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Abstract: This review summarizes the recent development in separation of emulsified
organic compounds from surfactant solutions for surfactant reuse and/or surfactant-
contaminant disposal. Three major principles have been employed for separating
organic compounds and/or surfactants from aqueous solutions, namely, organic
compound inter-phase mass transfer, surfactant micelle removal, and manipulation
of surfactant solution phase behavior. Details of these principles and their applications
are discussed, with the advantages and limitations of each separation method
compared. Separation based on mass transfer of the organic compounds into a
secondary phase is currently more practical than the others. Finally, two major
issues requiring further research are identified.
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SURFACTANT PROPERTIES AND PHASE BEHAVIOR

Surfactants are amphiphilic, surface-active molecules containing both
hydrophilic and hydrophobic groups. The amphiphilic nature of surfactant
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molecules causes them to accumulate at interfaces, with the hydrophilic head
and hydrophobic tail in the polar and nonpolar phases, respectively. Surfac-
tants are typically classified by the nature of their head group, which can be
positively charged (cationic), negatively charged (anionic), both positive
and negatively charged (zwitterionic), or uncharged (non-ionic) (1, 2). A
phenomenon unique to surfactants is the self-assembly of molecules into
dynamic clusters called micelles above a certain concentration, known as
the critical micelle concentration (CMC). In the micelles, surfactant
molecules are oriented such that their hydrophilic head groups shield the
hydrophobic tail groups from the water environment. The interior of
micelles acts as an organic pseudo-phase into which organic compounds
can be partitioned, and the apparent solubilities of hydrophobic organic
compounds can be significantly increased. Because of the size and structural
limitation of the micellar cores, a maximum solubilization capacity exists
(3, 4); nonetheless, various microemulsion phases can be exploited to
further maximize the solubility enhancement (5-8).

For a given organic liquid, the ability of surfactants to produce optimal
microemulsions is characterized by a parameter called the hydrophile-
lipophile balance (HLB). Higher HLB values indicate that surfactants prefer
the water phase, and vice versa. As illustrated in Fig. 1, the surfactant
becomes more lipophilic and the system transitions in the order of Winsor
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Figure 1. Effect of electrolyte addition on surfactant system HLB and microemulsion
phase behavior between an ideal ionic surfactant solution and organic compounds with
increasing hydrophobicity (which can be indicated as equivalent alkane carbon
number, or EACN, adapted from (11)).



09: 32 25 January 2011

Downl oaded At:

Organic Separation from Surfactant Solutions 455

Type [—III—II microemulsion when the surfactant system’s HLB decreases
(3, 9-11). In a Winsor Type I system, the surfactant is very water soluble
and is in the form of oil-swollen micelles in the aqueous phase. In the
Winsor Type II system, the surfactant is very oil soluble and exists predomi-
nantly in the form of water-swollen reverse micelles in the oil phase. The
Winsor Type III system has nearly equal affinity for both phases. This forms
a new phase, the middle-phase microemulsion, which has a bicontinuous
structure and contains almost all of the surfactant and large quantities of the
organic compound and water (2). Winsor Type III microemulsion, where the
interfacial tension (IFT) is minimum and the solubilization is maximum, is con-
sidered the optimal phase behavior. While an ionic surfactant is assigned a
single HLB value, electrolytes or organic additives impact the effective HLB
value of the surfactant solution. Increasing aqueous phase salinity causes the
surfactant to be salted out into the organic phase, which translates into a lipo-
philic shift (i.e., decreasing the surfactant system HLB). Therefore, as the
salinity of a surfactant solution increases, the microemulsion will shift in the
order of Winsor Type I—III—II. As the hydrophobicity of organic liquids
increases, more and more lipophilic (lower HLB) surfactant systems are
required to form the optimal microemulsion (10).

Besides electrolytes, organic additives (including alcohols and hydro-
tropes) can also help to optimize microemulsion formation. Alcohols play a
two-fold role in microemulsion formulation: adjusting the surfactant partition-
ing between aqueous and organic phases (as co-solvent), and stabilizing the
microemulsion by preventing the formation of rigid phases (as co-surfactant)
(12). Organic hydrotropes, such as short-chain carboxylic acids, can also
enhance the interactions between contaminant molecules and those of the sur-
factant and thus promote the formation of middle phase microemulsions (12).

SURFACTANT-BASED SUBSURFACE REMEDIATION
TECHNOLOGIES AND SEPARATION NEEDS

While pump-and-treat is a common technology for cleaning up groundwater
aquifers contaminated by non-aqueous phase liquids (NAPLs) such as
gasoline or tetrachloroethylene, it is inefficient because of the low aqueous
solubilities of the organic contaminants. Surfactant enhanced aquifer remedia-
tion (SEAR) has emerged as a promising technology to expedite remediation
of subsurface sites contaminated with NAPLs (1, 3, 13—15). For this reme-
diation scheme (Fig. 2), the surfactant solution is injected below ground to
enhance the extraction of the contaminant. Once the surfactant-contaminant
stream comes above ground, separation processes are necessary for either
re-injection of the surfactant solution or disposal of the waste stream. Due
to the enhanced solubilization of organic contaminants in surfactant
solutions and the reduction in IFT between organic contaminants and the
aqueous phase, the remediation time can be dramatically reduced compared
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Figure 2. Schematic illustration of surfactant enhanced aquifer remediation (SEAR).
SEAR is an aggressive technology for source removal and can recover the vast majority
(>95%) of NAPL from a source zone in a relatively short time period. System economics
motivates adaptation of separation processes for surfactant recovery and reuse, which is
especially important for multiple pore volume (>3 to 5 pore volumes) surfactant flushes.

to traditional pump-and-treat remediation. Surfactant systems can be designed
to reduce the IFT between the NAPL and water by several orders of
magnitude, thereby overcoming the capillary forces trapping the residual
NAPL and releasing the contaminant as a free phase oil (enhanced mobilization
mechanism). Surfactant solutions can also increase the apparent solubility of the
NAPL by several orders of magnitude via micellar solubilization, removing the
residual NAPL by enhanced dissolution (enhanced solubilization mechanism).
Historically, the solubilization mechanism has been preferred for dense NAPLs
in an effort to minimize downward migration potential (16), while the recovery
by mobilization and solubilization into a middle-phase microemulsion has been
preferred for light NAPLs (17). More recently, supersolubilization and gradient
systems have been introduced to further improve the efficiency of SEAR for
dense NAPL remediation (6, 8, 18, 19).

Historically, the economics of surfactant-based remediation technologies
benefited from materials separation and recycle of surfactant (20—27). Separ-
ation of organic compounds from surfactant solutions is necessary to reuse the
surfactant solution and to lessen the demand on waste disposal in implement-
ing SEAR, both of which improve system economics (23-25, 27). While only
the micellar-solubilized contaminant needs to be removed from the water
phase if the surfactant solution is to be re-injected, both contaminant and sur-
factant may require removal from the waste stream before being discharged
into a wastewater treatment plant. More recently, development of systems
based on lower surfactant concentrations (<1 wt.% versus 4 to 8%) and
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requiring fewer pore volumes (1.5 to 2 versus 6 to 10 pore volumes or more)
has reduced, but not always eliminated, the value of surfactant recovery and
reuse in SEAR (6, 8, 19).

Surfactant-based processes are also widely used in many other industrial
and environmental applications; surfactant-contaminant separation may also
be desirable in a number of these technologies. Since the early 1970s, surfac-
tant systems have been evaluated for enhanced oil recovery (EOR). The appli-
cation of surfactant solutions in subsurface remediation evolved from
knowledge garnered during EOR research (13). Surfactants can also be used
in ex situ soil washing and cleaning of oil well drill cuttings (28-30).
Micellar-enhanced ultrafiltration (MEUF), which involves adding surfactants
to aqueous streams followed by ultrafiltration, is an alternative separation
process for removing organic solutes from water (31-35). Cloud point extrac-
tion using nonionic surfactants has been used in pre-concentrating organic
solutes in aqueous solutions and in removing organic compounds from waste-
water (36—42). Significant cost savings of these processes can be achieved by
reusing the surfactants after economically separating the emulsified organic
compounds from the surfactant solutions.

In the last two decades, with great advances in SEAR research and
implementation, significant research effort has focused on removing organic
compounds from surfactant solutions. Surfactant-contaminant separation
methods that have been developed are summarized in Table 1. This review
intends to summarize the research progress in separating organic
compounds from surfactant solutions and to identify areas requiring further
research. In general, several fundamental principles are employed in separ-
ating organic compounds from surfactant solutions, namely, organic
compound inter-phase mass transfer, surfactant micelle removal, and manipu-
lation of surfactant solution phase behavior. Details on these principles and
their applications are discussed in the following sections.

SEPARATION BY INTER-PHASE MASS TRANSFER

Organic compound separation from micellar solution often utilizes preferen-
tial partitioning of the organic compound into a second phase, which can be
gaseous or liquid. Important considerations in this approach are the equili-
brium partitioning of the organic compound between this second phase,
water, and the micellar pseudo-phase, along with the inter-phase mass
transfer rate. Technologies based on this approach are described below.

Air Stripping and Related Technologies for Removing Semi-
Volatile to Volatile Organic Compounds

Volatile organic compounds (VOCs), that is, compounds with high Henry’s Law
constants, readily partition into the gas phase. Consequently, air stripping and
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Table 1. Summary of the advantages and limitations of existing surfactant-contaminant separation methods

Method

Applicable conditions

Advantages

Limitations

Air stripping

Volatile organic
compounds

eHighly efficient
el ow equipment cost

e Significant foaming can occur (hollow fiber
membrane eliminates this, but adds cost)

e Does not work well for concentrated surfactant
solutions

Flash vacuum
stripping and

Compounds can be
semi-volatile

eWorks well for concentrated
surfactant solutions

e Significant foaming can occur
eHigh equipment cost

vacuum e Works for compounds that are eRequires vacuum
distillation not highly volatile eMay require heating
Pervaporation Volatile organic eFoaming is eliminated eRelatively high equipment cost
compounds
Solvent Compounds can be e Works well for nonvolatile eRelatively high cost for solvent
extraction nonvolatile organic compounds eRequires solvent disposal

eHighly efficient

Surfactant pre-
cipitation by
counterions

Ionic surfactants

e[ ow cost
e Operationally convenient

eMay require further treatment to remove
the counterions
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Surfactant
precipitation
by cooling

Ionic surfactants with
Krafft temperatures near
room temperature

eLow cost
eOperationally convenient
eRecycled surfactant is readily reused

e Surfactants must have Krafft points near room
temperature

Adsorption on
ion exchange
resin

Ionic surfactants

eRemoves both surfactants and organic
compounds (assuming organic-based
resin)

e Works well for high surfactant
concentration streams

eRelatively high cost for resins
e Surfactants cannot be recovered

Activated car-
bon
adsorption

Polishing step after
pretreatment

eRemoves both surfactants and
organic compounds

e Works for all types of surfactants
and organic compounds

eRelatively high cost for activated carbon
eCannot handle streams with high surfactant
concentrations

Reverse micel-
lar extraction

Highly hydrophobic
organic compounds

eRemoves both surfactants and organic
compounds into the solvent phase

e Separation of organic compounds from
surfactants may be difficult

Phase transition
by exchan-
ging cations

Anionic surfactant
systems with ultralow
IFT and polyvalent
cations

eEffective in changing a Winsor Type III
microemulsion system to a Type I
system

eLimited to Winsor Type III surfactant systems
e Solubilized organic compounds are not removed
from surfactant solutions
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related technologies (e.g., vacuum stripping) can be used to remove VOCs from
surfactant solutions. Air-stripping systems work by contacting the surfactant
solution with contaminant-free air to promote partitioning, while creating a
large air-water interfacial area, which facilitates the mass transfer of organic
compounds from the solution to the air phase. Both supported-area (i.e.,
packing materials) devices and unsupported-area (i.e., trays) devices can be
used for VOC removal in air stripping (43). Packed-tower strippers have been
commonly used for removing VOCs from surfactant solutions (19, 21, 44—
48), while sieve-tray air stripping systems have also been evaluated in laboratory
and field studies (27, 49, 50). In addition to traditional air stripping towers or tray
strippers, stripping techniques based on hollow fiber membranes have also been
developed (26, 48, 51). Air-liquid interface is established in the pores ranging
from 30 to 50 nm that are typically present in the polypropylene hollow fibers
(21, 48). Use of the hollow fiber membrane reduces foaming problems, which
is common in packed tower and tray air strippers (27), although foam
formation may still occur at very high liquid loading rates (48, 51). Weeping
of the surfactant solution across the membrane in air stripping can be effectively
prevented by back pressure regulation (21, 51).

Besides air stripping, vacuum processes can also be used to remove
VOCs; these also work well for concentrated surfactant solutions
(47, 52, 53). Flash vacuum stripping can be carried out in a packed column
or tray stripper, but instead of using air flow, a vacuum is used to transfer
the contaminant from the liquid to the vapor phase. Flash vacuum distillation
is similar to flash vacuum stripping except the surfactant stream is heated to
raise the vapor pressures of the contaminants (25). Application of vacuum
allows these technologies to be applied for contaminants that are less
volatile. However, significant surfactant foaming can occur and their
equipment cost is much higher than air stripping.

Another process similar to air stripping is pervaporation, which is a
membrane-based process for the separation of liquid mixtures (54). A
liquid feed is brought to the upstream side of a nonporous polymeric
membrane, which swells in contact with the feed. The components of the
feed absorb into the membrane, permeate through the membrane, and
evaporate into a gas phase on the downstream side of the membrane. Perva-
poration has been evaluated in laboratory and pilot studies (55-58), and suc-
cessfully implemented in field demonstrations to remove VOCs from
surfactant streams without affecting the performance of the surfactant
solutions (59, 60).

Solvent Extraction for Removing Low-Volatility Organic
Compounds

Since air-stripping and related technologies are not effective for removing
low-volatility organic compounds from surfactant solutions, an organic



09: 32 25 January 2011

Downl oaded At:

Organic Separation from Surfactant Solutions 461

liquid can be used instead of a gas phase as the partitioning phase. This
approach, known as solvent extraction or liquid-liquid extraction, involves
introducing a solvent to the surfactant solution so that the organic
compound will transfer from the surfactant solution into the solvent phase.
Solvent extraction has been used to remove semi- and nonvolatile organic
compounds from surfactant solutions in both laboratory and field studies
(22, 44, 61, 62). Because solvent extraction also relies on mass transfer, it
is not possible to achieve complete removal of the contaminants from the sur-
factant solution. The solvent extraction process can be complicated by emul-
sification of the extraction solvent by the surfactant solution, and highly
hydrophobic solvents are often required to avoid this (22, 26). Similar to air
stripping, hollow fiber membranes can be used in continuous solvent extrac-
tion. The hollow fiber membrane pores are filled by the extraction solvent,
which is sparingly soluble in the surfactant solution. Despite this, hollow
fiber membrane units have been demonstrated to effectively eliminate emul-
sification of extraction solvents by surfactant solutions while maintaining
excellent extraction efficiency (22, 26, 62).

Impact of Micelles on Equilibrium and Kinetics of Organic
Compound Inter-Phase Mass Transfer

Numerous studies have shown that the presence of micelles reduces the
aqueous activity and thereby the driving force for the partitioning of organic
compounds into the gas or solvent phase (21, 22, 26, 27, 46, 61, 63-68).
Because the organic molecules are predominately solubilized within the
hydrophobic cores of micelles, the organic molecules that are actually
water-solubilized are only a small fraction of the total. The activity of the
organic compound in surfactant solutions is solely determined by the extra-
micellar (water-solubilized) organic molecules, while the micellar pseudo-
phase acts as a competing sink for the partitioning of the organic
compound (26, 63—-66). Figure 3 schematically illustrates the distribution
of surfactant and organic molecules in air stripping and solvent extraction
systems. The aqueous surfactant monomer concentration is constant above
the surfactant CMC, and the gas phase is surfactant-free. Partitioning of
ionic surfactant monomers into the solvent phase is negligible, while
greater surfactant partitioning into the solvent phase is expected for
nonionic surfactants. Within the aqueous solution, an organic compound
exists in both extramicellar and micellar-solubilized forms, whereas it
exists as vapor or solvent-solubilized molecules in the air and solvent
phases, respectively. Distribution of the organic molecules among the
water phase, micellar pseudo-phase, and the gas or solvent phase are
related by the respective partitioning processes. Solubilization of the
solvent molecules into the micellar pseudo-phase also occurs but will be neg-
ligible when the solvent is selected properly (22, 26).
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Figure 3. Distribution of surfactant and organic compound molecules in (a) gas-
aqueous solution system, and (b) solvent-aqueous solution system, which correspond
to the scenarios of air stripping and solvent extraction, respectively.

The molar solubilization ratio (MSR) that describes the organic solubil-
ization capacity of a micellar surfactant solution is defined as (3, 4, 26, 69, 70):
Cmic - Cw

MSR = ———
C,—CMC

where C,,;. is the amount of organic compound solubilized for a given surfac-
tant concentration (all concentrations are referenced to the volume of the
solution), C,, is the organic compound’s water solubility, and C; is the total
surfactant concentration. Partitioning of the organic compound between
water and micellar pseudo-phase can be described by a micelle-water
partition coefficient (K,,,) as (3, 4, 26):

Knw = o~
w
where X, is the mole fraction of micellar-solubilized organic compound in the
micellar pseudo-phase and X,, is the mole fraction of extramicellar organic
compound in the water phase. K, has been observed to be independent of
the total aqueous contaminant concentration and can be estimated from
MSR as (3, 26, 71):

mw

_ MSR (55.556
" 14+MSR\ C,

Partitioning into the micellar cores significantly reduces the fraction of the
organic molecules that reside in extramicellar form, which is the fraction
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readily partitions into the gas or solvent phase. The micellar-solubilized
contaminant molecules are shielded from the solvent phase by the surfactant
micelles, and the micellar pseudo-phase functions as a competing sink with
the solvent phase for partitioning of the organic contaminant. Consequently,
the efficiency of air stripping and solvent extraction is reduced, as has been
observed in laboratory and field studies (21, 22, 26, 27, 51, 61). In solvent
extraction, solubilization of the extraction solvent in the micelles may
further increase the affinity of the micellar pseudo-phase for the organic
compounds and negatively impact the extraction efficiency (26). In both
cases, this competitive partitioning must be accounted for in designing the
separation process, and when this is done correctly the separation process
will achieve the design goal (51).

Besides reducing the activities of organic compounds, the presence of
micelles has the potential to hinder their inter-phase mass transfer rates
from surfactant solutions to gas or solvent phase. Due to reduction in
surface tension, the presence of surfactant allows easy creation of interfacial
area, which is beneficial for the mass transfer process. However, the fact
that organic molecules are mostly solubilized within surfactant micelles
may also create an extra resistance to the interfacial mass transfer (72). It is
believed that only the extramicellar organic compound can volatilize, and
because most of the organic molecules reside in the micelles, an additional
mass transfer step (from inside the micelle to the water phase) is required
(21). Reduction in solute mass transfer coefficient as compared to that
for pure water in the presence of surfactants has been reported in solvent
extraction systems (61, 72—76). In pervaporation, the solute has to diffuse
through the nonporous membrane, which is much slower compared to the
mass transfer in hollow fiber membrane-based separation processes (77).
Reduction of VOC mass transfer from surfactant solutions during pervapora-
tion has been attributed to the increase in the liquid viscosity that increases the
liquid-side-boundary-layer mass transfer resistance (also known as concen-
tration polarization), and the reduction in the effective extramicellar concen-
tration due to the partitioning of the VOC into the surfactant micellar phase
(55, 56). Vibrating pervaporation has been developed to reduce the concen-
tration polarization during VOC removal from surfactant solutions (58, 60).
A recent theoretical analysis based on results of equilibrium measurements
in micellar systems and pervaporation experiments found that VOC mass
transfer is enhanced considerably by diffusing micelles, which transport the
solubilized VOC molecules in the direction of the membrane surface (78).

SEPARATION ACHIEVED BY SURFACTANT MICELLE
REMOVAL

Both air-stripping and solvent extraction remove the organic compound out
of surfactant micelles while leaving the micelles intact in aqueous solution.
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On the other hand, if the surfactant micelles are depleted from the solution, the
organic compound will become supersaturated and will phase separate from
the aqueous phase. The organic compound concentration in the aqueous
phase will be at its water solubility, coexisting with surfactant monomers
(at the CMC), once all the micelles are removed, and discharge of the decon-
taminated stream may be possible. Micelle removal leads to simultaneous
reduction in the surfactant concentration and phase separation of the
micellar-solubilized organic compound.

Surfactant Precipitation by Counterions and Cooling

Precipitation of surfactants in aqueous solution is a phenomenon of great
practical importance in many applications, such as detergency and
petroleum production (79, 80). The concept of precipitating the surfactant
from the solution, leaving organic solute dissolved in solution or as a
separate phase, is attractive because the solute does not need to be volatile
(35, 81, 82). Ionic surfactants can be precipitated by adding an ion having a
charge opposite to that of the surfactant (counterion) or by decreasing the
solution temperature below its Krafft temperature. The precipitation can be
viewed as a competition process for the monomeric surfactant molecules to
form micelles (79, 80). As the surfactant monomer precipitates, the
monomer concentration is replenished from the micelles, thereby reducing
and eventually depleting the micelles. Precipitated surfactant can be
separated from the solution phase and reused, and the micellar-solubilized
organic compound can also be separated from aqueous solution.

Studies have shown that counterion precipitation of ionic surfactants from
aqueous phase can be described by a solubility product relationship between
the surfactant monomers and the counterions after correcting their activities
properly (35, 83—-85). Counterions used for precipitating anionic surfactants
can be monovalent (e.g., Na™, K¥) (81, 82, 84), divalent (e.g., Ca’*")
(81, 86—88), trivalent (e.g., AP ) (81), or cationic surfactants (e. g., quaternary
ammonium polyelectrolyte) (79, 80, 85). The rate of precipitation is on the
order of several minutes to reach an equilibrium for pure anionic surfactant
precipitated by Ca”", but can be longer (e.g., precipitation of an anionic
surfactant by a cationic surfactant takes about 30 minutes) (79, 80, 88). Multi-
valent cations are more effective at precipitating anionic surfactant molecules,
but the precipitated surfactant requires further treatment to be reused (35).

The temperature at which the aqueous solubility of an ionic surfactant
equals the CMC is referred to as the Krafft temperature. Below the Krafft
temperature, micelles will not form and the surfactant solution will have no
solubilization potential. Precipitation of anionic surfactants by decreasing
temperature is similar to the case of precipitation caused by the counterions
(79, 80). Wu et al. reported a surfactant recovery scheme of precipitating sur-
factant by cooling the solution below the Krafft temperature (35). It was found
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that relatively little organic solute co-separated with the surfactant or adsorbed
on the surfactant crystal (35). Precipitation of ionic surfactants by lowering the
solution temperature below their Krafft temperatures is operationally con-
venient and the precipitated surfactants can be reused readily. On the other
hand, for this approach to be economically viable, the surfactants should
have Krafft temperatures near room temperature to minimize energy con-
sumption associated with the cooling process.

Surfactant Removal by Ion Exchange and Adsorption

Adsorption on ionic exchange resins is another method for removing surfac-
tant monomers and thus micelles from aqueous solutions. Organic ion
exchange resins are composed of high molecular weight polyelectrolytes
that can exchange their mobile ions for ions of similar charge from the sur-
rounding medium. Ion exchange resins have a fixed number of sites that set
the maximum quantity of exchange per unit of resin. Because of the
presence of ion exchange sites and porous polymeric matrix on these resins,
surfactant adsorption can be motivated by electrostatic attractions and/or
hydrophobic interactions (89-93). Head and tail group properties of the sur-
factant molecules, along with resin structure and particle size can affect their
uptake (94). Depending on the predominance of the electrostatic or hydro-
phobic interactions, the adsorption of surfactant molecules may increase or
decrease with increasing electrolyte concentration (93, 95). Kawabata and
Morigaki reported that the anionic surfactant sodium dodecylbenzenesulfo-
nate adsorbed on an anion-exchange resin could be completely removed by
organic solvents without adding electrolyte (96). A recent study showed
that anionic surfactants were almost irreversibly adsorbed by anion
exchange resins and recovery of the adsorbed surfactant was not practically
feasible (94). It was also observed that the micellar-solubilized organic
compounds were simultaneously removed with the surfactant uptake, which
eventually partitioned into the resin gel phase matrix (94).

Activated carbon, which has been widely used in removing organic con-
taminants from drinking water, can also be used for removal of organic
compound and surfactant from aqueous solutions (23, 50). While activated
carbon adsorption can be used as a polishing step after pretreatment with
other technologies (50), it is not practical to use activated carbon to treat
waste streams containing high concentrations (>500 mg/L) of surfactants
(23). Because of the poor selectivity for surfactant and organic compound
molecules, separation methods based on ion exchange and adsorption are
not good choices for surfactant recovery and reuse. Instead, they are well
suited for decontamination of the waste surfactant streams by simultaneously
removing the surfactants and organic compounds. It should also be noted that
surfactant removal by ion exchange and adsorption can be slower compared to
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other separation processes when the adsorption requires intraparticle diffusion
into the sorbent.

SEPARATION BY MANIPULATING SURFACTANT
SOLUTION PHASE BEHAVIOR

As discussed in the Introduction, the microemulsion formed by an organic
liquid with a surfactant solution transitions in the order of Winsor Type I—
III—II when HLB of the surfactant system increases. Also, HLB of a surfac-
tant system is impacted by electrolytes and organic additives. The phase
behavior of surfactant solutions can be taken advantage of to separate the
emulsified organic compounds.

Surfactant and Organic Compound Removal by Reverse Micellar
Extraction

As shown in Fig. 1, for highly hydrophobic organic compounds (i.e., having
high equivalent alkane carbon numbers, or EACNs), surfactant systems with
very low HLB values are required to efficiently solubilize them or to form
the optimum microemulsions (10). A recent study suggested that highly hydro-
phobic compounds such as hydrophobic oils can also be removed from the
source zones by surfactant solutions (97). These highly hydrophobic
compounds often have very low volatility, so air stripping and related technol-
ogies will not be effective at their removal from surfactant solutions. On the
other hand, solvent extraction of micellar-solubilized high EACN compounds
from low HLB surfactant solutions requires solvents with even higher EACN
values. However, the molecular weight and viscosity of such solvents make
extraction for high EACN compounds impractical (98).

To remove highly hydrophobic organic compounds from surfactant
solutions, a reverse micellar extraction method relying on the solution phase
behavior of low HLB surfactant systems has been proposed (98). Reverse
micellar extraction is based on the principle that a Winsor Type II (water-in
oil) microemulsion will form when a low HLB surfactant system is in contact
with much less hydrophobic (compared to the solubilized organic compound)
solvents (e.g., short-chain alcohols), as illustrated in Fig. 4. The normal
micelles break up, migrate into the solvent phase, and aggregate into reverse
micelles, which contain inner cores of water encapsulated by surfactant
molecules and shielded from the organic solvent (99-101). Unlike the
reverse-micellar extraction commonly used for recovery of proteins and other
bio-products that are highly water-soluble (100-102), the hydrophobic
organic compound originally solubilized within the surfactant micelles is
extracted directly into the solvent phase rather than into reverse micelle cores
(98). This process is promoted by both the depletion of normal micelles and
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Figure 4. Schematic illustration of reverse micellar extraction: distribution of surfac-
tant and organic compound molecules (a) before and (b) after addition of a short-chain
alcohol as the extraction solvent.

the higher affinity (compared to water) of the solvent for the organic compound.
The aqueous solution is essentially decontaminated after such extraction, and
separation of the low-volatility organic compound and surfactant from the
solvent phase may be accomplished by decreased pressure distillation (98).

Shifting of Microemulsion from Winsor Type III to Type I with
Electrolyte Exchange

Although organic contaminant removal from the subsurface is highly efficient
using the mobilization mechanism (25) and thus the pore volumes of flushing
is reduced, contaminant separation and surfactant reuse can still be utilized for
reducing the cost of surfactant and waste disposal. As shown in Fig. 1, tran-
sition of microemulsion systems from Winsor Type III to Type I can be
accomplished by increasing the surfactant system HLB through adjusting
the appropriate parameters. Similarly, by decreasing the surfactant solution
HLB, the middle phase microemulsion will reappear. Surfactant system
HLB can be adjusted by adding electrolytes and organic additives to
optimize microemulsion formation through lipophilic interactions
(3, 7, 12, 18, 103-105). These inorganic and organic additives can also
reduce the surfactant content for a given solution phase.



09: 32 25 January 2011

Downl oaded At:

468 H. Cheng and D. A. Sabatini

Because of the important role played by electrolytes and organic additives
in formulating microemulsions, it is possible to adjust the surfactant solution
phase behavior by manipulating the electrolytes and organic additives in the
surfactant systems. Polyvalent cations, AI>™ and Ca®", have much higher
surface charge densities than a monovalent cation like Nat, and are thus
much more effective at decreasing the surfactant system’s HLB. Calcium
salt has been successfully applied in surfactant formulations in both laboratory
(12) and field studies (106, 107) for NAPL remediation. Aluminum salt can
also be potentially used in surfactant system formulation for SEAR,
although there are some application concerns (108). Even though the equival-
ent surfactant counterion concentration remains the same after precipitating
the polyvalent cations as hydroxide or carbonate by adding a base or
carbonate salt of a monovalent cation (e.g., N a™), a shift in the microemulsion
phase behavior towards Winsor type I can occur. Laboratory experiments
showed that after exchanging the polyvalent cations (AI*" and Ca®*") with
equivalent amounts of a monovalent cation (Na™), middle phase microemul-
sions were broken with most of the organic compounds solubilized in the
middle phase separated as a free phase (11). The phase transition between
Winsor Type III and Type I systems were also reversible with re-dissolution
of the polyvalent cations by adding a mineral acid (HCIl), which allows
potential reuse of the surfactant solutions (11). On the other hand, attempts
to transform the organic additive oleic acid in middle phase microemulsion
systems by adding a base had no significant effect on the phase behavior,
probably because oleic acid molecules in Winsor Type III microemulsion
were not accessible by OH ', which resided in the aqueous phase (11).

CONCLUSIONS

Surfactant enhanced solubilization of organic compound is important in
numerous environmental and industrial applications. Separation of the emul-
sified organic compounds from surfactant streams and reuse of the surfactants
can improve process economics. Waste disposal also requires the removal of
both surfactants and the organic compounds from the contaminated surfactant
streams. Separation processes based on inter-phase mass transfer have been
developed and successfully implemented. While other separation methods
based on surfactant micelle removal and surfactant solution phase behavior
(Table 1) have also been developed in laboratory studies, further research is
required to demonstrate their field performance and to improve their oper-
ational feasibility. Despite the significant advances made in the last two
decades on separation from surfactant solutions, two major issues still need
further investigation:

1. Separation of nonvolatile, hydrophobic organic compounds from low
HLB surfactant systems is challenging. These nonvolatile compounds
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are not amenable to air stripping. Solvent extraction is limited by the
availability of hydrophobic solvents that will not be emulsified by the sur-
factant systems. It is also complicated by solubilization of extraction
solvent into micelles, which increases the affinity of the micellar phase
for organic compound and reduces extraction efficiency (26). Reverse
micellar extraction can remove both the surfactant and organic
compound from the micellar solution, but further separation of the nonvo-
latile organic compound from the surfactant is difficult.

2. Separation of semi-volatile and non-volatile organic compounds from
nonionic surfactant solutions is more difficult compared to ionic surfactant
systems. Nonionic surfactants become water soluble by the hydration of the
ether oxygen of the polyoxyethylene group. Instead of the Krafft tempera-
ture, nonionic surfactants have cloud temperatures above which they
separate into a coacervate phase. While this has led to the development of
the cloud point extraction process (36, 42), both the surfactants and
organic contaminants separate into the coacervate phase, thus not
allowing separation of the contaminants from the surfactants. Separation
of nonvolatile organic compounds from nonionic surfactant solutions may
be achieved by solvent extraction, but significant partitioning of the
nonionic surfactants into the extraction solvent may occur. The relatively
hydrophobic behavior of nonionic surfactants makes separation of hydro-
phobic solutes for their solutions much more difficult compared to the
case of ionic surfactants.

ACKNOWLEDGMENT

The authors thank the support from industrial sponsors of the Institute for
Applied Surfactant Research (IASR) at the University of Oklahoma.

REFERENCES

1. Sabatini, D.A., Knox, R.C., and Harwell, J.H. (1995) Emerging technologies in
surfactant-enhanced subsurface remediation. ACS Symp. Ser., 594: 1-7.

2. West, C.C. and Harwell, J.H. (1992) Surfactants and subsurface remediation.
Environ. Sci. Technol., 26 (12): 2324-2330.

3. Shiau, B., Sabatini, D.A., and Harwell, J.H. (1994) Solubilization and microemul-
sification of chlorinated solvents using direct food additive (edible) surfactants.
Ground Water, 32 (4): 561-569.

4. Rouse, J.D., Sabatini, D.A., Deeds, N.E., Brown, R.E., and Harwell, J.H. (1995)
Micellar solubilization of unsaturated hydrocarbon concentrations as
evaluated by semiequilibrium dialysis. Environ. Sci. Technol., 29 (10):
2484-2489.

5. Acosta, E. (2000) Use of lipophilic and hydrophilic linkers in trichloroethylene
microemulsions M.S. Thesis, University of Oklahoma.



09: 32 25 January 2011

Downl oaded At:

470

6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

H. Cheng and D. A. Sabatini

. Sabatini, D.A., Knox, R.C., Harwell, J.H., and Wu, B. (2000) Integrated design of
surfactant enhanced DNAPL remediation: efficient supersolubilization and
gradient systems. J. Contam. Hydrol., 45 (1-2): 99-121.

. Acosta, E., Tran, S., Uchiyama, H., Sabatini, D.A., and Harwell, J.H. (2002) For-
mulating chlorinated hydrocarbon microemulsions using linker molecules.
Environ. Sci. Technol., 36 (21): 4618—-4624.

. Childs, J.D., Acosta, E., Knox, R., Harwell, J.H., and Sabatini, D.A. (2004)
Improving the extraction of tetrachloroethylene from soil columns using surfac-
tant gradient systems. J. Contam. Hydrol., 71 (1-4): 27-45.

. Shinoda, K. and Friberg, S. (1986) Emulsions and Solubilization; John Wiley &

Sons: New York, 192.

Graff, J.L., Bock, J., and Robbins, M.L. (1988) Effects of solvent on microemul-

sion phase behavior. ACS Symp. Ser., 371: 163-189.

Cheng, H. and Sabatini, D.A. (2002) Phase-behavior-based surfactant-contaminant

separation of middle phase microemulsions. Sep. Sci. Technol., 37 (1): 127—-146.

Wu, B., Harwell, J.H., Sabatini, D.A., and Bailey, J.D. (2000) Alcohol-free

diphenyl oxide disulfonate middle-phase microemulsion systems. J. Surfactants

Deterg., 3 (4): 465-474.

Baran, J.R., Jr., Pope, G.A., Wade, W.H., and Weerasooriya, V. (1998) An

overview of surfactant enhanced aquifer remediation. Prog. Colloid Polym.

Sci., 109: 74-84.

Shiau, B., Hasagawa, M.A., Brammer, J.M., Carter, T., Goodspeed, M.,

Harwell, J.H., Sabatini, D.A., Knox, R.C., and Szekeres, E. (2003) Field demon-

stration of surfactant-enhanced DNAPL remediation: Two case studies. ACS

Symp. Ser., 837: 51-72.

National Research Council (2005) Contaminants in the Subsurface: Source Zone

Assessment and Remediation; National Academy Press: Washington, DC, 358.

Shook, G.M., Pope, G.A., and Kostarelos, K. (1998) Prediction and minimization

of vertical migration of DNAPLs using surfactant enhanced aquifer remediation

at neutral buoyancy. J. Contam. Hydrol., 34 (4): 363-382.

Pope, G.A. and Wade, W.H. (1995) Lessons from enhanced oil recovery research

for surfactant-enhanced aquifer remediation. ACS Symp. Ser., 594: 142—160.

Uchiyama, H., Acosta, E., Tran, S., Sabatini, D.A., and Harwell, J.H. (2000)

Supersolubilization in chlorinated hydrocarbon microemulsions: Solubilization

enhancement by lipophilic and hydrophilic linkers. Ind. Eng. Chem. Res.,

39 (8): 2704-2708.

Childs, J., Acosta, E., Annable, M.D., Brooks, M.C., Enfield, C.G., Harwell, ].H.,

Hasegawa, M., Knox, R.C., Rao, P.S.C., Sabatini, D.A., Shiau, B., Szekeres, E.,

and Wood, A.L. (2006) Field demonstration of surfactant-enhanced solubil-

ization of DNAPL at Dover Air Force Base, Delaware. J. Contam. Hydrol.,

82 (1-2): 1-22.

Krebs-Yuill, B., Harwell, J.H., Sabatini, D.A., and Knox, R.C. (1995) Economic

considerations in surfactant-enhanced pump- and-treat remediation. ACS Symp.

Ser., 594: 265-278.

Lipe, K.M., Sabatini, D.A., Hasegawa, M.A., and Harwell, J.H. (1996) Micellar-

enhanced ultrafiltration and air stripping for surfactant-contaminant separation

and surfactant reuse. Ground Water Monit. Rem., 16 (1): 85-92.

Hasegawa, M.A., Sabatini, D.A., and Harwell Jeffrey, H. (1997) Liquid-liquid

extraction for surfactant-contaminant separation and surfactant reuse.

J. Environ. Eng., 123 (7): 691-697.



09: 32 25 January 2011

Downl oaded At:

Organic Separation from Surfactant Solutions 471

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Simpkin, T.J., Sale, T., Kueper, B., Pitts, M., and Wyatt, K. (1999) Surfactants
and Cosolvents for NAPL Remediation; a Technology Practices Manual;
Lewis Publications: Boca Raton, FL, 412

Cheng, H. (2000) Contaminant and Anionic Surfactant Separation Using Solvent
Extraction and Anion Exchange; University of Oklahoma.

Harwell, J.H., Sabatini, D.A., Chang, C., O’Haver, J.H., and Simpkin, T.J. (2000)
Reuse of Surfactants and Cosolvents for NAPL Remediation. Lewis Publications:
Boca Raton, FL, 314.

Cheng, H., Sabatini, D.A., and Kibbey, T.C.G. (2001) Solvent extraction for sep-
arating micellar-solubilized contaminants and anionic surfactants. Environ. Sci.
Technol., 35 (14): 2995-3001.

Kibbey, T.C. G., Pennell, K.D., and Hayes, K.F. (2001) Application of sieve-tray
air strippers to the treatment of surfactant-containing wastewaters. AICHE J,
47 (6): 1461-1470.

Bunge, A.L., Yu, J., Gleason, K.J., and Wright, J.D. (1995) In Remediation of
Chromium(VI) Contaminated Soils: Enhanced Chromium(VI) Extraction from
Soil Wash Waters; Calabrese, E.J., Kostecki, P.T. and Bonzountas, M. (eds.),
Hydrocarbon Contaminated Soils; Amherst Scientific Publishers: Ambherst,
MA, 341-358.

Galav, V., Waite, T.D., Kurucz, C.N., and Cooper, W.J. (1997) High energy
radiation destruction of polycyclic aromatic hydrocarbons (PAH) in soil wash
water containing surfactants. Contam. Soils, 2: 295-304.

Childs, J.D., Acosta, E., Scamehorn, J.F., and Sabatini, D.A. (2005) Surfactant-
enhanced treatment of oil-based drill cuttings. J. Energy Resour. Technol.,
127 (2): 153-162.

Christian, S.D., Bhat, S.N., Tucker, E.E., Scamehorn, J.F., and El-Sayed, D.A.
(1988) Micellar-enhanced ultrafiltration of chromate anion from aqueous
streams. AICHE J., 34 (2): 189-194.

Sasaki, K.J., Burnett, S.L., Christian, S.D., Tucker, E.E., and Scamehorn, J.F.
(1989) Polyelectrolyte ultrafiltration of multivalent ions. Removal of
copper(2+) by sodium poly(styrenesulfonate). Langmuir, 5 (2): 363—-369.
Dunn, R.O., Jr., Scamehorn, J.F., and Christian, S.D. (1989) Simultaneous
removal of dissolved organics and divalent metal cations from water using
micellar-enhanced ultrafiltration. Colloids Surf., 35 (1): 49-56.

Krehbiel, D.K., Scamehorn, J.F., Ritter, R., Christian, S.D., and Tucker, E.E.
(1992) Ion-expulsion ultrafiltration to remove chromate from wastewater. Sep.
Sci. Technol., 27 (13): 1775-1787.

Wau, B., Christian, S.D., and Scamehorn, J.F. (1998) Recovery of surfactant from
micellar-enhanced ultrafiltration using a precipitation process. Prog. Colloid
Polym. Sci., 109: 60-73.

Sakulwongyai, S., Trakultamupatam, P., Scamehorn, J.F., Osuwan, S., and
Christian, S.D. (2000) Use of a surfactant coacervate phase to extract chlorinated
aliphatic compounds from water: Extraction of chlorinated ethanes and quanti-
tative comparison to solubilization in micelles. Langmuir, 16 (22): 8226—8230.
Kimchuwanit, W., Osuwan, S., Scamehorn, J.F., Harwell, J.H., and Haller, K.J.
(2000) Use of a micellar-rich coacervate phase to extract trichloroethylene
from water. Sep. Sci. Technol., 35 (13): 1991-2002.

Trakultamupatam, P., Scamehorn, J.F., and Osuwan, S. (2002) Removal of
volatile aromatic contaminants from wastewater by cloud point extraction. Sep.
Sci. Technol., 37 (6): 1291-1305.



09: 32 25 January 2011

Downl oaded At:

472

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

H. Cheng and D. A. Sabatini

Trakultamupatam, P., Scamehorn, J.F., and Osuwan, S. (2004) Scaling up cloud
point extraction of aromatic contaminants from wastewater in a continuous
rotating disk contactor. I. Effect of disk rotation speed and wastewater to surfac-
tant ratio. Sep. Sci. Technol., 39 (3): 479-499.

Trakultamupatam, P., Scamehorn, J.F., and Osuwan, S. (2004) Scaling up cloud
point extraction of aromatic contaminants from wastewater in a continuous
rotating disk contactor. II. Effect of operating temperature and added electrolyte.
Sep. Sci. Technol., 39 (3): 501-516.

Gullickson, N.D., Scamehorn, J.F., and Harwell, J.H. (1989) Liquid-coacervate
extraction. Surfactant Sci. Ser., 33: 139-152.

Kimchuwanit, W., Osuwan, S., Scamehorn, J.F., Harwell, J.H., and Haller, K.J.
(2000) Use of a micellar-rich coacervate phase to extract trichloroethylene
from water. Sep. Sci. Technol., 35 (13): 1991-2002.

Berg, J.C. (1988) The effect of surface-active agents in distillation processes. Sur-
factant Sci. Ser., 28: 29-76.

Clarke, A.N., Oma, K.H., Megehee, M.M., and Wilson, D.J. (1993) Soil clean-up
by surfactant washing. II. Design and evaluation of the components of the pilot-
scale surfactant recycle system. Sep. Sci. Technol., 28 (13—-14): 2103-2135.
Oma, K.H., Clarke, A.N., Megehee, M.M., and Wilson, D.J. (1993) Soil clean-up
by surfactant washing. III. Design and evaluation of the integrated pilot-scale sur-
factant recycle system. Sep. Sci. Technol., 28 (15—16): 2319-2349.

Chiang, P., Hung, C., Mar, J.C., and Chang, E.E. (1998) Henry’s constants and
mass transfer coefficients of halogenated organic pollutants in an air stripping
packed column. Water Sci. Technol., 38 (6): 287-294.

Choori, U.N., Scamehorn, J.F., O’Haver, J.H., and Harwell, J.H. (1998) Removal
of volatile organic compounds from surfactant solutions by flash vacuum
stripping in a packed column. Ground Water Monit. Rem., 18 (4): 157-165.
O’Haver, J.H., Walk, R., Kitiyanan, B., Harwell, J.H., and Sabatini, D.A. (2004)
Packed column and hollow fiber air stripping of a contaminant-surfactant stream.
J. Environ. Eng., 130 (1): 4-11.

Abriola, L.M., Drummond, C.D., Hahn, E.J., Hayes, K.F., Kibbey, T.C. G.,
Lemke, L.D., Pennell, K.D., Petrovskis, E.A., Ramsburg, C.A., and
Rathfelder, K.M. (2005) Pilot-scale demonstration of surfactant-enhanced PCE
solubilization at the Bachman road site. 1. Site characterization and test design.
Environ. Sci. Technol., 39 (6): 1778—1790.

Ramsburg, C.A., Pennell, K.D., Abriola, L.M., Daniels, G., Drummond, C.D.,
Gamache, M., Hsu, H., Petrovskis, E.A., Rathfelder, K.M., Ryder, J.L., and
Yavaraski, T.P. (2005) Pilot-scale demonstration of surfactant-enhanced PCE
solubilization at the Bachman road site. 2. System operation and evaluation.
Environ. Sci. Technol., 39 (6): 1791-1801.

Sabatini, D.A., Harwell, J.H., Hasegawa, M., and Knox, R. (1998) Membrane
processes and surfactant-enhanced subsurface remediation: results of a field
demonstration. J. Membr. Sci., 151 (1): 87-98.

Kungsanant, S., Kitiyanan, B., Osuwan, S., and Scamehorn, J.F. (2004) Removal of
toluene from nonionic surfactant coacervate phase from a cloud point extraction by
vacuum stripping. Abstract of Papers, 227™ ACS National Meeting, Anaheim, CA.
Kungsanant, S., Kitiyanan, B., Rirksomboon, T., Osuwan, S., and Scamehorn, J.F.
(2006) Volatile aromatics removal from nonionic coacervate phase solution by
vacuum stripping. Abstract of Papers, 231" ACS National Meeting, Atlanta, GA.
Fleming, H.L. (1992) Consider membrane pervaporation. Chem. Eng. Prog.,
88 (7): 46-52.



09: 32 25 January 2011

Downl oaded At:

Organic Separation from Surfactant Solutions 473

55

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

. Jiang, J., Vane, L.M., and Sikdar, S.K. (1997) Recovery of VOCs from surfactant
solutions by pervaporation. J. Membr. Sci., 136 (1-2): 233-247.

Hitchens, L., Vane, L.M., and Alvarez, F.R. (2001) VOC removal from water and
surfactant solutions by pervaporation: a pilot study. Sep. Purif. Technol.,24 (1-2):
67-84.

Abou-Nemeh, 1., Das, A., Saraf, A., and Sirkar, K.K. (1999) A composite hollow
fiber membrane-based pervaporation process for separation of VOCs from
aqueous surfactant solutions. J. Membr. Sci., 158 (1-2): 187-2009.

Vane, L.M., Alvarez, F.R., and Giroux, E.L. (1999) Reduction of concentration
polarization in pervaporation using vibrating membrane module. J. Membr.
Sci., 153 (2): 233-241.

Vane, L.M., Hitchens, L., Alvarez, F.R., and Giroux, E.L. (2001) Field demon-
stration of pervaporation for the separation of volatile organic compounds from
a surfactant-based soil remediation fluid. J. Hazard. Mater., 81 (1-2): 141-166.
Vane, L.M. and Alvarez, F.R. (2002) Full-scale vibrating pervaporation
membrane unit: VOC removal from water and surfactant solutions. J. Membr.
Sci., 202 (1-2): 177-193.

Underwood, J.L., Debelak, K.A., and Wilson, D.J. (1995) Soil cleanup by in-situ
surfactant flushing. VII. Determination of mass transfer coefficients for recla-
mation of surfactant for recycle. Sep. Sci. Technol., 30 (1): 73-87.

Kitiyanan, B., O’Haver, J.H., Harwell, J.H., and Sabatini, D.A. (2000) The use of
liquid-liquid extraction in hollow fiber membrane for the removal of organic con-
taminants from aqueous surfactant streams. ACS Symp. Ser., 740: 76—89.
Tucker, E.E. and Christian, S.D. (1982) Precise vapor-pressure measurements of
the solubilization of benzene by aqueous sodium octylsulfate solutions. Faraday
Symp. Chem. S., 17: 11-24.

Tucker, E.E. and Christian, S.D. (1984) Vapor pressure studies of benzene-cyclo-
dextrin inclusion complexes in aqueous solution. J. Am. Chem. Soc., 106 (7):
1942-1945.

Tucker, E.E. and Christian, S.D. (1985) Solubilization of benzene by aqueous
sodium octylsulfate: effect of added sodium chloride. J. Colloid Interface Sci.,
104 (2): 562-568.

Anderson, M.A. (1992) Influence of surfactants on vapor-liquid partitioning.
Environ. Sci. Technol., 26 (11): 2186-2191.

Shimotori, T. and Arnold, W.A. (2003) Measurement and estimation of Henry’s
law constants of chlorinated ethylenes in aqueous surfactant solutions. J. Chem.
Eng. Data, 48 (2): 253-261.

Zhang, C., Zheng, G., and Nichols, C.M. (2006) Micellar partitioning and its
effects on Henry’s law constants of chlorinated solvents in anionic and
nonionic surfactant solutions. Environ. Sci. Technol., 40 (1): 208-214.
Paterson, L.F., Chowdhry, B.Z., and Leharne, S.A. (1999) Investigations of
naphthalene solubilization in aqueous solutions of ethylene oxide-b-propylene
oxide-b-ethylene oxide copolymers. Langmuir, 15 (19): 6187-6194.

Liu, G.G., Roy, D., and Rosen, M.J. (2000) A simple method to estimate the sur-
factant micelle-water distribution coefficients of aromatic hydrocarbons.
Langmuir, 16 (8): 3595-3605.

Edwards, D.A., Luthy, R.G., and Liu, Z. (1991) Solubilization of polycyclic
aromatic hydrocarbons in micellar nonionic surfactant solutions. Environ. Sci.
Technol., 25 (1): 127-133.

Chen, L. and Lee, Y. (1999) The effects of a surfactant on the mass transfer in
spray-tower extraction column. Chem. Eng. J. (Lausanne), 73 (1): 77-81.



09: 32 25 January 2011

Downl oaded At:

474

73

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

H. Cheng and D. A. Sabatini

. Brodin, A. (1975) Rates of transfer of organic protolytic solutes between an
aqueous and an organic phase. IV. Mass transfer in the presence of surfactants.
Acta Pharm. Suec., 12 (1): 41-64.

Liang, T.B. and Slater, M.J. (1990) Liquid-liquid extraction drop formation: mass
transfer and the influence of surfactant. Chem. Eng. Sci., 45 (1): 97-105.
Sinha, R. (1995) Effects of surfactants on mass transfer in perforated plate extrac-
tion tower. CEW Chem. Eng. World, 30 (4): 69-72.

Williams, C.L., Bhakta, A.R., and Neogi, P. (1999) Mass transfer of a solubilizate in
a micellar solution and across an interface. J. Phys. Chem. B, 103 (16): 3242—-3249.
Zander, A.K., Qin, R., and Semmens, M.J. (1989) Membrane/oil stripping of
VOCs from water in hollow-fiber contactor. J. Envir. Eng., 115 (4): 768-784.
Gittel, T., Hartwig, T., and Schaber, K. (2005) Separation of organic compounds
from surfactant solutions by pervaporation. The influence of a micellar phase on
mass transfer. Z. Phys. Chem. (Muenchen, Ger.), 219 (9): 1243—-1259.
Scamehorn, J.F. and Harwell, J.H. (1992) Precipitation of surfactant mixtures.
Surfactant Sci. Ser., 46: 283-315.

Scamehorn, J.F. and Harwell, J.H. (2005) Precipitation of surfactant mixtures.
Surfactant Sci. Ser., 124: 601-655.

Brant, L.L., Stellner, K.L., and Scamehorn, J.F. (1989) Recovery of surfactant
from surfactant-based separations using a precipitation process. Surfactant Sci.
Ser., 33: 323-338.

Yin, Y., Scamehorn, J.F., and Christian, S.D. (1995) Recovery of a dialkyl
diphenyl ether disulfonate surfactant from surfactant flush solutions by preci-
pitation. ACS Symp. Ser., 594: 231-248.

Chou, S.I. and Bae, J.H. (1983) Surfactant precipitation and redissolution in
brine. J. Colloid Interface Sci., 96 (1): 192-203.

Stellner, K.L. and Scamehorn, J.F. (1986) Surfactant precipitation in aqueous
solutions containing mixtures of anionic and nonionic surfactants. J. Am. Oil
Chem. Soc., 63 (4): 566-574.

Stellner, K.L., Amante, J.C., Scamehorn, J.F., and Harwell, J.H. (1988) Precipi-
tation phenomena in mixtures of anionic and cationic surfactants in aqueous
solutions. J. Colloid Interface Sci., 123 (1): 186—200.

Stellner, K.L.. and Scamehorn, J.F. (1989) Hardness tolerance of anionic surfac-
tant solutions. 1. Anionic surfactant with added monovalent electrolyte.
Langmuir, 5 (1): 70-717.

Stellner, K.L. and Scamehorn, J.F. (1989) Hardness tolerance of anionic surfac-
tant solutions. 2. Effect of added nonionic surfactant. Langmuir, 5 (1): 77-84.
Rodriguez, C.H., Lowery, L.H., Scamehorn, J.F., and Harwell, J.H. (2001)
Kinetics of precipitation of surfactants. I. Anionic surfactants with calcium and
with cationic surfactants. J. Surfactants Deterg., 4 (1): 1-14.

Fudano, S. and Konishi, K. (1973) Separation and analysis of mixtures of cationic
surface-active agents by salting-out chromatography. J. Chromatogr., 87 (1):
117-124.

Fudano, S. and Konishi, K. (1973) Separation and determination of mixtures of
anionic surface-active agents by salting-out chromatography. J. Chromatogr.,
77 (2): 351-355.

Fudano, S. and Konishi, K. (1974) Separation mechanism of ionic surfactants in
salting-out chromatography. Functions of alcohol and sodium chloride in the
eluent. J. Chromatogr., 93 (2): 467-470.

Okada, T. (1990) Chromatographic oligomer separation of poly(oxyethylenes) on
potassium ion-form cation-exchange resin. Anal. Chem., 62 (4): 327-331.



09: 32 25 January 2011

Downl oaded At:

Organic Separation from Surfactant Solutions 475

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Uemura, Y., Moritake, 1., Kurihara, S., and Nonaka, T. (1999) Preparation of
resins having various phosphonium groups and their adsorption and elution
behavior for anionic surfactants. J. Appl. Polym. Sci., 72 (3): 371-378.

Cheng, H. and Sabatini, D.A. (2002) Simultaneous uptake of anionic surfactants
and micellar-solubilized contaminants using anion-exchange resins. Water Res.,
36 (8): 2062-2076.

Ihara, Y. (1987) Adsorption of sodium alkylsulfonates on ion exchange resins
derived from 4-vinylpyridine. J. Appl. Polym. Sci., 33 (8): 3087-3090.
Kawabata, N. and Morigaki, T. (1980) Removal and recovery of organic pollu-
tants from the aquatic environment. 2. Removal and recovery of dodecylbenzene-
sulfonate from aqueous solution by crosslinked poly (N-benzyl-4-
vinylpyridinium halide). Environ. Sci. Technol., 14 (9): 1089-1093.

Wu, B., Cheng, H., Childs, J.D., and Sabatini, D.A. (2001) In Surfactant-
Enhanced Removal of Hydrophobic Oils from Source Zones; Smith, J.A. and
Burns, S.E. (eds.), Physicochemical Groundwater Remediation, Kluwer
Academic Publishers: New York, 245-269.

Cheng, H. and Sabatini, D.A. (2001) Reverse-micellar extraction for micellar-
solubilized contaminant and surfactant removal. Sep. Purif. Technol., 24 (3):
437-449.

Bruno, P., Caselli, M., Luisi, P.L., Maestro, M., and Traini, A. (1990) A simpli-
fied thermodynamic model for protein uptake by reverse micelles: theoretical and
experimental results. J. Phys. Chem., 94 (15): 5908—-5917.

Kinugasa, T., Tanahashi, S., and Takeuchi, H. (1991) Extraction of lysozyme
using reversed micellar solution: distribution equilibrium and extraction rates.
Ind. Eng. Chem. Res., 30 (11): 2470-2476.

Rabie, H.R. and Vera, J.H. (1995) A chemical theory for ion distribution equili-
bria in reverse micellar systems. New experimental data for Aerosol-OT-
isooctane-water-salt systems. Langmuir, 11 (4): 1162—-1169.

Tong, J. and Furusaki, S. (1995) Mean drop size and size distribution in roasting
disk contactor used for reversed micellar extraction of proteins. J. Chem. Eng.
Japan, 28 (5): 582-589.

Wu, B., Shiau, B., Sabatini, D.A., Harwell, J.H., and Vu, D.Q. (2000) Formulat-
ing microemulsion systems for a weathered jet fuel waste using surfactant/con-
surfactant mixtures. Sep. Sci. Technol., 35 (12): 1917-1937.

Acosta, E., Nguyen, T., Witthayapanyanon, A., Harwell, J.H., and Sabatini, D.A.
(2005) Linker-based bio-compatible microemulsions. Environ. Sci. Technol.,
39 (5): 1275-1282.

Sabatini, D.A., Acosta, E., and Harwell, J.H. (2003) Linker molecules in surfac-
tant mixtures. Curr. Opin. Colloid Interface Sci., 8 (4,5): 316—326.

Knox, R.C., Shau, B.J., Sabatini, D.A., and Harwell, J.H. (1999) Field demon-
stration studies of surfactant-enhanced solubilization and mobilization at Hill
Air Force Base. ACS Symp. Ser., 725: 49-63.

Hasegawa, M.A., Shiau, B., Sabatini, D.A., Knox, R.C., Harwell, J.H., Lago, R.,
and Yeh, L. (2000) Surfactant-Enhanced Subsurface Remediation of DNAPLs at
the Former Naval Air Station Alameda, California; Wickramanayake, G.B.,
Gavaskar, A.R. and Gupta, N. (eds.), Treating Dense Nonaqueous-Phase
Liquids (DNAPLs): Remediation of Chlorinated and Recalcitrant Compounds,
Battelle Press: Columbus, OH, 219-226.

Abe, M., Yamazaki, T., Ogino, K., and Kim, M.J. (1992) Phase behavior and phys-
icochemical properties of sodium octyl sulfate/n-decane/1-hexanol/aqueous
aluminum chloride middle-phase microemulsion. Langmuir, 8 (3): 833-837.



