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Abstract

The separation and recovery of VOCs from surfactant-containing aqueous solutions by a composite hollow fiber membrane-
based pervaporation process has been studied. The process employed hydrophobic microporous polypropylene hollow fibers
having a thin plasma polymerized silicone (PDMS) coating on the outside diameter, trichloroethylene (TCE) as the model
contaminant and sodium dodecyl sulfate (SDS) as the surfactant. The feed solution was passed through the fiber bore; the shell
side had vacuum. The process operating parameters, e.g., feed flow rate, TCE and SDS concentrations, were varied over a
wide range to investigate their effect on the process performance. Depending on the concentration of the surfactant, separation
of VOCs can be achieved via two different conditions, namely, wetted pore and non-wetted pore. The resistances-in-series
concept successfully applied earlier to the TCE—water system has been extended to the TCE-SDS—water system for both
wetted pore and non-wetted pore conditions. Results will be provided also for a more complex feed solution containing

alcohols and the hydrophilic polymer, xanthan gum. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Groundwater and aquifer contamination frequently
consists of light non-aqueous phase liquids (LNAPLs),
e.g., benzene, toluene or other polyaromatic hydrocar-
bons (PAHs) and dense non-aqueous phase liquids
(DNAPLs), e.g., TCE. Limitations of conventional
pump-and-treat remediation, initially prescribed as
the method to clean-up such subsurface organic con-
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taminations, have been well recognized [1]. New tech-
nologies are being developed to mobilize and solubilize
the so-called “pockets” of LNAPLs and DNAPLs and
boost their removal efficiency. Of these, surfactant
flushing is being increasingly recognized as an efficient
method for recovering residual LNAPLs and DNAPLs
from contaminated groundwater [2—4]. Fountain et al.
[5] successfully demonstrated surfactant enhanced
remediation of DNAPLs at two different sites.

Such a process results in large volumes of over-
ground surfactant-flushed water rich in VOCs,
LNAPLs, DNAPLs, oils, surfactants, dissolved salts,
alcohols and polymers. This has to be treated to
remove VOCs before discharge or reuse. Several
technologies, e.g., air and steam stripping, carbon
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adsorption, solvent extraction, etc., for groundwater
treatment and VOC separation for on-site remediation
have been proposed [6]. These traditional technolo-
gies have many shortcomings. An alternative method
is the pervaporation (PV) process. The superiority of
PV over others can be characterized by volume reduc-
tion, concentration and recovery of contaminants,
surfactant recycling and reuse after preconcentration,
compactness, easy design and scale-up and possible
cost effectiveness.

Laboratory studies of pervaporation-based recovery
of VOCs like 1,1,1-trichloroethane (TCA) from a
surfactant-containing solution have been carried out
using flat 127 pm thick silicone rubber membrane [7].
When micellar solutions were utilized, pervaporation
was capable of removing the VOC from the solution,
even as the micelles significantly reduced the extra-
micellar concentration of TCA and therefore the
pervaporation performance. Based on these good per-
formances, pilot studies were conducted by these
investigators [8]. Using 5000 gal of VOC-laden sur-
factant solution (from Hill Air Force Base, Ogden,
UT), pervaporation-based removal of VOCs was car-
ried out in a pilot plant (EPA, T & E Facility, Cin-
cinnati, OH) having spiral-wound pervaporation
modules at feed flow rates between 0.25 and 2 gpm.
This pilot-scale study encountered one major diffi-
culty, namely, an unusual and considerable increase in
the feed solution pressure drop which vitiated the
otherwise excellent pervaporation performance vis-
a-vis VOC removal. Apparently, residual heavy oils in
the extracted surfactant-flushed water fouled the flow
channels of the spiral-wound units badly.

We had initiated sometime back a hollow fiber
membrane-based study of removal of VOCs from
surfactant-containing solutions via a modified perva-
poration process. This study was specifically designed
to handle VOCs as well as heavy oils. In fact, pilot
plant studies carried out at the EPA pilot plant (Cin-
cinnati, OH) using the same batch of recovered sur-
factant-flushed water (available in a 5000 gal tanker)
through 2 in. diameter hollow fiber membrane mod-
ules did not encounter any pressure drop or fouling
problems over an extended period of testing [9]. These
results will be communicated later [10]. We focus here
on a fundamental study to explore the hollow fiber
membrane-based modified pervaporation process for
surfactant-containing feeds.

The hollow fibers are made of hydrophobic micro-
porous polypropylene; a thin non-porous layer of
silicone membrane is plasmapolymerized on the out-
side surface. The aqueous solution is made to flow
through the fiber bore where it encounters the pores of
the hydrophobic substrate. A vacuum is pulled from
the shell side; the silicone coating being strongly
bonded to the substrate does not get stripped off in
this mode of operation. When the aqueous solution
does not have any surfactants, it does not wet the
pores. The VOCs are stripped from the solution into
the gas-filled pores where they undergo vapor permea-
tion-based removal through the silicone membrane to
the shell side. This is unlike ordinary pervaporation
where the aqueous solution is imposed directly on the
silicone rubber membrane. We call it “‘stripmeation”.
We have characterized the various resistances encoun-
tered by the VOC in this process and successfully
described the observed behavior [11]. The feed flow
inside fibers with an outside membrane layer has been
justified in [11] for cases where there would be heavy
oil in the feed. If the membrane layer was on the fiber
ID, the permeated oil in the pore would have caused
very high permeate side pressure drop. In the mode
adopted, the oil would accumulate in the pore and then
will be permeated to the shell side where the open
space will not provide any resistance to pulling a
vacuum for pervaporation removal of VOC.

We explore here the behavior of the process when
there are surfactants in the aqueous solution. The sur-
factant is sodium dodecyl sulfate (SDS); the VOC is
trichloroethylene (TCE). The surfactant concentration
has been varied between 0.3% and 3%; the TCE con-
centration was varied between 200 and 3500 ppm. In a
few cases, a far more complex feed solution was
employed to simulate the type of solutions likely to be
extracted from an actual surfactant flushing process. The
module performances in terms of TCE removal, TCE
flux and water flux have been determined. The behavior
of the mass transfer coefficient has been analyzed in
terms of the various resistances in series encountered in
TCE transport. The objectives here are to study the
process parameters and evaluate its feasibility for the
treatment of surfactant-flushed water streams. The
effects of the surfactant (SDS) and contaminant
(TCE) concentrations, temperature and hydrodynamics
have been studied. The resistances-in-series model
developed earlier [11] has been adopted and modified.
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2. Resistances-in-series description for the overall
mass transfer coefficient

When a surfactant-containing aqueous solution of
TCE flows in the bore of a hydrophobic microporous
hollow fiber having a non-porous silicone coating on
the fiber outer diameter, a number of scenarios are
possible. If the solution surface tension is equal to or
less than the critical surface tension of the hydropho-
bic substrate, then the solution will spontaneously wet
the pores of the substrate. When the pores are wetted,
free monomeric surfactant as well as micelles of the
feed solution will be present in the pores. This solution
will then be imposed on the silicone membrane coat-
ing and pervaporation of TCE will occur through the

silicone membrane. There is considerable possibility
of adsorption of at least a monomolecular layer of
surfactants on the hydrophobic pore surface under
such conditions.

If the surface tension of the solution happens to be
higher than the critical surface tension of the hydro-
phobic substrate, the solution will not spontaneously
wet the pores; the pores will remain filled with gas.
Under such a condition, TCE will be stripped from the
solution into the gas-filled pore and then undergo
removal through the silicone membrane by vapor
permeation after diffusion through the gas-filled pore.
The situation would correspond to that in ““stripmea-
tion”” described in [11]. We show these two situations
in Fig. 1(A) and Fig. 2(A); Fig. 1(A) is for wetted
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Fig. 1. (A) A schematic diagram of a hollow fiber in pervaporation with tube-side feed of VOC in a micellar feed. (B) The concentration
profile of a VOC in a hollow fiber membrane-based modified pervaporation process with water-filled pore (wetted pore case).
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Fig. 2. (A) A schematic diagram of a hollow fiber in pervaporation with tube-side feed of VOC in water for non-wetted pores. (B) The
concentration profile of a VOC in a hollow fiber membrane-based modified pervaporation process with gas-filled pore (non-wetted pore).

pores and Fig. 2(A) is for gas-filled pores. The TCE
concentration profiles are shown in Fig. 1(B) and
Fig. 2(B), respectively.

There are four resistances to TCE transport in either
case. They are: (1) feed boundary layer resistance in
the fiber bore; (2) transport resistance through the
pore; (3) transport resistance through the silicone
membrane; (4) transport resistance in the vacuum-side
boundary layer. Das et al. [11] have shown that the
vacuum-side boundary layer resistance could be

neglected in their case. It should be no different here
since other resistances are increased in the presence of
surfactants. The overall mass transfer coefficient, K,
for TCE (species i) transport is defined by the expres-
sion for the molar rate of transfer of species i per unit
fiber length, R;,

Ri = Komdo(Cy — Cy), (1)

where C,’-;)l is a hypothetical liquid phase concentration
in equilibrium with the vacuum-side gas phase con-
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centration Cj; and is related by the equilibrium rela-
tion Eq. (2a) below. To relate K, to the other indivi-
dual mass transfer coefficients, we first define the
following partition coefficients:
1. Non-wetted pore (Fig. 2(A)):

Liquid—gas :  Cj; = H;yCiy; (2a)

Gas—membrane :  Cj; = yi Cigpy (2b)

Membrane —vacuum : anp = myChri- (2¢)
2. Wetted pore (Fig. 1(A)):

Liquid—liquid : ~ Cj; = HaCj, (3a)

Liquid—membrane :  Cj; = mirCly i (3b)

Membrane—vacuum :  Cj o = my, G (3¢)

For non-wetted pores, the individual mass transfer
coefficients are defined by the following relations:

Aqueous boundary layer :  R; = kj7d;i(C; — C}y)

“)
Gas filled pore :  R; = kiyymdim(Cly; — Clgpi) (5
Silicone membrane :  R; = kn7do(Clyy — Cini)

(6)

The relation between the overall mass transfer coeffi-
cient, K, and the individual coefficients in Egs. (4)-
(6) [11] is

1 _ dO Higdo H i
K, klfdi képdlm mygkm

(N
For wetted pores, the individual mass transfer coeffi-
cients are defined by the following relations:

Aqueous boundary layer :  R; = ki7d;(C}, — C}y)

®)

Liquid filled pore :  R; = kjymdim(Ch; — Chipmi)
€))

Silicone membrane :  R; = kn7do(Clyy — Cini)
(10)
Vacuum boundary layer :  R; = kbnd,(Cyy,, — Cy)
(1)

We will neglect the vacuum side boundary layer

resistance. The relation between K, and the individual

coefficients in Eqgs. (8)—(10) is obtained as
1 _ do H, ildo Hi

K, - klfdi klfpdlm migkm

12)

In the wetted pore case, C;lpi is the pore phase con-
centration of species i in the wetted pore at the feed
solution-membrane pore interface and is in equili-
brium with Cj;, the feed liquid concentration at the
pore mouth via Eq. (3a). Normally, the quantity H;
should have a value 1 with a wetted pore unless the
pore causes some degree of partitioning between the
feed liquid and the pore liquid. Similarly, there is a
possibility of an additional resistance due to the
surfactants being present at the gas—liquid interface
at the pore mouth for non-wetted pores.

From the detailed studies by Das et al. [11], the
resistance of the gas-filled pore was found to be
negligible compared to the boundary layer resistance
(do/K{d;) and the silicone membrane resistance (H;/
myky,). Thus, for a gas-filled non-wetted pore, Eq. (7)
is reduced to

1 d,  H
Ky Kdi mykn

13)

In the studies by Das et al. [11], estimates of klf for
the tube-side boundary layer was obtained from
Graetz solution since the feed was merely an aqueous
solution of TCE. The presence of surfactant as
micelles here would not allow an a priori prediction
of the kI from Graetz solution since the kinetics of
breakage of the micelles with the membrane wall is
not known. Ordinary convective diffusion is influ-
enced here by two additional effects: (1) a reduction
in the concentration of free TCE due to micellar
solubilization; and (2) release of TCE from the micelle
due to rupturing of the micelles after collision with the
walls. An additional unknown is: is the pore wetted or
not. This question may be answered by comparing the
performance of the system having deliberately wetted
pores and that without deliberately wetted pores.

For wetted pores, the pore-based diffusional resis-
tance cannot be neglected in Eq. (12). It may be
estimated using the notion of diffusion of species i
in the tortuous pores:

Dilem

Tm 6!”

kfy = (14)
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This does not consider any effect due to the presence
of micelles as well as any adsorbed layer in the pore
wall.

3. Experimental
3.1. Chemicals and materials

Trichloroethylene (TCE, purity 99.9%, density
1.456 g/crn3 and FW 131.39), acetonitrile (HPLC
grade purity 99.9%) and isopropyl alcohol (IPA,
HPLC grade) were from Fisher Scientific (Springfield,
NJ). Sodium dodecyl sulfate (SDS, purity 99%, FW
288.4) and hydrophilic polymer xanthan gum (prac-
tical grade) were from Sigma (St. Louis, MO). Ultra-
pure N,, He, air-zero and liquid CO, were from
Matheson (E. Rutherford, NJ).

3.2. Hollow fiber membrane module

The general characteristics of the hollow fibers are
as follows. The composite fiber consists of a hydro-
phobic hollow fiber support having a plasma poly-
merized thin non-porous silicone skin on the outer
surface. The substrate (support) is polypropylene
Celgard X-10® (Hoechst Celanese, Charlotte, NC).
The characteristics of the module used are given in
Table 1. Details of fabrication of the module are
provided in [12].

3.3. Experimental unit

The experimental unit used is shown in Fig. 3. The
feed solution which was freshly prepared from stock
SDS-solution was pumped into the hollow fiber mem-
brane module by a peristaltic Masterflex pump having
a digital console drive Model 7523-20 (Cole-Parmer,

Vernon Hills, IL) from a collapsible Teflon bag (Cole-
Parmer, Vernon Hills, IL). Different sizes of bags were
used depending on the flow rate and the duration of the
run. Teflon tubing of 1/4 in. ID (Cole-Parmer, Vernon
Hills, IL) and stainless steel fittings (Swagelok, R.S.
Crum, New Brunswick, NJ) were used for the feed and
all connecting lines from the feed reservoir to and
from the membrane module. A micrometering valve
(Swagelok, R.S. Crum, New Brunswick, NJ) was
installed at the outlet feed line to regulate feed back-
pressure. An oilless vacuum pump (Model UN
726.112 FTP KNF-Neuberger, Trenton, NJ) was used
to evacuate and maintain a permeate-side vacuum of
20-25 Torr. The permeate pressure was controlled by
a Digital Vacuum Regulator (DVR) Model 2000 (J-
Kem Scientific, St. Louis, MO). For the low pressure
lines, convoluted Teflon tubing (Cole-Parmer, Vernon
Hills, IL) was used to connect the condensers with
module and the evacuating system. For tuning and
adjusting the set vacuum, an additional micrometer
vacuum valve (McMaster Carr, Dayton, NJ) was
installed between the DVR and the vacuum pump.
The module was immersed in a water bath interfaced
to a thermostat (Fisher Scientific, Springfield, NJ) to
maintain a constant temperature. Two condensers
specially designed were connected in parallel and
used to collect the permeate during steady state and
non-steady state conditions. A mixture of dry ice and
methanol was used as the cooling medium in a Dewar
flask (Labglass, Vineland, NJ) inside which each
condenser was kept to trap the permeate vapor from
the module outlet.

3.4. Analytical procedure
Two techniques were used to measure the TCE

concentration in aqueous samples: high pressure
liquid chromatography (HPLC); headspace gas

Table 1
Characteristics of the module used
Module Fiber Membrane No. of OD D Active Mass transfer Remarks
no. substrate coating fibers (um) (wm) length area based on
(cm) OD (cm?)
1 Celgard X-10™* Silicone” 75 290 240 20.5 140.1 Fabricated in lab

# Porosity (€,,) is 0.4 and tortuosity (7,,) is 2.49 [28].
" Plasma polymerized by AMT, Minnetonka, MN.
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Fig. 3. A schematic diagram of the pervaporation experimental unit.

chromatography (HSGC). For quality assurance and
quality control (QA/QC) purposes, the combination of
both were used. Highlights of both methods will be
mentioned here; details can be found in [12].

3.4.1. High pressure liquid chromatography
Aqueous TCE concentration was measured in a HP
series I 1090 HPLC with a HP 3390 integrator and an
autosampler (Hewlett Packard, Wilmington, DE). A
reverse-phase Hypersil™ ODS C18 HP column (5 pum,
100x4.6 mm, Hewlett Packard, Wilmington, DE) was
used. An AltGuard system (Alltech, Deerfield, IL) was
used with Hypersil® ODS C18 HP column 5um
Alltech guard column to protect the column from
any damage and contamination. The mobile phase
was 60% acetonitrile and 40% deionized and filtered
water. TCE concentration was determined using an
injection volume of 5 ul at 200 nm wavelength (UV
detector) and a mobile phase flow rate of 0.4 ml/min.
The HPLC was calibrated for TCE concentration
ranging from O to 120 ppm for TCE-water standards.
The response was linear. Analogous standards were
prepared also with TCE in SDS—water standards for
0.3%, 1.0%, 3.0% and 5% (w/v) SDS. The UV
detector response for both TCE-water as well as

TCE-SDS-water were nearly identical. For every
sample analyzed, two injections were made; the aver-
age was taken as the actual response.

3.4.2. Headspace gas chromatography

Aqueous TCE sample concentration was also mea-
sured by the HSGC containing an HP 6890 series gas
chromatograph using a HP 7694 headspace sampler
and HP 6890 series integrator (Hewlett Packard, Wil-
mington, DE). TCE was analyzed by a flame ioniza-
tion detector (FID) using HP-5 capillary column
(crosslinked 5% PH ME siloxane) of 30 m length,
320 um diameter and 1 pm film thickness (Hewlett
Packard, Wilmington, DE). The carrier used was
ultrapure nitrogen. Analysis of TCE-containing aqu-
eous solutions of varying surfactant concentrations
posed difficulties in reproducing results using the
direct liquid injection headspace technique because
of their sensitivity to matrix variation. It also required
proper calibration curves for each sample matrix. This
was extremely difficult as the compositions of the
samples varied widely or were unknown. The meth-
odology of full evaporation technique (FET) was used
to overcome the matrix effects [13]. This technique is
based on a near-complete transfer of analytes from the
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condensed matrix into a vapor phase. This transfer
eliminated the possibility of contamination from any
non-volatile component in the sample such as SDS; also
the sample integrity was not affected by the matrix. From
thermodynamic estimation it was found that a 13 pl of
sample in a 22.5 ml headspace vial was needed to
achieve full evaporation. The optimal parameters of
the headspace sampler were as follows: oven tempera-
ture 100°C, sample equilibration time 7 min, pressuriz-
ing time 0.15 min, sampling time 1 min. An optimal
temperature program for the GC was followed toobtaina
clear separation of TCE. The initial oven temperature
was set at 40°C for 1.5 min followed by temperature
ramping at 25°C/min until it reached 75°C where it was
kept for 1 min. In the final step, the temperature was
ramped at 40°C/min until 160°C which was maintained
for 3 min to purge the column of any residues.

3.5. Experimental procedure

The feed solution was prepared by adding appro-
priate amount of TCE to the SDS—water stock solution
prepared at least 48 h before the experiment for proper
micelle formation. The feed thus prepared was
pumped into the Teflon collapsible bag to prevent
the formation of headspace during an experimental
run and keep the feed concentration nearly constant.
The feed was kept at a pressure 5-7 psig by using a
micrometer control valve (Swagelok, R.S. Crum, New
Brunswick, NJ) in the retentate line. The feed pressure
was monitored using a dial pressure gauge. Dewar
flasks were filled with dry ice and methanol after
putting in the condensers. The experiment was started
by pumping the feed into the module; after 3 h, a
steady state was reached. Usually one run lasted for 6—
8 h. Samples were withdrawn every half-an-hour and
analyzed for VOC content. The experiment was
stopped once consistent results were obtained from
4 to 6 consecutive samples. The permeate was mea-
sured gravimetrically. The method relied on weighing
the condenser before and after the experiment and the
difference was the amount of water and TCE col-
lected. The amount of pure water permeate was esti-
mated after analyzing the permeate for TCE content.
When the concentration of TCE in the permeate is
above the solubility limit in water, two phases are
formed; the organic phase can then be easily decanted
from the aqueous phase and its volume noted.

3.6. Wetted pore experiments

The experimental procedure followed for wetted
pore experiments was similar to that for regular per-
vaporation experiments, except that the pores of the
hollow fiber membrane were wetted prior to starting
the experiment. The technique used to wet the pores
was adopted from Bhave and Sirkar [14]:

1. Pass an aqueous solution of ethyl alcohol (40%,
v/v) on the tube side of the hollow fiber membrane
module at a flow rate of 0.6 ml/min for a period of
3h

2. Pass pure water on the tube side of module at a flow
rate of 0.6 ml/min for a period of 3 h.

3. Repeat step 2.

It is assumed that by following the above procedure,

water will be immobilized within the pores for the

entire thickness of the support [14]. Such a film is
considered fully exchanged and is referred to as
immobilized water membrane (IWM). After the pores
are wetted following the procedure mentioned above,
pervaporation run is carried out with TCE-water or
SDS-TCE—-water system.

3.7. Calculated quantities

Percent removal of TCE is defined as

% Removal = % x 100 (15)
inlet

The fluxes of TCE and water were obtained, respec-
tively, from the volumes of the TCE phase and water
phase collected over time 7 from the membrane of area
A

_ VrceprcE

Ji 16
At (16)
Vi,001,0

J,, = HRoP0 17

W At (17)

where J; and J,, are TCE flux and water flux, respec-
tively.
Here A,, is defined as

Am = Td,NL (18)

where N is the number of hollow fibers of outside
diameter d, and length L. The Reynolds number for
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flow inside the fiber for water (as well as SDS solu-
tions used) is defined by

Re _ dipmoV (19)

HH,0
The viscosities and densities of SDS solutions were
essentially very close to that of water. Here the
velocity of the solution v for a volumetric flow rate
of QO ml/min is obtained from

40

" 60NTd? 0

The overall mass transfer coefficient K, for TCE is
obtained from

Ji = KOAC]m 21

where AC, is obtained from (22) assuming
CP et < Cinter and C° . < Coyyier for calculating K,

outlet
(Ciﬂlet _ Cipnlet) - (COllﬂel _ C(l))utlel)
ln[(cinlet - C&lel)/(COUl]et - Cgutlet)]

ACy = (22)

4. Results and discussion

4.1. The effect of SDS on the removal of VOC
Three SDS concentrations, i.e., 0.3%, 1.0% and 3%

were extensively employed with TCE concentrations
varying from 200 to 3500 ppm. The feed flow rate to

the module was 2.5 ml/min; the applied vacuum was
20 Torr. The results of TCE removal versus its feed
concentration for different SDS levels are shown in
Fig. 4. The module behavior for a TCE—water solution
without any surfactants is also shown for comparison
[11]. As can be seen for the TCE-water system (no
SDS), a 93-96% removal was achieved irrespective of
the initial TCE concentration. The range of TCE
concentrations used was limited to its maximum
solubility in the aqueous phase, i.e., 900-1000 ppm
[15]. The addition of SDS to the TCE-water system
enhances the apparent solubility of the TCE in the
aqueous solutions via micellar solubilization. For
SDS-TCE-water systems, the removal of TCE
dropped from 95% to 89% for 0.3% SDS (which is
just above the CMC (CMCgsps=0.24%)). Further
addition of SDS caused a drop in the removal from
89% to 67% and 37% for 1% and 3% SDS, respec-
tively.

4.2. The effect of SDS on TCE flux

InFig. 5 the flux of TCE has been plotted versus the
feed TCE concentration. Essentially, a straight line
was obtained for each system irrespective of the SDS
content. The reduction in TCE removal observed
earlier on SDS addition to the TCE-water system
was also observed here. The flux of TCE was reduced
by 2.3%, 29.6% and 43.3% for 0.3%, 1% and 3% SDS
systems, respectively. One possible explanation for the

100 W
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g 70 < X x X
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Fig. 4. The effect of TCE concentration on TCE removal for different SDS concentrations (temperature=25°C; vacuum=20 Torr; flow

rate=2.5 ml/min; TCE=270-3500 ppm).
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flux reduction is the dilution effect of the TCE—water
system by SDS. With increasing concentration of
SDS, the number of micelles as well as the aggrega-
tion number of micelles increase [16]. This results in a
dilution of the solubilizate (TCE), which was kept
constant for every SDS-TCE-water system studied. It
is also known that the higher the concentration of the
surfactant, the higher the aggregation number and in
the presence of an electrolyte in the system it may
reach 100-1000. This will result in a longer residence
time needed for the micelles to dissociate and release
their load. Equally a smaller amount of TCE will be
released when a micelle is dissociated. Conversely, the
number of micelles increase substantially; however,
the net effect must be a reduction in the net rate of TCE
release for removal through the membrane. There
must also be an additional resistance to TCE transport
provided by the monolayer of adsorbed surfactants on
the silicone membrane surface for wetted pore con-
ditions.

4.3. The effect of SDS on the mass transfer
coefficient

The overall mass transfer coefficient for TCE esti-
mated according to Eq. (21) has been plotted against
the TCE concentration for three SDS concentrations in
Fig. 6. The feed flow rate was 2.5 ml/min (the corre-

sponding Reynolds number is about 3). For the TCE-
water system the mass transfer coefficient is almost
unaffected by the variation of TCE in the feed and is
equal to 8.5x10™* cm/s. However, when SDS was
added to TCE-water system, a drop in the mass
transfer coefficient was observed. A marginal drop
was observed for the 0.3% SDS-TCE-water system.
Considerable drop was observed for the 1% and 3%
SDS-TCE-water systems. No effect of TCE concen-
tration on mass transfer coefficient was noticed for
two SDS concentrations 1% and 3%.

4.4. The effect of feed hydrodynamics

4.4.1. TCE mass transfer coefficient

A vast majority of the reported investigations on
mass transport in pervaporation indicate that diffu-
sional resistance of the membrane as well as the thin
feed boundary layer essentially control the permeation
flux and interfacial equilibrium prevails on both
upstream and downstream sides. The boundary layer
diffusional resistance can even control the overall
transport process. We have seen in Part I of this study
[11] on removal of traces (800-900 ppm) of TCE from
water (no SDS) and from the resistances-in-series
model that the diffusional resistance for transport
across the PDMS membrane was about one order
lower than that for the tube-side feed mass transfer
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resistance over the investigated range of Reynolds
number from 3 to 180. Therefore, the overall mass
transfer resistance is primarily controlled by the liquid
feed boundary layer.

The values of TCE mass transfer coefficient versus
Reynolds number have been plotted in Fig. 7. The
values for the TCE-water system [11] are also shown

in the same figure. As the Reynolds number was
increased from 3 to 200, the overall TCE mass transfer
coefficient was increased significantly; for 1% SDS
solution, the increase was from 3.5x107% to
6.5x10~* cm/s. For this system, overall mass transfer
coefficient kept on increasing with the increase in
Reynolds number. However, for the 0.3% SDS solu-
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Fig. 7. Effect of hydrodynamics on TCE mass transfer coefficient (temperature=25°C; vacuum=20 Torr; TCE=700-3500 ppm; feed-bleed
mode).
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Fig. 8. Effect of hydrodynamics on TCE removal (temperature=25°C; vacuum=20 Torr; TCE=700-3500 ppm; feed-bleed mode).

tion such a trend can be observed only beyond
Re=140.

4.4.2. The removal of TCE

To understand better the impact of SDS on mass
transfer, we studied the effect of the feed flow rate on
TCE removal, its flux and water flux. The results of
TCE removal are shown in Fig. 8. The feed flow rate
was varied from 2.5 to 160 ml/min. TCE feed con-
centration was constant for a given SDS concentra-
tion. The removal of TCE decreased exponentially
with increasing feed flow rate for all SDS-containing
systems. The removal dropped from 89% to 5% for
0.3% SDS system upon increasing the flow rate from
2.5 to 80 ml/min; any further increase in the flow rate
did not affect substantially the removal reaching a
stable value of about 5%. For the SDS-systems the
removal profile was almost identical to that for the
TCE-water system; the higher the SDS concentration
the lower the removal with a tendency of levelling off
at higher Reynolds numbers, i.e., from 50 to 150
reaching a value of 12% and 5% for 0.3% and 1%
SDS-TCE-water systems, respectively. This result
was due to a drastic reduction in residence time due
to the increased flow rate.

4.4.3. TCE flux
The behavior of TCE flux is rather interesting; a
non-linear characteristic was obtained for the flux

versus the feed flow rate as shown in Fig. 9. Focus
first on the TCE-water and 0.3% SDS-TCE-water
systems, where TCE concentration was about 800-
900 and 1100 mg/l, respectively. At lower Reynolds
number, i.e., below 50, the flux of TCE is almost
comparable between the two systems, the difference
between them is only 6%; however, as Reynolds
number was increased, the difference becomes sig-
nificant: the flux for TCE—water system was about
twice that of the TCE-SDS-water system. This reduc-
tion is due to the presence of the surfactant in the
system. A certain part of the solute remains encapsu-
lated in the core of the micelles and unavailable to the
membrane in the free state. Although, TCE permea-
tion was enhanced by higher channel velocities which
correspond to higher Reynolds number, however, the
non-linear part of the flux reflects the fact that the
membrane transport was the limiting factor [17-19].
Due to much higher solute concentration available at
higher Reynolds numbers, solute depletion is not
probably important at all. For the 1% SDS-water
system, TCE concentration was 3500 mg/l, which is
about three times that of 0.3% SDS-water system and
seven times that of TCE-water system. A linear
correlation was obtained for the investigated Reynolds
number range from 3 to 140, which is consistent with
the flux profile for the other two systems at lower
Reynolds numbers where a linear correlation was
obtained as well.
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4.4.4. Water flux

Inpervaporation of dilute organic streams, the bound-
ary layer mass transfer resistance for water transport is
assumed to be negligible; water flux is basically a
function of the water vapor pressure at the process
temperature and water permeability, if the downstream

pressure is negligible and the membrane water perme-
ability is constant. Then, water flux should be affected by
temperature only. The results of water flux versus Rey-
nolds number are shown in Fig. 10. Water flux was
independent of the feed flow rate, which is analogous
to that in the TCE—water system [11].
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Fig. 10. Effect of hydrodynamics on water flux (temperature=25°C; vacuum=20 Torr; TCE=700-3500 ppm; feed-bleed mode).
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4.5. Wetting of hydrophobic membranes by SDS
solutions

It is well established in surface chemistry that when
a drop of liquid is brought into contact with a flat solid
surface, the final shape taken up by the drop depends
on the relative magnitudes of molecular forces that
exist within the liquid (cohesive) and between the
liquid and solid (adhesive). The index of this effect is
the contact angle which the liquid forms with the solid.
It is generally found that liquids with low surface
tension easily wet most solid surfaces giving a zero
angle. Surfactants are usually used to bring down the
surface tension, and thus, the contact angle. However,
any surfactant solution can wet a solid surface if and
only if the surface tension of the solution is equal to or
lower than the critical surface tension of the solid
surface [20]. It is also possible to wet the pores of a
hydrophobic membrane by increasing the liquid pres-
sure to a level that exceeds the pore wetting pressure.
However, in this case, due to the presence of the non-
porous silicone coating on the other side, the pore
pressure is the same as that of the liquid.

When a surfactant solution of SDS present above
the CMC level flows through the tube side of the
hollow fiber membrane module, the aqueous solution
does not wet the substrate because the surface tension
of ultrapure SDS solution above CMC is about 38—
40 mN/m [21-23], whereas the critical surface tension
of the polypropylene substrate of Celgard X-10" is
equal to 35 mN/m [24]. We have experimentally
verified it; indeed, the porous substrate was not wetted
with 0.3% SDS solution; however, it was wetted
within the range 0.3%<Csps<1.0%. Now, above the
CMC level of the surfactant, 0.24%, the surface ten-
sion of the solution should be constant, since only the
free monomeric surface active agent will contribute to
the reduction of the surface tension of a solution. The
surface tension of SDS solution should be equal to 38—
40 mN/m even at 10% SDS since above the CMC level
the surfactant is only present in the form of micellar
structures.

It is, however, well documented in the literature that
the presence of impurities in surfactant solutions can
have far reaching impact on the dynamic surface
tension of ionic surfactant solutions. For a hydropho-
bic porous surface to be wetted by an aqueous solu-
tion, a monolayer film of surfactant molecules has to

be created by the adsorbing species on the pores
leading to the artificial hydrophilization of the surface.
Along with the surfactant molecules, impurities such
as dodecanol, which is a product of SDS hydrolysis
and frequently encountered in SDS—-water systems
[23] though in trace amounts, has very strong sur-
face-active properties and could dramatically alter the
interface properties and the surface tension of the
solution. It has been reported in [23,25] that for
SDS aqueous solutions, the amount of dodecanol
at the surface (at saturation) is comparable to the
SDS amount even in the presence of added salts
[26]. Finally, the presence of surface active impurities
is a decisive factor capable of lowering the surface
tension of SDS solution by 2-4 mN/m than the the-
oretical, and particularly, at higher SDS concentra-
tions where the rate of surfactant hydrolysis is higher,
which ultimately results in higher production of impu-
rities, and consequently, lower surface tension.

4.5.1. Wetted pore experiments

When a surfactant solution having a surface tension
lower than the critical surface tension of the porous
substrate flows through the lumen side of the hollow
fibers, it wets the pores of the substrate; the pores are
filled with the feed solution as compared to being air-
filled (as in stripmeation). To estimate the resistance
offered by the wetted pore, experiments were con-
ducted with the pores of the non porous silicone coated
polypropylene hollow fiber substrate deliberately
filled with water. The temperature was 25°C and a
vacuum of 20 Torr was maintained. Feed flow was on
the tube side. The results are expected to answer the
following questions. At what surfactant concentration
is the feed solution wetting the pores? What is the
resistance due to the water-filled pore? Are there
additional resistances? The experiments were per-
formed in two phases. In the first phase, an aqueous
solution of TCE was used as the feed. In the second
phase, a surfactant solution containing TCE was used
as the feed.

4.5.1.1. TCE-water system

4.5.1.1.1. Effect of feed concentration. Experiments
were performed at a constant flow rate of 2.5 ml/min.
TCE concentration was varied between 350 and
960 ppm. The experimental results are shown
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in Figs. 11 and 12. Results from stripmeation (non-
wetted pores) have also been plotted for the sake of
comparison. TCE removal (Fig. 11) seems to be rea-
sonably constant and has an average value of 78%.
This is significantly lower than the average TCE
removal (93%) for stripmeation experiments. TCE

flux shows a similar trend. The TCE overall mass
transfer coefficient (Fig. 12) for experiments with
wetted pores has an average value of 4.8x10™* cm/
s, which is 40% lower compared to the TCE overall
mass transfer coefficient for stripmeation experi-
ments. These results are expected as the water-filled
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Fig. 12. TCE mass transfer coefficient in experiments with wetted pore (temperature=25°C; vacuum=20 Torr; flow rate=2.5 ml/min;

TCE=350-960 ppm; feed-bleed mode).
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Table 2

Experimental results comparing the effect of hydrodynamics on TCE removal, flux and mass transfer coefficient in non-wetted and wetted
pores using aqueous solution of TCE as feed (temperature=25°C; vacuum=20 Torr; TCE=700-900 ppm; feed-bleed mode)

Flow rate (ml/min) TCE removal (%)

TCE fluxx 1000 (g/cm” min)

TCE mass transfer coefficientx 1000 (cm/s)

Non-wetted Wetted Non-wetted Wetted Non-wetted Wetted
10 58 36 0.027 0.021 1.1 0.5
25 45 18 0.059 0.024 14 0.55
35 37 15 0.065 0.031 1.5 0.65

pores of the substrate offers an additional resistance to
the transport of TCE across the hollow fiber. This
resistance is now estimated as follows.

For experiments with wetted pore, the overall mass
transfer coefficient, K,, may be obtained from
Eq. (12). The overall mass transfer coefficient for
stripmeation experiments is given by Eq. (13) and
written here as

1 dy 1 H
o di klf mvfkm

z (23)

Onon=wet

The feed side boundary layer mass transfer coefficient,
kf, and the membrane resistance, k., may be assumed
to be similar for both cases. Further m¢/H;, and m/H,
may be assumed to be identical at low TCE concen-
trations. Also, H; in Eq. (12) may be assumed to be
unity, as pores are water-filled and there is no strip-
ping. Subtracting Eq. (23) from Eq. (12), Eq. (24) is
obtained:

1 1 d,

— =t — 24
K, K +d1mk{p @

Onon=wet

Substituting from Fig. 12, K,=4.8x10"*cm/s,
Ko, .. =8.6x10"* cm/s, dy=290x10"* cm and d},=
264x107* cm, kf, is obtained as 1.18x 10> cm/s. The
value of k]fp, the TCE mass transfer coefficient in the
water-filled pore, is comparable to K, _. . and cannot
be ignored. Therefore, when conditions are such that
the surfactant feed wets the pores, the resistance
offered by the water-filled pores is one of the con-
tributing resistances that lowers the TCE flux across
the hollow fiber.

4.5.1.1.2. Effect of feed flow rate. In the previous
section the value of kfp has been calculated.
Conceptually, the value of klfp should be similar for
any feed flow rate. Therefore, experiments were

carried out at different feed flow rates. The pores of
the hollow fiber membrane module were kept water-
filled. The experiments were conducted at three flow
rates: 10, 25 and 35 ml/min. TCE concentration was
maintained between 700 and 900 ppm. Table 2
illustrates TCE removal and TCE flux behavior.
Table 2 also has the TCE overall mass transfer
coefficient for wetted and non-wetted pores. TCE
removal (Table 2) changes from 36% to 15% as the
flow rate was changed from 10 to 35 ml/min. TCE flux
shows a steady increase with an increase in the feed
flow rate. The overall TCE mass transfer coefficient
also increases with increasing flow rate. It is evident
that TCE removal, TCE flux and TCE overall mass
transfer coefficient have lower values compared to
stripmeation experiments and this is due to the water-
filled pore resistance. Using a procedure similar to that
used in Section 4.5.1.1.1, klfp was calculated for each
flow rate and is listed in Table 3. It is clear that klfp is
reasonably constant with changing flow rate.
Therefore, it might be assumed that the approach
used for the calculation of klfp is valid. A theoretical
estimate of the water-filled pore resistance was
obtained using Eq. (14).

Substituting the values of D;=9x 107% em?/s [27],
em=0.4, 7,=2.5 and 6,=2.5x 10> cm [28], the mass
transfer coefficient of TCE in a water-filled pore, kfp, is
calculated to be 5.76x 10™* cm/s. It is evident that the
theoretically calculated value of klfp is lower than that
obtained experimentally, i.e., the theoretical estimate
of the resistance to transport of TCE across a water-
filled pore is higher. The difference may be due to a
monolayer of TCE adsorbed on the wall of the pores of
the substrate. This layer would then facilitate the
transport of TCE by allowing surface diffusion of
TCE along the walls of the substrate, from the bulk
solution to the silicone skin.
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Table 3

Experimental and calculated results to determine water-filled pore resistance (TCE-water system; temperature=25°C; vacuum=20 Torr; once-

through mode)

Flow rate Feed concentration Retentate concentration Removal (%) K,,. (cm/s) K, (cm/s) k]fp (cm/s)
(ml/min) (ppm) (ppm)

10 807 517 36 0.001 0.0011 0.001

25 785 648 17.4 0.001 0.0014 0.001

35 812 690 15 0.001 0.0015 0.0012

4.5.2. TCE-water—SDS system

4.5.2.1. Effect of surfactant concentration. This
section  discusses results from experiments
performed using a surfactant solution containing
TCE as feed. The feed solution was passed through
the bore of the hollow fibers having wetted pores at a
flow rate of 2.5 ml/min. Two surfactant concentrations
were used: 0.3% and 1%. For 0.3% SDS, TCE
concentration was varied between 300 and
800 ppm. For 1% SDS, TCE concentration was
varied in the range 700-2600 ppm. Figs. 13-15
illustrate the behavior of TCE removal, TCE flux
and TCE mass transfer coefficient, respectively. In
all figures, the corresponding results from non-wetted
pore experiments have also been plotted. TCE removal

for 0.3% SDS has an average value of 78%, which is
significantly lower than that for non-wetted pore
(86%). For 1% SDS, the value for TCE removal is
similar for wetted and non-wetted cases. From the
above results it may be inferred that the pores are not
wetted at 0.3% SDS and the lower removal with
wetted pores is due to the resistance offered by the
water-filled pore. Further, the results indicate that at
1.0% SDS concentration, the pores are wetted. TCE
flux (Fig. 14) for 0.3% SDS (wetted) is, as expected,
lower than 0.3% SDS (non-wetted). TCE fluxes for
wetted and non-wetted modes of operation at 1.0%
SDS are comparable to each other. Similar behavior is
observed for the TCE overall mass transfer coefficient.
For 0.3% SDS (wetted), the TCE overall mass transfer
coefficient is 4.8x107*cm/s compared to 6.5x
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Fig. 13. Removal of TCE in wetted versus non-wetted pore (temperature=25°C; vacuum=20 Torr; flow rate=2.5 ml/min; once-through

mode).
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10~* cm/s for the non-wetted system. At 1.0% SDS
the overall TCE mass transfer coefficient for the two
modes of operation are similar.

We can now carry out a calculation similar to that
for the TCE—water system via Eq. (24). For 0.3% SDS
system, the values for K, and K, are 4.622x10°*

non—wet

and 6.345x10 % cm/s, respectively. From Eq. (24),
we can obtain kfp = 1.868 x 10~ cm/s. The value
of k]fp obtained from Eq. (14) is equal to 0.576x
10~ cm/s. Comparing both values it can be noticed
that mass transfer resistance estimated according to
Eq. (24) is about three times lower than that obtained
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Fig. 15. Effect of surfactant concentration on TCE mass transfer coefficient in experiments with wetted pore (temperature=25°C;

vacuum=20 Torr; flow rate=2.5 ml/min; once-through mode).
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from Eq. (14), i.e., the theoretical estimate of the
water-filled pore resistance. Why?

4.5.2.2. TCE mass transfer and micellar transport.
The previous theoretical considerations assumed
TCE-SDS—water system as a homogeneous system;
however, due to the presence of microstructures, it is
rather a pseudo-homogeneous system. Therefore, the
discrepancy found earlier may be attributed to the
presence of micellar microstructures where almost all
of the TCE is solubilized in the micellar core (TCE
distribution coefficient between the micelles and
extra-micellar environment is about 1900 [29]).
This means that most of the TCE is present in the
micellar core. The concentration of micelles for 0.3%
SDS will be about 3.69572x107> M, assuming that
the aggregation number for this range of SDS
concentration is equal to 65 [16] and the CMC is
8x107* M. The concentration of TCE is about
1000 ppm which is equal to 7.6109x107> M. The
molar ratio of TCE/micelle is equal to 206. In other
words, there are about 206 molecules of TCE per
micelle. Every effective disintegration of the micelle
will result in a huge amount of TCE released as
micellar diffusion occurs in the pore. The diffusion
coefficient of a spherical micelle consisting of 65
monomers was estimated from Stokes—Einstein
equation

kT
me 6mNIrY

(25)

and was found to be equal to 1.25 % 10°° cm2/s, which
is about seven times lower than the TCE diffusion
coefficient in water. The radius of a spherical micelle
was estimated from Tanford’s equation by estimating
the volume of the hydrocarbon chain of the surfactant

Table 4

which makes up the core of the micelle from
Vin = Ni(27.4 +26.9nC") x 107 (nm®) (26)

(where Ny, is the aggregation number and C’ is the
number of carbon atoms in the hydrocarbon chain
minus one). Therefore, the difference between the
theoretical value of k|, and the one estimated from
the model (wetted case) can be attributed to the
enhanced micellar transport of TCE in the wetted
porous substrate of the hollow fiber. Additional
evidence of such unusual enhancement in TCE
mass transfer is the gradual increase in TCE mass
transfer coefficient versus concentration (see Fig. 6).
The micelles here are acting as a mobile vehicle
containing substantial amount of TCE and
supplying it to the membrane. At this stage, it is
difficult to predict exactly the micellar contribution
to TCE mass transfer in the absence of structural data.

4.5.2.3. Effect of feed flow rate. Experiments were
performed using 0.3% SDS feed solution at different
feed flow rates. TCE concentration was varied
between 1100 and 1200 ppm. Experiments were
carried out at four flow rates: 2.5, 10, 20 and
40 ml/min. The results are shown in Table 4. It is
evident that TCE removal and TCE flux are lower for
experiments with wetted pore. TCE removal dropped
from 79% to 10% as the flow rate was increased from
2.5 to 40 ml/min. TCE overall mass transfer
coefficient is almost constant with changing feed
flow rate. It has an average value of 5.0x10~* cm/s
compared to 6.45x10™* cm/s for non-wetted pores.
The above results corroborate the fact that at 0.3%
SDS the feed solution does not wet the pores.

From Sections 4.5.2.1 and 4.5.2.2 it may be inferred
that the pores are wetted somewhere between 0.3%

Experimental results comparing the effect of hydrodynamics on TCE removal, flux and mass transfer coefficient in non-wetted and wetted
pores using surfactant solution of TCE as feed (SDS=0.3% SDS; temperature=25°C; vacuum=20 Torr; TCE=1000-1100 ppm; feed-bleed

mode)

Flow rate (ml/min) TCE removal (%)

TCE fluxx 1000 (g/cm? min)

TCE mass transfer coefficientx 1000 (cm/s)

Non-wetted Wetted Non-wetted Wetted Non-wetted Wetted
2.5 90 79 0.017 0.015 0.65 0.45
10 44 37 0.034 0.029 0.64 0.54
20 25 20 0.037 0.031 0.64 0.48
40 17 10 0.049 0.029 0.65 0.50
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Fig. 16. Removal of TCE in the presence of a hydrophilic polymer and isopropanol (temperature=25°C; 4% SDS; 4% IPA; TCE=7000 ppm;

xanthan gum=250 ppm).

SDS and 1.0% SDS concentration. As discussed ear-
lier, the controlling resistances for TCE-water system
are the feed-side boundary layer resistance and the
membrane resistance. For surfactant system, there are
two additional resistances that impede the transport of
TCE. One is the water-filled pore resistance, which is
applicable only under conditions when the surfactant
solution wets the pore. The other is the resistance
offered by surfactant micelles to release free TCE. The
TCE molecules are encapsulated in the micellar core
and are not available in the bulk. As the surfactant
concentration increases, the probability of a micelle
colliding with the wall and releasing TCE decreases.
Therefore, the availability of free TCE in the system is
limited. Hence, as the surfactant concentration
increases, there is a steady drop in the TCE overall
mass transfer coefficient.

4.6. Removal of VOCs from surfactant-flushed water
containing polymers and alcohol

We have also investigated and studied the efficacy
and suitability of the hollow fiber membrane-based
modified pervaporation process for the treatment of
specific remediated site groundwater. In this particular
case, apart from TCE, the feed contained: 4% SDS;
4% isopropyl alcohol (IPA) and 200 ppm hydrophilic
polymer xanthan gum. The latter two components are

used to enhance the performance of the middle phase
(microemulsion), increase the viscosity of the micellar
system, and thus, the capillary number which in turn
enhances the wetting phenomenon in the soil porous
structure, and obviously, increasing the solubilization
of VOCs in the micellar phase.

Fig. 16 represents the removal of IPA and TCE
versus time. The purpose of this 25 h run was to study
the performance of the hollow fiber module over an
extended period. The flow rate was varied from 5 to
1 ml/min overnight. During this period no change in
the flux of IPA and TCE was observed. The module
performance at hour 6-9 was identical to that at hour
22-24. The removal of TCE and IPA was sustained at
the same level of 20-23% and 2-3%, respectively. The
huge peaks in the middle of the chart correspond to the
night shift when the feed flow rate was intentionally
reduced, and consequently, resulted in a higher
removal of TCE and IPA due to the higher residence
time.

5. Concluding remarks

In the present study, we have shown the feasibility
of the hollow fiber membrane-based pervaporation
process to handle a variety of streams, namely,
TCE-water, TCE-SDS—water and TCE-SDS-IPA-
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xanthan gum-—water aqueous solutions. Efficient
removal of VOC from such solutions was shown to
be achievable. Mass transfer coefficient of TCE is
primarily controlled by the feed boundary layer and
membrane resistances for non-wetted pore case, and
by pore diffusion resistance for wetted pore case. The
presence of surfactants such as SDS in the aqueous
solution affects TCE mass transfer coefficient; the
higher the surfactant concentration, the lower the mass
transfer coefficient. This impact can be minimized by
maximizing the molar ratio of solute/surfactant as
seen in Fig. 6 for 0.3% SDS system. It is yet unclear
what is the exact mechanism of mass transfer of TCE
from the core of the micellar structure to the mem-
brane. The resistances-in-series concept was found to
be adequate to explain the TCE—water system [11]
mass transfer both for wetted and non-wetted pores.
To describe the transfer in TCE-SDS-water system,
the mechanism of effective TCE mass transfer to the
membrane in a micellar environment has to be devel-
oped quantitatively.

6. Notation

An membrane area based on fiber outside
diameter (cm?)
C number of carbon atoms in hydrocarbon
chain of surfactant minus unity
f bulk liquid phase feed concentration of

species i (g mol/cm’)

feed concentration of species i and j,
respectively (g mol/cm®)

concentration of species i in the aqueous
feed phase at the aqueous—pore gas inter-
face (g mol/cm® )

concentration of species i in the vapor
phase at the aqueous—pore gas interface
(g mol/cm®)

concentration of species i in the vapor
phase at the pore gas—silicone membrane
interface (g mol/cm3)

concentration of species i in the membrane
at the pore gas—silicone membrane inter-
face (g mol/cm?)

concentration of species i in the membrane
at the silicone membrane—vacuum side
interface (g mol/cm?®)

!
c.C

!
ili

i
igi

i
igmi

'
imi

1"
imi

cy

imp
1"
Cyp

"
ipl

i
ilpi

/
ilpmi

Cinlel
Coutlet

CcP

inlet

CP

outlet

AClm

concentration of species i in the vacuum
side at the silicone membrane—vacuum
side interface (g mol/cm?)

bulk concentration of species i in the
vacuum side (g mol/cm?)

hypothetical equilibrium liquid phase
concentration in equilibrium with the
vacuum side gas phase, Cj; = H;;Cj,
(g mol/cm?)

liquid phase concentration of solute i in
the pore in equilibrium with the bulk
phase feed concentration of species i
(g mol/cm3)

concentration of species i in the liquid
phase in the pore at the aqueous—silicone
membrane interface (g mol/cmB)

feed aqueous inlet concentration of TCE
(g mol/cm3)

feed aqueous outlet concentration of TCE
(g mol/cm?)

hypothetical permeate aqueous concentra-
tion of TCE at feed inlet location in
equilibrium with the vacuum phase
(g mol/cm?)

hypothetical permeate aqueous concentra-
tion of TCE at feed outlet location in
equilibrium with the vacuum phase
(g mol/cm?)

logarithmic mean aqueous concentration
of TCE as defined by Eq. (22) (g mol/
cm3)

inner diameter of Celgard hollow fiber
(cm)

outer diameter of Celgard hollow fiber
(cm)

logarithmic mean diameter of Celgard
hollow fiber, (d,—d;)/In(d./d;)

diffusion coefficient of micelles (cmz/s)
diffusion coefficient of TCE in the gaseous
pore (cm2/s)

diffusion coefficient of TCE in water
(cmz/s)

diffusion coefficient of TCE in water in
the pore, D, (cm2/s)

Henry’s law constant for species i defined
by Eq (23) (mg/l)llq/(mgll)vap

permeation flux of species i (g/cm? sec)
permeation flux of water (g/cm2 sec)
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overall mass transfer coefficient defined
by Eq. (21) (cm/s)

overall mass transfer coefficient for non-
wetted pore defined by Eq. (23) (cm/s)
Boltzmann constant (J/K)

vacuum-side mass transfer coefficient
(cm/s)

mass transfer coefficient for mass transfer
across the gas-filled pore (cm/s)
theoretical mass transfer coefficient for
mass transfer across the aqueous-filled
pore (cm/s)

aqueous phase mass transfer coefficient
for mass transfer across the feed-side
boundary layer (cm/s)

mass transfer coefficient for mass transfer
across the membrane (cm/s)

active length of the module (cm)
distribution coefficient of TCE between
the vacuum side and the membrane
distribution coefficient of TCE between
the membrane and the gaseous phase
molecular weight of species i

number of hydrocarbon chains in a
surfactant molecule

number of hollow fibers

aggregation number of a micelle
volumetric liquid flow rate (cm3 /min)
hydrodynamic radius of micelles (m)
radius of a tube (cm)

gas constant, 8.31441 (J/mol K)
permeation rate of species i per unit
permeator length (g mol/cm s)

Reynolds number as defined by Eq. (19)
time (s)

temperature (K)

linear velocity of the feed (cm/s)

volume of micelle (nm®)

volume of TCE collected (cm3)

volume of water collected (cm?)

Greek symbols

Tm

fiber substrate thickness (cm)

porosity of the Celgard X-10 fibers for use
in Eq. (14)

tortuosity of pores in the Celgard X-10
fibers and equal to 2.49

m 3.1416

n dynamic viscosity of water in Eq. (18)
PH,O density of water and equal to 1 g/cm’
PTCE density of TCE, 1.456 g/cm®

JAH,0 viscosity of water, 0.001 g/cm s
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