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Figure 7. Mass transfer coefficient across the membrane as a function of the super-
ficial velocity across the membrane. The velocity is positive for flow from the solvent
into the wastewater. (Solvent: ® SDS solution; O distilled water) Curves computed
from Equation (15).

free of phenol and the solvent contained 20 g/L of SDS. Since the initial
volumes of wastewater and solvent were equal, the maximum concentration
of SDS in the wastewater would be one-half of the CMC of the solvent if
only surfactant monomers crossed the membrane. With initial volumes of
1.5L, the maximum concentration would be reached in 180min for
0 = 8.33mL/min.

The open symbols in Fig. 9 show the effect of the MWCO of the membrane
for a solvent consisting of SDS in water with a CMC of about 2400 g/L. For all
MWCOs, increasing the bulk flow across the membrane increased the concen-
tration of surfactant in the wastewater. Near Q = 0, relative to the 5K
membrane, the concentration of SDS was 25% larger for the 10 K membrane
and 75% larger for the 30 K membrane. A MWCO of 5K is about 17 times
the molecular weight of a surfactant monomer. Estimating the equivalent
molecular weight of a micelle by the product of the micellar aggregation
number, about 60 (23), and the molecular weight of SDS, gives approximately
17 K. This estimate suggests that micelles cross the 30 K membrane, and
possibly, submicellar aggregates cross the lower MWCO membranes.

Even with the 5 K membrane, there is appreciable back-contamination
when Q < 0 due to diffusion of SDS monomers across the membrane driven
by the large CMC of SDS in water. The reduction of back-contamination by
lowering the CMC of the surfactant is shown in Fig. 9 by the three filled
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Figure 8. Concentration of SDS in the wastewater versus time for different flowrates
across the membrane. (membrane MWCO: 10K; wastewater: phenol-free; solvent:
20g/L SDS solution).

symbols for the 10 K MWCO membrane operated with a solvent consisting of
20 g/L SDS dissolved in a salt solution to reduce the CMC. The salt solutions
had concentrations of salt (resulting CMC) of 1.2 g/L (1000 mg/L), 2.9 g/L
(690 mg/L), and 11.6 g/L (280 mg/L). Experiments conducted with solvents
containing 5g/L SDS and 10g/L SDS gave results essentially identical to
these, confirming that the major cause of back-contamination for the 10K
membrane was due to surfactant monomers crossing the membrane.

The solid curves in Fig. 9 show the variation with flowrate of the con-
centration of SDS in the wastewater at 180 min, assuming that the only
mechanism for transport of surfactant into the wastewater is by bulk flow at
the CMC of the solvent. The upper curve is for a CMC of 1000 mg/L; the
lower curve, for a CMC of 300 mg/L. Clearly, low CMC surfactants are
desirable.

CONCLUSIONS

The aqueous micellar solvent extraction (AMSE) of phenol from a water
solution into a solvent consisting of an aqueous micellar SDS solution was
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Figure 9. Concentration of SDS in the wastewater after 180 minutes versus flowrate
across the membrane for different MWCO membranes and CMC-values for a solvent
containing 20 g/L SDS. (open symbols for CMC = 2450 mg/L with MWCO: O 5K,
10K; A 30K; filled symbols for MWCO 10K with CMC: ® 1100 mg/L; A 700 mg/L;
M 340mg/L).

carried out in hollow fiber membrane contactors. After accounting for
transport across the membrane by bulk flow, the major resistance to
diffusive mass transfer of phenol was the membrane. The effect of a bulk
flow across the membrane was symmetric about zero bulk flow: flow in
either direction reduced the overall mass transfer coefficient. The magnitude
of the reduction was described well by the film theory.

Back-contamination of the wastewater with SDS was increased by bulk
flow across the membrane into the wastewater and decreased by flow in
the reverse direction. Lowering the CMC of the solvent reduced back-
contamination dramatically, while the surfactant concentration in the
solvent had no effect. A membrane with a MWCO of 5K gave lower back-
contamination without reducing the rate of transfer of phenol across the
membrane.

To reduce back-contamination, the contactor should be operated with the
smallest transmembrane pressure difference that is manageable. If the flow in
the module is cocurrent, the pressures should be matched closely. If the flow in
the module is countercurrent, the condition of zero net flow over the module
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should be used. The degree of back-contamination of the treated water is best
indicated by the mass concentration, e.g., mg/L. A surfactant with a small
CMC in mass concentration units is preferred. The choice of the MWCO of
the membrane is a compromise between good rejection of surfactant aggre-
gates by the membrane and unhindered diffusion of solute across the
membrane. To reject the surfactant aggregates, a small MWCO is desirable,
but too small a MWCO may hinder diffusion of the solute. A reasonable
MWCO window of operation might be between ten times the molecular
weight of the solute and ten times the molecular weight of the surfactant.

M. C. Figueroa and M. E. Weber

NOMENCLATURE

A; Area at location i

C Phenol concentration

c* Phenol concentration in the wastewater

Cg* Free phenol concentration in the solvent

D Diffusivity of the solute

D, Effective diffusivity of the solute in the membrane

dr Internal diameter of fiber

dy Hydraulic diameter of the shell

dspenr Inside diameter of shell

K Overall mass transfer coefficient without bulk flow

K* Overall mass transfer coefficient in the presence of bulk
flow

L Length of fibers

M Total mass of phenol in solvent or wastewater flow loop

p Packing fraction of shell

0 Flowrate across the membrane into the wastewater

r Radius

ri Radius of location i

Fij Logarithmic mean radius of r; and r;, 7 ; = (r; — r;) /In(r;/1;)

Re Reynolds number, Rer = dr up p/p or Res = dj, us p/

S Phenol partition coefficient

Sc Schmidt number, Sc¢ = w/pD

Sh Sherwood number, Shy = kr d;/D or Shs = ks d;,/D

t Time

Ur Mean axial velocity inside a fiber

us Mean axial velocity in the free area of the shell

Vi Velocity in the radial direction at location i

Greek Letters

Bi;
o

i,j

parameter defined in Eq. (16)
Thickness of layer between locations i and j
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€ Membrane void fraction

% Viscosity

p Density

T Membrane tortuosity

Subscripts

0 Internal boundary of fiber side film

1 Internal (fiber side) membrane surface
2 External (shell side) membrane surface
3 External boundary of shell side film
F Fiber side

S Shell side
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