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Summary: Solubility enhancements of trichloroethene (TCE), perchloroethene (PCE) and
their mixture (TCE-PCE) by mixed nonionic and anionic surfactant, Triton X-100 (TX100)
and sodium dodecylbenzene sulfonate (SDBS) in DNAPL/ water systems were presented.
Their solubilization extent of TCE by mixed TX100-SDBS at the total mass ratios of 3: 1, 1: 1
and 1: 3 was much larger than by single TX100 and even larger than by single SDBS at ratios
of 1: 1 and 1: 3. The solubilization extent of PCE by mixed TX100-SDBS was between those
by single TX100 and single SDBS. In the mixed TCE-PCE system, the solubilization extent of
TCE or PCE by mixed TX100-SDBS at the ratios of 1: 1 and 1: 3 was larger than by single
SDBS while less than by single TX100 at a greater surfactant concentration. TX100
partitioning into the organic phase dictated the solubilization extent. SDBS reduced greatly the
partition loss of TX100 into organic phase. The extent of partition decreased with increasing
the amount of SDBS. The mutual affinity of SDBS and TX100 in the mixed micellc controlled

the partitioning of TX100 into DNAPL phase.

Introduction

Dense nonaqueous phase liquids (DNAPLs)
are more prevalent contaminants found in the
subsurface and may migrate below the water table
being denser than the surrounding groundwater.
Further downward migration of the contaminant can
occur due to an increase in the hydraulic potential,
lateral spreading of a pool to a vertical fracture, or a
reduction in interfacial tension (IFT) due to change in
subsurface chemistry, which pose the most
significant problem due to their location in the
aquifer.

Surfactant injection is a promising technology
for enhancing DNAPL remediation, through micelle
solubilization and / or mobilization [1-2]. The
mobilization mechanism involves the immiscible
(two phase) displacement of DNAPL as free product.
However, the risk of downward migration of DNAPL
as free product into uncontaminated regions of
aquifers has been the primary limitation for the
implementation  of  immiscible  displacement
technologies. Solubilization usually involves the use
of micellar surfactant solutions to increase the
apparent aqueous solubility of contaminant in a
single-phase miscible displacement flood. This
approach has been shown to be effective in numerous
studies [3-9] and may significantly reduce
remediation times compared to pump-and-treat.
Solubilization technologies pose less risk of
uncontrolled DNAPL migration and are less complex
to design.

Ethoxylated nonionic surfactants have high
solubilization capacity [10, 11]. However, one
concern with these surfactants is their partitioning
between aqueous and organic phase during
remediation applications [12-14]. The partitioning of
nonionic surfactant can, especially in the case of
polar DNAPLs, leads to substantial loss of a
surfactant, leaving little surfactant remaining in the
aqueous solution for solubilization [12, 13], which
would greatly reduce the surfactant” flushing
efficiency and surfactant recovery in post-
groundwater extraction recycling operations.

In general, anionic surfactant does not
partition into the organic phase [15]. However, their
solubilization capability for DNAPLs is significantly
less than for nonionic one’s [10, 11]. Anionic and
nonionic surfactant solutions usually form mixed
micelle that frequently exhibit characteristic proper-
ties that are remarkable different from those of
individual components [15-17], which would result in
less partitioning of nonionic surfactant and more
aqueous solubility enhancement of DNAPLs.

In this paper, our objectives are: (i) to test and
compare the apparent solubilization extents of single
and mixed surfactants in TCE, PCE and TCE-PCE/
water systems; (i) to compare the losses of the
nonionic  surfactants used individually and in
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combination with the anionic surfactant; (iii) to
investigate mechanisms for reduction of the
nonionic-surfactant partition loss of DNAPLs. The
-results may have implications for aquifer remediatior
contaminated by DNAPLs.

Results and Discussion

Solubilization tests

The aqueous-phase solubilities of TCE and
PCE as a function of total surfactant concentrations
(TSC) are shown in Fig. 1. The mass ratios of TX100
to SDBS were 3: 1, 1: 1 and 1: 3. At low TSC (<
1000 mg/ L), no significant solubility enhancements
for TCE and PCE by both single and mixed
surfactants were observed. For TCE/ water systems
(Fig. ta), single TX100 showed no TCE solubity
enhancemnet even at 10000 mg/ L, while single
SDBS enhanced the TCE solubility linearly with the
SDBS concen-tration above 1000 mg/ L (the CMC of
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SDBS is 963.2 mg/L). The aqueous solubilities of
TCE with 3:1 TX100-SDBS were intermediate
between those with single TX100 and SDBS.The
solubilization extents of TCE by 1: ! and I: 3
TX100-SDBS were greater than that by single SDBS,
as clearly indicated by the slopes of solubilization
curve above 1000 mg/ L concentration. 1: 3 TX100-
SDBS exhibited the largest effect for TCE. As for
PCE/ water systems (Fig. 1b), the most significant
solubility enhancement was observed when the
amount of single TX100 reached above 4000 mg/ L.
The apparent solubilities of PCE by 3: 1, 1: 1 and 1: 3
TX100-SDBS were higher than those by single
SDBS above 1000 mg/L of TSC. As for TCE-
PCE/water systems (Fig.lc-d), no TCE and PCE
solubility enhancement occurred when the amount of
single TXI100 was less than 4000 mg/ L. The
situation by 3: 1 TX100-SDBS were essentially the
same as by single SDBS while the situation by 1: |
and 1: 3 TX100-SDBS were superior to by single
SDBS.
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The results above illustrate that mixed TX100-
SDBS with the ratios tested enhance much more
significantly the aqueous phase solubility of TCE
than does single TX100. Furthermore, mixed TX100-
SDBS resulted in larger apparent solubility for TCE
and PCE at the ratios of 1:1 and 1: 3, compared with
single SDBS. At high TSC, the most significant
- solubility enhancement of PCE occurred by single
TX100. Mixing polar TCE with PCE affected
solubilization extents. Several factors may influence
the efficiency of contaminated-soil flushing with
surfactant [1, 2]. The greater the apparent
solubilization for a given systems, the fewer pore
volumes of surfactant solution are needed, which
reduces capital expenditure and the operation cost.

Many nonionic surfactants have a high intrin-
sic solubilization capacity for nonaqueous phase
liquids compared with anionic one [10, 11]. How-
ever, in DNAPL/ water system, the solubilization of
DNAPL in the aqueous phase depends on the effect-
tive concentration of surfactants in the aqueous
phase. As shown above, no significant solubilization
of TCE by single TX100 occurred, suggesting that
the concentration of TX100 in the aqueous phase was
significantly reduced. Partitioning of ethoxylated
nonionic surfactants into the excess organic phase
and the resulting effects on the solubilization of
DNAPLs in surfactant solutions have been reported
[12-14]. The partitioning extent depends on the
properties of surfactants and DNAPLs. Great losses
of aqueous TX100 were found in TCE/ water systems
(see section followed), rendering TX 100 less efficient
for solubilization. In contrast, there appeared to be no
significant loss of SDBS because solubilization
began near its nominal CMC. For TX100-SDBS
tested, TX100 partitioning into organic phase had a
large effect on the apparent solubilization capacity.
Therefore, the extent of TX100 partitioning in mixed-
surfactant systems must be different from that for
single TX100.

Partitioning losses of TX100

Fig. 2 shows the partition losses of TX100
into TCE, PCE and TCE-PCE phase in solubilization
tests.

When single TX100 was used, the losses were
larger than 99 %, 15 % and 75 %, respectively. The
CMC in the aqueous solution was not attained in
TCE/ water system while attained in PCE/ water and
TCE-PCE/ water systems by single TX100 at 2000
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and 4000 mg/ L of the total surfactant concentrations.
Solubilization of TCE and PCE by single SDBS
began soon after the initial concentration surpassed
1000 mg/ L in Fig. 1, due to its megligible
partitioning losses (no data shown in Fig. 2). The
extent of loss of TX100 decreased significantly with
increasing amount of SDBS in mixed surfactants. At
lower surfactant concentrations (< 1000 mg/ L), the
amounts of SDBS were low and the loss fractions of
TX100 were great.

Mechanism of loss reduction by SDBS

Extensive research has been performed on the
partitioning of nonionic ethoxylated alkylphenol
surfactants into saturated hydrocarbon phase.
Harusawa et al., [18] reported that partitioning is a
process for surfactant monomers and micelle
formation limits surfactant partitioning. It may be
postulated that the reduction in TX100 partition in
mixed surfactant systems was attributed to formation
of mixed micelles in the aqueous solution. Surface
tension measurement and nonideal solution theory
[19-21] were applied to investigate the micelle
formation of TX100 and SDBS.

Nonionic and anionic surfactants generally
form mixed micelle in solution. The CMC of the
binary surfactant on the basis of ideality, single
nonionic surfactant and single anionic surfactant is
expressed by C',, C, and C,, respectively. The
molecular interaction parameters (f) between
nonionic and anionic surfactants in mixed micelles
the actual CMC of mixed surfactant, Cj,, can be
evaluated [19-21]. At fixed mass ratios 1: 9, 2: 8, 3:
7,4:6,5:5 6:4,7:3 and 8: 2 of TX100 to SDBS,
the CMCs for single TX100 solution, C,, single
SDBS solution, C,, and their mixture solutions, Ci,,
were determined from surface tension-log surfactant
concentration curves and the values of f were
calculated, as listed in Table-1. It can be seen from
the differences between C' 1, and C,, that the binary
TX100-SDBS systems deviated significantly from
ideality. This implied the TX100-SDBS systems form
mixed micelles. The negative values of f, with an
average value -3.35, indicated an attractive
interaction between TX100 and SDBS in their mixed
micelles. The fundamental hypothesis directing this
research was that the competition of TXI00
momomers between the mixed micellar pseudo-phase
and the organic phase controlied the partitioning of
TX100 in DNAPL/ water systems.
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Table-1: The theoretical and experimental CMCs for
mixed TX100-SDBS at different mass ratio and the
interaction parameters (5)

Mass ratio of C' (mmol/L)

Ciz (mmol/L) B

TX100:SDBS
0: 10 2.76
1:9 1.79 0.618 -433
2.8 1.29 0.522 -3.67
3.7 0.988 0.491 -3.03
4: 6 0.784 0.404 -3.14
55 0.638 0.373 -2.89
6.4 0.527 0.329 -293
7:3 0.441 0.276 -3.35
8:2 0372 0.253 -3.45
10: 0 0.268

For TX100-SDBS systems as presented,

significant different properties were observed for the
surfactant pairs. SDBS is more hydrophilic with little
tendency to partition into TCE, PCE and TCE-PCE,
while TX100 is more hydrophobic and partitions
strongly to TCE/ water and TCE-PCE/ water
systems. Prior to the formation of mixed micelles,
TX100 in mixed TX100-SDBS systems partitioned
linearly into DNAPL, as illustrated by TCE-PCE/
water system in Fig. 3, due presumably to the weak
interaction between the monomers of TX100 and
SDBS. When the total amount of TX100-SDBS
increased, the selective partitioning of TX100
proceeded with a progressively lower rate when the
SDBS level in the aqueous phase increased. Since
SDBS showed a negligible partitioning, the levels of
mixed TX100-SDBS reached CMCs before the level
of single TX100 could reach the CMC as the total
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Fig. 3: The relation between the equilibrium concen-
trations of TX100 in organic phase and the
total surfactant concentration in TCE-PCE/
water system.
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surfactant level increased. The incipient mixed
micelles should compose mainly of SDBS molecules.
However, as the mixed micelles were formed,
competition of TX100 monomers between the mixed
micellar pseudo-phase and organic phase occurred,
reducing the TX100 partition into TCE-PCE and thus
producing a break in the partition curves. Since the
CMC of single TX100 in aqueous phase was reached
at a much later stage because of its high partition
loss, the concentration of TX100 in TCE-PCE did not
level off until the total concentration was up to 4000
mg/ L. The more is the amount of SDBS in mixed
surfactants, the less is the total amount needed to
reach the partitioning plateau. The reduction in
TX100 partition loss to DNAPLs by the addition of
SDBS can thus be atiributed to the poor SDBS
partition into DNAPL and to the formation of
TX100-SDBS mixed micelles.

Experimental
Chemicals

TX100 was obtained from Sigma Chemical
Company and SDBS (purity > 98 %) was purchased
from Tokvo Kasei Kogyo Co., LTD, respectively,
used as received. TCE and PCE, with analytical
grade, were obtained from Shanghai Chemical
Company, China. The characteristics of the selected
chemicals are given in Table-2.

Solubilization tests

The surfactant solutions were prepared as
single or in mixtures with the concentrations, 200,
400, 600, 800, 1000, 2000, 4000, 6000, 8000 and
10000 mg/ L in water. A series of 20 mL of single or
mixed surfactant solutions were placed into 25-mL
Corex centrifuge tubes with Teflon cap liners. 500 yL
of pure TCE, PCE, or TCE-PCE mixture (1: 1 v; v)
was added into each tube. Duplicate samples were
prepared for each surfactant concentratjon solution.
These samples were equilibrated on a reciprocating
shaker for 72 h at 25 + 1 °C and then were
subsequently centrifuged on a Model Biofuge Prima
R centrifuger (Hanau, Germany) for 1 h at the speed
of 5000 rpm. An appropriate aliquot of the

Table-2: Characteristics of the selected chemicals
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supernatant was then carefully withdrawn and diluted
to 10 mL in flasks with 8.0 mL of methanol, with the
rest by water. The diluted samples were analyzed for
TX100, SDBS, TCE and PCE using Hitachi HPLC
(Hitachi, Japan), which was equipped with two
pumps, an autosampler, and an ultraviolet
spectrophoto detector. 100 uL of the sample solution
was injected into a reverse-phase C18 column
{Waters Spherisorb S50DS2, 4.6 x 250 mm). The
elution was carried out by pumping methanol and
water (80: 20 v/ v) isocratically at a flow rate of 1.0
mL/ min. The temperature of column was kept at 40
°C. The absorbency was measured at a wavelength of
224, 224, 200 and 200 nm for SDBS, TX100, TCE
and PCE and the retention time was 2.72, 11.85, 5.75,
and 7.63 min, respectively. The quantitation limits of
the method, defined as the concentrations that gave a
signal-to-noise ratio of 10:1, were 0.2, 0.06, 0.015,
and 0023 mg/ L for SDBS, TX100, TCE and
PCE.TX100, SDBS TCE and PCE were quantified
from the calibration. The amounts of surfactant in
organic phase were evaluated by the difference
between the initial and equilibrium concentration of
surfactant in aqueous phase.

Measurement of surfuce tension and CMC

Surface tensions of surfactant solutions were
determined with a Model 20 tensionmeter (Fisher
Science Instrument Co., USA). This instrument
operates on the DuNouy principle, in which a
platinum ring is suspended from a torsion balance,
and the force (in mN/ m) necessary to pull the ring
free from the surface film is measured. The critical
micelle concentration (CMC) was determined by
measuring the surface tension versus surfactant
concentration; the plotted surface tension value was
taken when stable reading was obtained for a given
surfactant concentration, as indicated by at least three
consecutive measurements having nearly the same
value.
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