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a b s t r a c t

Air-stripping is one of the most effective technologies for removing volatile organic compounds (VOCs)
from surfactant solutions, although the presence of surfactant poses some unique challenges. This study
evaluated the effect of a mixed surfactant system on the apparent Henry’s law constant of tetrachloroethy-
lene (PCE) and the efficiency of PCE removal from surfactant solutions using a lab-scale hollow fiber
membrane contactor. Results show that the presence of surfactant significantly reduced the apparent
Henry’s law constant of PCE, and the reduction was proportional to the total surfactant concentration.
PCE removal efficiency by membrane air-stripping (MAS) decreased as the surfactant system transitioned
from solubilization to supersolubilization. Besides significantly reducing the apparent volatility of VOCs,
embrane air-stripping (MAS)
ultipass/multistage process

eparation
euse

the presence of surfactant brings additional mass transfer resistance in air-stripping, which makes it
difficult to achieve high levels of contaminant removal, even at very high air/liquid (A/L) ratios. In con-
trast, multipass/multistage MAS operated at low A/L ratios could achieve near 100% contaminant removal
because of less mass transfer limitation during each stripping pass/stage. Experimental results, together
with model calculations demonstrate multipass (and multistage) air-stripping as a cost-effective alter-

s from
high A
native for removing VOC
strippers or operating at

. Introduction

Chlorinated solvents, particularly chlorinated ethylenes such
s trichloroethylene (TCE) and tetrachloroethylene (PCE), occur
idely in contaminated groundwater aquifers in the United States

nd may pose a long term risk [1–7]. Because of their low water
olubilities and relatively high densities (relative to water), chlori-
ated solvents are often trapped in the subsurface soils and aquifer
aterials and form dense non-aqueous phase liquids (DNAPLs).

raditional pump-and-treat remediation is inefficient at clean-
ng up these poorly water-soluble contaminants. Over the past
wo decades, surfactant enhanced aquifer remediation (SEAR) has
merged as a cost effective technology for cleaning up subsurface
ites contaminated with NAPLs [8–10]. To minimize downward
igration of contaminants during SEAR, DNAPLs are typically
emoved via the enhanced solubilization mechanism in which their
pparent solubilities are increased by several orders of magnitude
n surfactant micellar solutions [11]. Supersolubilization and gra-
ient systems have been recently introduced to further improve

∗ Corresponding author. Tel.: +1 650 3536089; fax: +1 650 7253162.
E-mail address: hefac@umich.edu (H. Cheng).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.072
surfactant micellar solutions compared to the options of using large air
/L ratios.

© 2009 Elsevier B.V. All rights reserved.

the efficiency of SEAR for DNAPL remediation [12–16]. A supersol-
ubilization surfactant system is one that has ultralow interfacial
tension (IFT) with the organic liquid and a high solubilization capac-
ity without forming middle-phase microemulsion [13,14]. Being
more efficient at solubilizing organic contaminants, such systems
can significantly reduce the amount of surfactant required and the
time of the remediation process compared to the traditional solubi-
lization approach. A gradient approach in SEAR essentially employs
surfactant solubilization to remove the more “mobile” fraction of
DNAPL at the beginning of the remediation and then switches to
more effective supersolubilization systems to remove the residual
DNAPL [13,15]. In the supersolubilization/gradient approach, it is
believed that by beginning the surfactant flush at higher IFT and
gradually lowering the IFT (achieved via increasing the salt con-
centration) in three or four stages the solubilization enhancement
can be maximized while the vertical migration of the DNAPL can
be minimized [15].

One major economic consideration in the surfactant-based

remediation technology is separation of organic compounds from
surfactant solutions, which is necessary to reuse the surfactant
solution and to lessen the demand on waste disposal in implement-
ing SEAR [17–19]. Over the years, many contaminant-surfactant
separation methods have been developed, such as air-stripping

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hefac@umich.edu
dx.doi.org/10.1016/j.jhazmat.2009.05.072
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20–23], vacuum stripping [24], pervaporation [25,26], solvent
xtraction [20,27–30], ion exchange [31], activated carbon adsorp-
ion [17,32], reverse micellar extraction [33], precipitation [34,35],
nd phase behavior manipulation [36]. The advantages and limita-
ions of these technologies have been discussed in a recent review
37]. Among these technologies, air-stripping is the most widely
sed method for separation of volatile organic compounds (VOCs)

rom surfactant solutions.
Contaminant separation from surfactant solution by air-

tripping is based on the principle that volatile compounds readily
artition into the gaseous phase and can be carried away by the gas
ow. Contaminant-free air is contacted with surfactant solutions

n packed towers [16,20,21,23,24,38,39] or sieve-trays [22,32,40] to
romote partitioning by creating a large air–water interfacial area,
hich facilitates the mass transfer of organic compounds from the

olution to the air phase. Air-stripping based on hollow fiber mem-
ranes, in which the air–liquid interface is established in pores
anging from 30 to 50 nm that are typically present in microporous
olypropylene/polyethylene hollow fibers, has also been developed
21,23,30,41]. Foaming is a major problem in packed tower and tray
ir strippers [20,22], while the use of hollow fiber membrane effec-
ively eliminates this problem, except at very high liquid loading
ates [23,41].

Surfactant molecules have an amphiphilic structure with a
ydrophilic head and a hydrophobic tail, causing them to accu-
ulate at interfaces and lower the interfacial tension. When their

oncentration reaches the critical micelle concentration (CMC),
portion of the surfactant molecules form micelles, which are

pheres of surfactant molecules with a hydrophilic exterior and a
ydrophobic core. The surfactant molecules that are not present as
icelles exist primarily as unassociated molecules or ions in solu-

ion, which are known as monomers. As the total concentration
f surfactant is increased beyond the CMC, the added surfactant
oes to increase the micelle concentration with the monomer con-
entration unaffected. Depending on the surfactant, electrolyte
oncentration and other variables, the equilibrium time between
onomers and micelles is usually around 10−8–10−3 s and the life

ime of micelles is in the range of 10−3–1 s [42].
The gas–liquid partitioning behavior of volatile solutes obeys

enry’s law, which states that the partial pressure of a component in
he gas phase is proportional to its concentration in the liquid phase
nder equilibrium conditions. The dimensionless form of Henry’s

aw constant (H) can be expressed as:

= cgas

caq
(1)

here caq and cgas are moles of the compound per volume of solu-
ion and gas, respectively. Anderson [43] showed that the presence
f surfactant substantially reduced the partitioning of VOCs from
he solution into the vapor phase and proposed a three-phase model
o describe the impact of surfactant on contaminant vapor parti-
ioning. This model employs a linear solute–surfactant partition
oefficient [43], but ignores the important fact that this is valid
nly when excess hydrocarbon exists [8]. Rouse et al. studied micel-

ar solubilization of unsaturated hydrocarbons by semi-equilibrium
ialysis and observed that the solute–surfactant partition coeffi-
ient might change by one order of magnitude as a function of
he hydrocarbon concentration in micellar pseudo-phase or aque-
us phase [44]. Here a contaminant distribution constant, kp, as
efined by Dunn et al. [45] and used in the vacuum stripping model
eveloped by Oetman [46], is adopted:
p = cs

cmcw
= ct − cw

cmcw
(2)

here cs is the concentration of micellar-solubilized organic solute,
m is the concentration of surfactant in micellar form, cw is the con-
aterials 170 (2009) 1070–1078 1071

centration of water-solubilized organic solute, and ct is the total
concentration of the organic solute solubilized in the surfactant
solution (ct = cm + cw). kp describes the partitioning of the solute
between the aqueous solution (as water-solubilized molecules) and
the micelles, and accounts for changes in the total contaminant
concentration in the surfactant solution. Only the water-solubilized
fraction of contaminant can readily evaporate from the surfactant
solution into the gaseous phase. Assuming the activity coefficient
of water-solubilized contaminant in the surfactant solution is unity
(i.e., 1), we can express the solute’s apparent Henry’s law constant
(H*) as:

H∗ = Hcw

ct
= H

1 + kpcm
(3)

Membrane air-stripping (MAS) using microporous hollow fiber
membrane contactors is a process with great potential for the
removal and recovery of VOCs from water/wastewater. Hollow fiber
membrane contactors provide a much larger surface area per vol-
ume between gas and liquid than packed towers, which facilitates
solute inter-phase mass transfer. The main disadvantage is that
the overall mass transfer coefficient for membrane-based stripping
is usually lower than that for conventional processes due to the
mass transfer resistance created by the membrane, but this is over-
come by the higher effective surface-to-volume ratio of the hollow
fiber configuration [47,48]. In principle, the membrane pores can
be filled by water, gas, or both depending on the operating pres-
sure, surface tension, and contact angle between the two phases
[49], with significant reduction in the membrane mass transfer
coefficient occurring as the membrane pores become water-filled
[49,50]. Models have been developed to describe the mass transfer
through hollow fiber membranes with pores that are completely
air- or water-filled, and with partially wetted pores [50–52]. The
operating principles, mass transfer processes, and applications of
membrane-based air-stripping have been summarized in reviews
by Mahmud et al. [47] and Gabelman and Hwang [53].

Mass transfer in MAS involves three sequential steps: the VOC
molecules first diffuse from the bulk aqueous solution across the
liquid boundary layer to the membrane surface; they then diffuse
through the air- and/or water-filled pores, and finally through the
air boundary layer outside the membrane pores into the stripping
air. Three mass transfer resistances are typically considered in MAS:
that in the liquid, that across the hollow fiber membranes, and that
in the gas surrounding the fibers, and the overall liquid phase based
mass transfer resistance (1/KL) is often expressed as [47–49]:

1
KL

= 1
kl

+ 1
kmH∗ + 1

kgH∗ (4)

where kl is the local liquid phase mass transfer coefficient, km is the
membrane mass transfer coefficient, and kg is the gas phase mass
transfer coefficient. Various empirical correlations exist for predict-
ing kl and kg values in air-stripping, while km is often experimentally
determined [48,49,51].

Based on the fundamental mass transfer processes in MAS, a
mathematical model for VOC removal can be derived as [47–49]:

CL,in

CL,out
= exp[(KLaL/uL)(1 − (QL/QA)H∗)] − (QL/QA)H∗

1 − (QL/QA)H∗ (5)

where CL,in and CL,out are concentrations of the VOC and the inlet and
outlet of the membrane contactor, respectively, a is the interfacial
contact area per unit contactor volume, L is the effective column
length, uL is the linear velocity of the liquid flow in the hollow fibers,

and QL and QA are the flow rates of the liquid and air, respectively.

Despite the successful application of air-stripping in field scale
operations in treating surfactant solutions, the presence of sur-
factant at high concentrations brings some unique challenges.
In particular, high levels of contaminant removal are difficult to
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Table 1
Physical properties of PCE microemulsions with selected surfactant systems used in this studya.

System Temp. (◦C) Winsor type PCE (mg/L) Viscosity (cP) Coalescence time (h) IFT (dyn/cm)

5% C16-DPDS/3% SDHS/3% NaCl 23 I 70,000 N.D. 2 1.0
5% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 23 I 84,000 1.8 4 0.5
5
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Vernon Hills, IL). The exhaust air from the membrane contactor
was connected to a column packed with powdered activated car-
bon to adsorb the PCE before being discharged to a fume hood.
MAS at two solution flow rates, 3.5 and 9.0 mL/min (liquid loading
rates: 4.17 × 10−8 and 1.07 × 10−7 m3/(m2 s)), was studied, with the

Table 2
Characteristics of the hollow fiber membrane contactor used in this study.

Property Specificationa

Cartridge dimension 6.4 cm × 20.3 cm (2.5 in. × 8 in.)
Shell inside diameter 5.55 cm
Center tube outer diameter 2.22 cm
Shell side volume 330 mL
Lumen side volume 90 mL
Number of fibers 9950b

Void fraction 0.654c

Effective membrane surface 1.4 m2

Effective surface to volume ratio 2930 m2/m3

Fiber potting material Polyethylene
Housing material Polypropylene
Fiber outer diameter 300 �m
Fiber inner diameter 240 �m
Fiber wall thickness 30 �m
Effective fiber length 15 cmb

Pore diameter 30 nm
Pore tortuosity 2.5c

Porosity 40%
% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 7 I

ote: N.D—not determined.
a From Childs et al. [15].

chieve due to the significant reduction in the volatility of VOCs by
icellar solubilization and the additional interfacial mass transfer

esistance brought by the adsorbed surfactant film at gas–liquid
nterface. In this work, we systematically studied, for the first
ime, PCE removal from supersolubilization surfactant systems
y MAS, and demonstrated that although a supersolubilization
urfactant system could solubilized PCE more efficiently, the solubi-
ized PCE was more difficult to remove with air-stripping. Previous
esearchers have focused on designing a single pass process in
ontaminant removal [16,20–24,32,38–41]. However, in supersolu-
ilization surfactant systems, the reduced contaminant volatility
nd increased mass transfer resistance limit the contaminant
emoval using this approach. We propose multipass/multistage

AS as a more cost-effective alternative for removing VOCs from
urfactant micellar solutions compared to a single pass process.
esults reported here can help to better understand the partitioning
ehavior of organic molecules between air and surfactant solution
nd the mass transfer processes in air-stripping, and to design cost-
ffective treatment strategies in removing VOCs from surfactant
olutions.

. Materials and methods

.1. Materials

The surfactant systems used in this study were candidates
or a field demonstration of SEAR technology for remediation
f PCE contamination [15]. They include both solubilization and
upersolubilization systems, and the physical properties of PCE
icroemulsions with selected surfactant systems are shown in

able 1. These systems exhibited rapid coalescence, desirable IFTs
ith PCE, low microemulsion viscosities, and temperature inde-

endence of phase behavior, and no liquid crystal/gel formation
t low temperature (7 ◦C), which make them ideal for applica-
ions in aquifer remediation [15]. DowFax 8390 was obtained from
ow Chemical (Midland, MI) as a liquid of 31–36% active, and

he content of active ingredient was practically treated as 33.5%.
he surfactant components are disodium hexadecyldiphenyloxide
isulfonate and disodium dihexadecyldiphenyloxide disulfonate
C16-DPDS). It also contains a small percentage of sodium sulfate
nd sodium chloride. Aerosol MA 80-I was purchased from CYTEC
Willow Island, WV). It is composed of 80 ± 1% sodium dihexyl sul-
osuccinate (SDHS) in a mixture of isopropanol (IPA,∼5%) and water.
rij 97 composed of polyoxyethylene (10) oleyl ether (POlE(10))
ith ≤3% water was obtained from Croda (Edison, NJ). Reagent

rade (>99%) PCE and sodium chloride, and 99.5+% IPA were pur-
hased from Aldrich (Milwaukee, WI), anhydrous calcium chloride
>95%) was purchased from Fisher (Fair Lawn, NJ). All chemicals
ere used as received.

.2. Batch partitioning
Batch PCE gas–liquid partitioning experiments were carried
ut in 40 mL I-Chem glass vials with Teflon-lined silicone septa
nd polypropylene closures. The average total volume of the
ials was 43.03 ± 0.19 mL determined through gravimetric cali-
70,000 3.5 12 N.D.

bration using DI water. The vials were added with 4.0 mL of 5%
C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 solutions containing approx-
imately 10,000–50,000 mg/L PCE. They were then stored head down
to avoid vapor leak through caps in darkness for 3 days at room
temperature of (23 ± 1 ◦C). After equilibration, the liquid phase was
sampled with needle syringes. PCE vapor concentrations in the
headspace of these vials were calculated from the liquid phase
mass balances. Similar experiments were also conducted for a series
of 5:3 C16-DPDS/SDHS mixed surfactant solutions (1.6–9.6 wt.%)
containing 3% NaCl and 3% CaCl2 saturated with PCE. All batch
experiments were pentuplicated.

2.3. Hollow fiber membrane air-stripping

MAS experiments were conducted with a 2.5 in. × 8 in. Liqui-
Cel extra-flow membrane contactor with X-30 hydrophobic hollow
fiber membrane (Celgard, Charlotte, NC). The membrane has an
effective pore size of 30 nm, and the surface area per volume of the
contactor is 2930 m2/m3. Detailed characteristics of the contactor
and the hollow fibers are listed in Table 2.

Fig. 1a shows the diagram for the MAS experimental setup. The
surfactant solution was pumped through the fiber lumen (on the
“tube side”) upward while the gas flowed downward outside of the
fibers (on the “shell side”). A Beckman 110B solvent delivery module
was used to deliver the surfactant solution, and grade D breath-
ing air was supplied from a cylinder with flow rate controlled by a
correlated flow meter with a high resolution valve (Cole-Parmer,
Maximum transmembrane differential pressure 414 kPa (60 psi)
Operating temperature range 1–60 ◦C

a Supplied by the manufacturer.
b Values reported in [64].
c Value reported in [51].
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Fig. 1. Schematic illustrations for (a) experimental setup of air-stripping usin

ir flow rate varied to obtain different air/liquid (A/L) volumetric
atios. Samples of the stripped surfactant solution were collected
or PCE analysis after more than 1.5 pore volume of surfactant solu-
ion had passed through the membrane contactor to ensure steady
tate had been reached. Multipass air-stripping was conducted by
equentially feeding the treated effluent through the membrane
ontactor while supplying clean air, as illustrated in Fig. 1b. All MAS
esults were based on measurements of at least triplicate samples
f stripper effluent.

.4. Sample analysis

All samples collected were stored in glass vials with no head
pace and analyzed within 5 h after collection. PCE was analyzed on
Shimadzu LC-10AD liquid chromatograph including SIL-10A auto-

njector and SCL-10A controller. Separation of PCE from surfactant
ixtures was achieved using an Alltech surfactant C8 column with

0% methanol/20% water as the mobile phase, and PCE was detected
ith a Waters 486 tunable absorbance detector at 225 nm.

. Results and discussion
.1. Batch equilibrium partitioning results

Fig. 2a shows the apparent Henry’s law constants of PCE in 5%
16-DPDS/3% SDHS/3% NaCl/3% CaCl2 solution as a function of the
llow fiber membrane contactor, and (b) multipass air-stripping procedures.

PCE concentration in the solution phase. It is observed that the
apparent Henry’s law constant did not change with the amount
of PCE present in a given surfactant solution, which is consistent
with the prediction of Eq. (3). The Henry’s law constant (H) of PCE
in water at 23 ◦C is approximately 0.717 [54], while the presence
of 5% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 reduces its appar-
ent Henry’s law constant (H*) to 0.054. This represents a greater
than 99% reduction of the overall volatility of PCE in the surfac-
tant solution. Fig. 2b shows PCE’s apparent Henry’s law constant
as a function of the total surfactant concentration in 5:3 C16-
DPDS/SDHS mixed surfactant system in the presence of 3% NaCl and
3% CaCl2. The CMC of the mixed surfactant system in the presence
of high electrolyte concentration (3% NaCl + 3% CaCl2) is expected
to be insignificant compared to the total surfactant concentration,
thus the total surfactant concentration can be approximated as the
micelle concentration. Based on the experimental results, the rela-
tionship between the apparent Henry’s law constant of PCE and the
total surfactant concentration can be expressed as:

H∗ = 0.717
1 + 16.05cDA

(6)
where cDA is the total wt.% concentration of 5:3 C16-DPDS/SDHS
mixed surfactant system in the presence of 3% NaCl and 3% CaCl2.
The surfactant-concentration dependence of the apparent volatility
is consistent with the prediction made by Kibbey et al. [22] and
experimental observations by Lipe et al. [21].
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ig. 2. The apparent Henry’s law constant (H*) of PCE as a function of (a) equilibriu
b) total surfactant (5:3 C16-DPDS/SDHS) concentration in the presence of 3% NaCl

.2. Hollow fiber membrane air-stripping results

In batch experiments, PCE had sufficient time to partition
etween water, micelles and gas, and the final PCE distribution was
ot limited by any mass transfer processes. In contrast, the actual
ontaminant removal efficiency is often affected by mass transfer
n air-stripping process. Fig. 3a shows PCE removal from surfac-
ant systems composed of 5% C16-DPDS/3% SDHS/3% NaCl/0–3%
aCl2 by MAS at an A/L ratio of 517 and a liquid loading rate of
.07 × 10−7 m3/(m2 s). With CaCl2 concentration increases from 0%
o 3%, the solubility of PCE increases significantly as the surfactant
ystem is pushed from a solubilization system to a supersolubi-
ization system (Table 1). It is observed that PCE removal by MAS
ecreased as the total electrolyte concentration increased, which

ndicates that contaminant solubilized in the more efficient super-
olubilization surfactant system is also more difficult to be stripped
ff compared to a normal solubilization system. One of the possible
xplanations for this is the greater PCE affinity of the more “swollen”

icelles (lower H*) [12,14], which reduces partitioning of PCE from

he solution to the gas phase.
It is also well known that the presence of surfactant micelles

ffects solute mass transfer rates, and thus contaminant removal,
uring air-stripping. The dynamic equilibrium between the water-
eous PCE concentration in 5% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 solution; and
CaCl2. Error bars represent 95% confidence intervals (CIs).

solubilized and micellar-solubilized VOC molecules is expected to
reduce their diffusion coefficient in the surfactant micellar solution
(kl). Furthermore, significant reduction in the VOC’s mass transfer
coefficient across the membrane (km) is expected with increased
liquid filling of the membrane pores caused by the surfactant,
which modifies the solution’s surface tension and contact angle on
the membrane. On the molecular level, the presence of surfactant
molecules at a gas–liquid interface affects the mass transfer rate of
a solute from the liquid to the gas by altering the interfacial region
and providing additional resistance to diffusion through formation
of a “condensed” layer of adsorbed surfactant [55,56]. Numerous
studies have shown that the presence of adsorbed surfactant film
at the interfaces retards the diffusion across interface in gas–liquid
[57–60] and liquid–liquid systems [61–63]. Quantifying the individ-
ual mass transfer coefficients (i.e., kl, km, and kg) is beyond the scope
of this study. Also, the true interfacial contact area (a) in the MAS
system is unknown. Therefore, we use KLa as a lumped parameter to
describe the overall mass transfer based on liquid side. By assuming

that the apparent Henry’s law constants (H*) were approximately
the same (the individual H* values for these systems were not mea-
sured), we estimate that the KLa values of PCE were 2.88 × 10−3,
2.52 × 10−3, 2.05 × 10−3, and 1.92 × 10−3 1/s in MAS, as the CaCl2
content in the 5% Dow/3% AMA/3% NaCl surfactant system increased
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Fig. 3. PCE removal from surfactant solutions by single pass MAS: (a) PCE removal
from 5% C16-DPDS/3% SDHS/3% NaCl/0–3% CaCl2 solutions at an A/L ratio of 517 (at
1.07 × 10−7 m3/(m2 s) liquid loading); and (b) PCE removal from 5% C16-DPDS/3%
SDHS/3% NaCl/3% CaCl2 solution as a function of A/L ratio, where the liquid loading
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passes, an A/L ratio of 329 only achieved a slightly lower final
PCE concentration (better PCE removal—97.3% vs. 96.3%) com-
pared to at an A/L ratio of 171. At an A/L ratio of 329, removal of
PCE from 38,150 mg/L down to <1800 mg/L from 5% C16-DPDS/3%

Fig. 4. PCE removal from surfactant solutions by multipass MAS at a constant liq-
−7 3 2
ates were 1.07 × 10 and 4.17 × 10 m /(m s) for groups a and b (both experi-
ental data and model predictions), respectively. Error bars represent 95% CIs.

rom 0% to 1%, 2%, and 3%, respectively. The lower rates of mass
ransfer at higher electrolyte concentrations can be explained by
he formation of more “condensed” interfacial surfactant films at
igher electrolyte concentrations [55].

Fig. 3b shows removal of PCE from 5% C16-DPDS/3% SDHS/3%
aCl/3% CaCl2 solution as a function of A/L ratio in MAS at liquid

oading rates of 1.07 × 10−7 and 4.17 × 10−8 m3/(m2 s). As expected,
CE removal increased gradually with A/L ratio, while the rate of

ncrease declined at high A/L ratios. As A/L ratio increases, the
nterfacial region deviates farther away from local equilibrium and
he PCE removal starts to be affected more by the mass transfer
cross the membrane (km) and probably also the mass transfer in
ulk surfactant solution (kl). At a given A/L ratio, PCE removal from
he surfactant solution increased when the liquid loading rate was
educed from 1.07 × 10−7 to 4.17 × 10−8 m3/(m2 s), due to the longer
esidence times (and thus less mass transfer limitation) of liquid
nd air in the membrane contactor. In surfactant micellar solutions,
he volatility of the solute is significantly reduced. To achieve high
evels of contaminant removal, air-stripping may need to be oper-
ted at much higher A/L ratios compared to the system without the
resence of surfactant. Meanwhile, the volumetric air removal effi-
iency (i.e., the amount of contaminant removed from the solution
er unit volume of air passed through the membrane contactor)
oes down as the A/L ratio increases. Furthermore, the hollow fiber

embrane is limited to a certain transmembrane differential pres-

ure (414 kPa in this case), which sets an upper limit on A/L ratio
hat can be practically used in MAS.
aterials 170 (2009) 1070–1078 1075

3.3. Multipass air-stripping results

Even if the constraint of the membrane structure was not con-
sidered and the A/L ratio could go to infinity, inter-phase mass
transfer rate still restricts the removal achievable by air-stripping.
Model calculations suggest that the practical upper limit of PCE
removal from 5% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 system is
close to 56% at liquid loading of 1.07 × 10−7 m3/(m2 s), and 87%
at 4.17 × 10−8 m3/(m2 s) with the lab-scale membrane contactor.
Therefore, high contaminant removal efficiencies (e.g., >90%) from
the surfactant solution cannot be achieved by simply increasing
the A/L ratio in MAS. Treatment of the surfactant solution by mul-
tipass air-stripping can circumvent this limitation. Fig. 4a shows
results of PCE removal from 5% C16-DPDS/3% SDHS/3% NaCl/0–3%
CaCl2 surfactant systems by multipass MAS. As expected, the
PCE removal efficiency decreased (remaining PCE concentration
increased) as the surfactant system transitioned from solubilization
to supersolubilization with increasing electrolyte concentration. In
addition, the remaining PCE concentration in the surfactant solu-
tions decreased exponentially as the number of treatment passes
increased. The overall PCE removal achieved over four passes for
the surfactant systems ranged from 95.5% to 98.8% for the sur-
factant systems studied. Fig. 4b shows results of PCE removal
from 5% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 surfactant solution
at different A/L ratios by multipass MAS. PCE removal efficiency
increased with A/L ratio for a given stripping pass. Over five
uid loading rate of 1.07 × 10 m /(m s): (a) PCE removal from 5% C16-DPDS/3%
SDHS/3% NaCl/0–3% CaCl2 solutions at an A/L ratio of 517; (b) PCE removal from
5% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 solution at selected A/L ratios. Error bars
represent 95% CIs.
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of stages to increase or decrease the overall removal efficiency can
be made easily. As a result, multipass/multistage MAS can be a
viable and cost-effective strategy in removing VOCs from surfactant
solutions.

Fig. 6. Model predictions of PCE removal for single pass and multipass MAS: (a) liq-
ig. 5. PCE removal from 3% POlE(10)/3% IPA solution by multipass MAS at a liquid
oading rate of 1.07 × 10−7 m3/(m2 s) and an A/L ratio of 461. Error bars represent
5% CIs.

DHS/3% NaCl/3% CaCl2 solution required 1316 volumes of air for
ach volume of surfactant solution (over four passes), while only
55 volumes of air were needed at an A/L ratio of 171 (over
ve passes). Obviously, operating at a low A/L ratio over multi-
le passes can significantly reduce the volume of contaminated
ir that needs to be subsequently treated for large scale opera-
ions.

Fig. 5 shows the results of PCE removal from a surfactant
ystem composed of 3% POlE(10)/3% IPA by multipass MAS. PCE
emoval efficiency remained approximately constant at 53% over
ix passes of air-stripping at a constant liquid loading rate of
.07 × 10−7 m3/(m2 s) and an A/L ratio of 461. This is consistent
ith the observations made with the 5% C16-DPDS/3% SDHS sur-

actant systems. Over the six passes of air-stripping, the cumulative
emoval of PCE was as high as 98.9%, with PCE concentration
educed from 99,350 to 1070 mg/L. These results, together with
hose of the 5% C16-DPDS/3% SDHS surfactant systems, clearly
emonstrate the effectiveness of multipass MAS at VOC removal

rom surfactant solutions.

.4. Multipass/multistage MAS as a cost-effective alternative

Two other options are available to achieve high levels of con-
aminant removal in MAS, besides the multipass strategy. These
nclude: (1) reducing the liquid loading rate, which decreases the
ystem throughput; and (2) increasing the effective column length
and the total membrane surface area as well), which results in a
arger air stripper. As demonstrated in Fig. 6a, the liquid loading rate
as to be reduced to 1.35 × 10−8 m3/(m2 s) or the length of the hol-

ow fibers has to be increased to 1.27 m to remove 90% of PCE from
% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 solution at an A/L ratio
f 200. Alternatively, using a multipass approach, 90% PCE removal
an be achieved by MAS at A/L ratio of 100 over four passes or at A/L
atio of 150 over three passes at 6.67 × 10−8 m3/(m2 s) liquid loading
or a column with 0.15 m long hollow fibers, as shown in Fig. 6b. It
hould be noted that multipass/multistage air-stripping reduces the
et liquid throughput per membrane contactor. Although having a
eries of membrane contactors operated in multistage configura-
ion essentially increases the total surface area of the contacting

edia (i.e., total column length), the overall contaminant removal
s better than that of a single long column because of the greater
ontaminant concentration gradient between the surfactant solu-
ion and the clean air encountered at the head of each stripping

ass/stage.

Compared to a single pass process operated at high A/L ratios,
ultipass/multistage air-stripping at a much lower A/L ratio has a

igher volumetric air removal efficiency. By operating at relatively
ow A/L ratios, lower air pressure is necessary, which means lower
aterials 170 (2009) 1070–1078

pressure head on the hollow fiber membranes and lower energy
consumption for the air blower. For SEAR application, it may require
large membrane surface areas or high A/L ratios in order to ade-
quately clean contaminants from the surfactant solution. This can
lead to large strippers that are expensive and difficult to service or
large volumes of air carrying contaminants at low concentrations,
which needs to be treated before being discharged. Multipass MAS
at low A/L ratios can remove VOCs more efficiently because the
operation conditions are subjected to less mass transfer limitation,
thereby reducing the total surface area of the membrane required
and the volume of air carrying the contaminants. In large scale
implementation, multiple membrane contactors can be arranged
in series instead of using only one contactor with multiple passes.
Such multistage configuration can also allow the relatively “clean”
air from the strippers at the late stages to be reused in the earlier
stages. This will result in more effective utilization of the air and
blower power consumption since a single air stream passes through
every stripper before exiting the treatment train. Furthermore, the
VOCs are more concentrated in the smaller volume of exhaust air
stream.

The self-contained hollow fiber membrane contactors have high
surface-to-volume ratios and are capable of high performance. The
modular nature of hollow fiber membrane contactors allows rapid
installation, easy integration and maintenance, and portability. It
also drastically reduces scale-up problems [47]. They can be easily
operated in multistage configurations, and addition or subtraction
uid loading rate required (for 0.15 m fiber length) and the fiber length required (at
6.67 × 10−8 m3/(m2 s) liquid loading rate) to achieve different levels of PCE removal
from 5% C16-DPDS/3% SDHS/3% NaCl/3% CaCl2 solution in single pass MAS operated
at a constant A/L ratio of 200; and (b) cumulative PCE removal from the same sur-
factant solution as a function of A/L ratio in multipass MAS (at 6.67 × 10−8 m3/(m2 s)
liquid loading rate with 0.15 m fiber length).
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. Conclusion

Experimental results show that the apparent Henry’s law con-
tant of PCE was greatly decreased in the presence of surfactant
icelles, and the reduction was approximately proportional to

he surfactant concentration. Results also indicate that although
supersolubilization surfactant system solubilized PCE more effi-

iently, the solubilized PCE was more difficult to remove. Due to
educed contaminant volatility and increased mass transfer limi-
ation in supersolubilization surfactant systems, high efficiencies
f contaminant removal are difficult in a single pass air-stripping
rocess while multipass/multistage MAS can be a more cost-
ffective alternative. Furthermore, multipass/multistage MAS is
ble to achieve high overall contaminant removal efficiency with-
ut requiring large air strippers or producing large volumes of
ontaminated air that needs to be further treated. The advantages of
multipass/multistage process, coupled with the modular nature

f hollow fiber membrane contactors, make multipass/multistage
AS a promising strategy for removing VOCs from surfactant micel-

ar solutions and for regenerating the solutions for reuse. Future
tudies should explore scale-up and economic evaluations to fur-
her optimize this approach.
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