Environ. Sci. Technol. 2000, 34, 672—679

Sorption of Nonionic Surfactant
Oligomers to Sediment and PCE
DNAPL: Effects on PCE Distribution
between Water and Sediment

W. WYNN JOHN," GAOBIN BAO,"
WILLIAM P. JOHNSON,* " AND
THOMAS B. STAUFFER*

Department of Geology and Geophysics, University of Utah,
Salt Lake City, Utah 84112, and AFRL/MLQR 139 Barnes
Drive, Suite 2 Tyndall Air Force Base, Florida 32403-5323

Introduction of surfactant mixtures to the subsurface for
the purpose of surfactant-enhanced aquifer remediation
requires consideration of the effects of surfactant sorption
to sediment and nonaqueous phase liquids. These

effects include alteration of the solubilizing properties of
the surfactant mixture and alteration of the sorption properties
of the stationary phase. Sorption of octylphenol ethoxylate
(EO) surfactant oligomers to a low organic carbon
content (f,c) aquifer sediment and to dense nonaqueous
phase liquid (DNAPL) consisting of tetrachloroethene (PCE)
was examined in batch experiments. At aqueous surfactant
concentrations far below the critical micelle concentration
(CMC) of the mixture, sorption to sediment was characterized
by an initial steep isotherm for both high and low EO
content oligomers, with somewhat greater uptake of high
EO content oligomers. This stage of sorption resulted in
mild increases in the equilibrium constant, Kypce, for
distribution of PCE between solution (including surfactant)
and sediment (including sorbed surfactant). As the
aqueous surfactant concentration increased, surface
aggregation of low EO content oligomers on the sediment
commenced, and a dramatic increase in Kjpce was
observed. At aqueous surfactant concentrations increasing
above the CMC, the formation of solution micelles

caused the sorbed surfactant concentrations to plateau
and then decrease. This decrease in sorbed surfactant,
along with competition by micelles for contaminant, likely
contributed to the observed rapid decrease in Kjpce
toward zero. Surfactant sorption to PCE DNAPL was greater
relative to sediment by 1—2 orders of magnitude, with
much greater uptake of the low EO content oligomers.
Sorption of all but the lowest EO content oligomers to the
PCE DNAPL was terminated by micellization.

Introduction

The relatively slow dissolution of nonaqueous phase liquid
(NAPL) contaminants into groundwater has prompted
investigation of nonionic and other surfactants as potential
solubilizing agents for enhanced dissolution and removal of
NAPL from the subsurface. A major concern in the choice of
asolubilizing agent, in addition to its solubilization capacity
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for the contaminant, is its tendency to sorb to aquifer
sediment.

Characterization of the sorption behavior of nonionic
surfactants is complicated by the fact that nonionic surfac-
tants are Poisson-distributed mixtures of oligomers of varying
chain lengths, such that certain oligomers may undergo
stronger sorption to aquifer materials, and these oligomers
may or may not be important in solubilization. Above a critical
aqueous surfactant concentration, called the critical micelle
concentration (CMC), surfactant monomers aggregate in
solution to form entities comprised of a hydrophobic core
and a hydrophilic shell. These micelles are responsible for
the ability of surfactants to solubilize hydrophobic solutes,
and they are conceptualized as a phase that is separate from,
but in thermodynamic equilibrium with, surfactant mono-
mers in solution (1). In the presence of sediment, or other
solid sorbents, sorption of surfactant as monomers may occur
atlow aqueous surfactant concentrations, whereas at higher
surfactant concentrations, surfactants may form aggregates
atthe solid surface, and these surface aggregates have physical
properties similar to solution micelles (2). These sorbed
monomers and surfactant aggregates are considered to exist
in thermodynamic equilibrium with solution monomers,
such that solution micelles and surface aggregates compete
for surfactant monomers added to the system (3).

Studies of surfactant sorption to sediment have shown
that at nonionic surfactant concentrations well below the
CMC of the mixture, the relatively polar oligomers dominate
the sorbed population, whereas sorption of relatively non-
polar oligomers dominates at surfactant concentrations at
or above the CMC (4—11). These results also indicate that
preferential uptake of less polar or more polar oligomers
may depend on the nature (e.g. foc) of the sediment as well
as the oligomer distribution within the surfactant mixture.

Studies examining solubilization of nonaqueous phase
liquids (NAPL) by nonionic surfactant mixtures have shown
that uptake of nonionic surfactant by NAPL may be dramatic
and that lack of accounting for this uptake may result in
incorrect values for the solubilization constant (12, 13). At
the field scale, loss of nonionic surfactant to residual NAPL
may be highly detrimental to cleanup efforts in terms of both
cost and efficiency of remediation.

It has also been recently shown that surfactant sorption
to sediment not only decreases the aqueous surfactant
concentration, thereby reducing surfactant solubilizing
capacity, but also increases the proportion of contaminant
(e.g. dissolved NAPL) that is bound to the stationary phase
(14). As aresult, the equilibrium constant for distribution of
contaminant between mobile (dissolved and micellar) and
stationary (sediment and sediment-sorbed surfactant) phases,
Kq, may actually increase in the presence of surfactant, for
aqueous surfactant concentrations below the surfactant CMC
(14). At aqueous surfactant concentrations above the CMC,
contaminant partitioning to micelles has been shown to
dramatically decrease the contaminant Kq (14). An apparent
lag between the observed increase in contaminant Kq and
the onset of surfactant sorption was not discussed by the
authors (14), although the lag suggests that increases in
contaminant Kq may depend on the type (more polar versus
less polar) and conformation (monomer versus surface
aggregate) of sorbed surfactant, rather than simply on the
onset of bulk surfactant sorption.

Nonionic surfactant sorption to natural low organic
carbon aquifer sediment has been examined in only a few
studies, hence examination of this interaction was one goal
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TABLE 1. Chemical and Physical Properties of Surfactants and
Model Contaminant

average chemical

name Mwa structure? CMCe HLBY

Igepal CA-720 734.89 CgH17,—CgHsO— 0.25 14.6
(CH2CH20)11.74030H

Igepal CA-887 1527.76 CgH;7—CgHs0— 1.6 174
(CH2CH20)29.93010H

1:2 mixture 1096.10 CgH;7—CgHs0— 0.6 N/A
(CH2CH20)20.24:010H

tetrachloroethylene 165.83 CI,C=CCl,

a2 Average molecular weight of surfactant mixture, g mol=t. » From
experimentally determined EO average (+ represents SD of data). g
L1, experimentally determined by drop weight method (16). ¢ Hydro-
phile—lipophile balance data from manufacturer (N/A represents data
not available).

of this study. Another goal of this study was to compare
surfactant sorption by dense NAPL (DNAPL) to surfactant
sorption by a natural low organic carbon content aquifer
sediment. This comparison shows the relative impact of these
two sorbents on the oligomer distribution within a nonionic
surfactant mixture. Tetrachloroethene (PCE), a common
chlorinated solvent, was chosen to represent the DNAPL since
itisacommon DNAPL constituent. The sorption of individual
oligomers within the surfactant mixture was also monitored
in a three-component system containing surfactant, solu-
bilized PCE, and sediment in order to determine whether
increases in the equilibrium constant describing distribution
of PCE between mobile (dissolved and micellar) and station-
ary (sediment and sediment-sorbed surfactant) phases, Kq pce,
coincided with the onset of sorption of particular oligomers
to, or particular surfactant conformations on, the sediment.

Methods

Materials. Octylphenol ethoxylate nonionic surfactant mix-
tures Igepal CA-620, CA-720, and CA-887, with experimentally
determined average ethoxylate (EO) chain lengths of 7.1 +
0.1, 11.7 £ 0.3, and 29.9 + 0.2 EO units, respectively, were
donated by Rhodia Inc., Cranbury, NJ. Purified octylphenol
and octylphenol ethoxylate standards, with 1 and 3 EO units
per molecule, were donated by Dr. Jennifer Field, Oregon
State University. Alkylphenol ethoxylate surfactants are more
toxic relative to other surfactants being considered as
remediation agents (15). However, alkylphenol ethoxylates
were used in this study due to relative ease of measurement
and as representatives of other less toxic nonionic surfactants
in terms of their solubilization and sorption behaviors.
Reagent grade tetrachloroethylene (PCE) (99% pure, Aldrich,
Milwaukee, WI) was used as the model DNAPL. All chemicals
were used as received from the manufacturer without further
purification. Selected physical and chemical properties for
the surfactants and model contaminant used in the experi-
ments are found in Table 1. All experiments were conducted
at controlled room temperature (22 °C).

Natural aquifer sediment quarried from Pleistocene
lacustrine deposits was obtained from Monroc Incorporated
(Salt Lake City, UT). The sediment was dry-sieved to remove
fractions larger than 2 mm and smaller than 106 xm. The
sediment was also rinsed with Milli-Q (Millipore Corp.,
Bedford, MA) ultrapure water (18 MQ) to further remove
fines. The sediment surface area (3.273 m? g7*) was deter-
mined by N, BET multipoint analysis (Porous Materials, Inc.,
Ithaca, NY). The sediment organic carbon content (foc =
0.0033) was determined by total organic carbon analysis
(American West Analytical Laboratories, Salt Lake City, UT).
Petrographic microscopy indicated that the sediment was
composed of approximately 80% quartz, 15% granite clasts,
and 5% carbonate clasts. Iron oxide coatings were visible on
the quartz grains.

Artificial groundwater (AGW) was used in all experiments
and was prepared according to Scholl et al. (17) as follows:
1.5E-5 M KNOg, 1.4E-4 M MgSO,4-7H,0, 7.0E-5 M CaSO,-
2H,0, 8.0E-5 M NaCl, 1.4E-5 M NaHCO3, pH ~6.8, and ionic
strength equal to 3.0E-3 M.

Surfactant Sorption to Sediment. Surfactant sorption to
sediment was examined in 20 mL liquid scintillation vials
(Fisher Scientific, Hampton, NH). Two layers of aluminum
foil were placed over the vial openings prior to capping. Each
vial contained 25 g of sedimentand 14 mL of solution, yielding
asolid concentration of 1785.7 g L~%. A 1:2 by weight mixture
of Igepal CA-720 and CA-887 was used at total surfactant
concentrations ranging from 0.05 to 2.0 g L™*. The samples
were allowed to equilibrate by slow rotation (15 rpm) for 48
honalabrotator (Glas-Col Laboratory Products, Terra Haut,
CA). Sample equilibration time (48 h) was determined in
preliminary batch tests using 0.1, 1.0, and 2.0 g L~ nominal
(initial) surfactant concentrations sampled daily over a period
of 5 days. After equilibration, the samples were centrifuged
at 1500 rpm for 45 min using a Beckman Instruments
(Fullerton, CA) Avanti 30 centrifuge to settle the fines before
sampling. Some blank (sediment-free) samples were not
centrifuged in order to compare results to centrifuged
samples to determine possible effects of centrifugation on
surfactant concentration in the supernatant, which were
found to be negligible. Surfactant concentrations in the
supernatant were analyzed as described below.

PCE Sorption to Sediment. Sorption of PCE to the
sediment was examined using the same protocol (vials, foil
cover, solids concentration, and numbers of blanks and
replicates) as described above. Sample equilibration time
was determined in preliminary batch tests with 95 and 190
mg L dissolved PCE (50% and 100% normal water solubility)
sampled daily over a period of 4 days. Blank (no sediment)
samples were utilized to account for PCE sorption to container
and PCE loss to headspace, both of which were determined
to be negligible. Both blanks and samples with sediment
were duplicated at all concentrations. Prior to sampling, the
vials were centrifuged to settle the fines as described above.
PCE concentrations in the supernatant were analyzed as
described below.

Solubilization of, and Surfactant Sorption to, PCE
DNAPL. PCE solubilization experiments were conducted in
50 mL sealed glass ampules (Wheaton Scientific Products,
Millville, NJ). A 50:1 volume ratio of aqueous solution to
nonaqueous PCE was used within a total volume of 51 mL.
Headspace (~10 mL) in the sealed ampules was inconse-
quential in the presence of the PCE droplet. The same
surfactant mixture and concentrations that were used in the
surfactant sorption experiments were used in the solubili-
zation experiments. The sealed glass ampules were equili-
brated by rotation (20 rpm) for 100 h. Four replicates were
used for each surfactant concentration (including zero
surfactant). Sample equilibration time was determined by
batch tests using 0.1, 1.0, and 2.0 g L~ surfactant concentra-
tions sampled daily over 7 days. Surfactant and PCE
concentrations in the supernatant above the PCE droplet
were analyzed as described below.

Surfactant and PCE Sorption to Sediment in a Three-
Component Experiment. An aliquot of supernatant from
each of the four replicate ampules in the PCE solubilization
experiment was removed immediately following sampling
for PCE and surfactant concentrations. These aliquots were
transferred to four 20 mL scintillation vials, two of which
contained 25 g sediment (yielding the same solids concen-
tration as in the sediment sorption experiments). Aliquots
(14 mL) were transferred to the vials containing sediment,
whereas 24 mL aliquots were transferred to sediment-free
vials in order to minimize headspace. The same protocol
was used (vials, foil cover, solids concentration, and numbers
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of blanks and replicates) as in the two-component surfactant
sorption experiments described above. Samples were equili-
brated with slow rotation (15 rpm) for 48 h, as determined
from the above experiments. Samples were centrifuged as
described above. Surfactant and PCE concentrations in the
supernatant were analyzed as described below.

HPLC Analyses. Prior to analyses, aliquots (1 mL) of
supernatant were removed from the reaction ampules or
vials and were placed into 2 mL vials (screwtop with PTFE-
lined septa) with 0.25 mL of methanol added to prevent
surfactant sorption to the vial. Surfactant was analyzed using
a Shimadzu Scientific Instruments (Columbia, MD) 10Avp
HPLC system with a 70-vial autosampler, fluorescence
detection, and CLASS-VP v.5 software. The analytical method
utilized permitted underivatized aqueous injections and was
modified from a method developed by Kibbey et al. (18). A
flow gradient from 0.3 to 1.0 mL min~* over a period of 35
min held at 1.0 mL min~! for an additional 13 min, and a
solvent gradient from 100% acetonitrile to 30% water/70%
acetonitrile over a period of 48 min was utilized. Separations
were carried out on a Supelco (Bellefonte, PA) Supelcosil
LC-Si (5um, 2.5 cm x 46 cm ID) with a Hypersil (Cheshire,
UK) ODS C18 (4 mm) pre (guard)-column. Sample injections
(8 uL) were analyzed using fluorescence detection (Lex = 202
nm, Aem 311 nm). Due to the length of HPLC analysis,
individual sample analyses were not replicated.

Chromatogram peak areas were related to surfactant
concentration (M) using a response factor, RF, which varied
over the duration of the analysis due to changes in flow rate,
solvent fraction, and oligomer ethoxylation. RF was regressed
against oligomer EO content (using EO chain length as a
surrogate for the three variables described above) using data
from analysis of pure octylphenol and octylphenol ethoxylates
with 1 and 3 EO units per molecule as well as Igepal CA-620,
CA-720, and CA-887. The surfactant solutions were mixed in
borosilicate glass vials with 20% MeOH to prevent sorption
to the vials. The observed linear decrease in RF with EO chain
length was described using the following equation

RF; = RFop — M-i

where RF;is the response factor for the individual oligomers,
RFop is the response factor for pure octylphenol (determined
to be 1.30 x 10'%), m is the slope relating the response factor
to EO chain length, and i is the number of EO units in the
oligomer (EO chain length). The experimentally determined
value of m (1.64 x 10°) was optimized by minimizing the
sum of the squares of error between known surfactant
concentrations and calculated surfactant concentrations (R 2
= 0.999) using the RF value.

GC Analyses. PCE concentrations were determined by
gas chromatography (Shimadzu GC-17A, with FID detection)
immediately after opening the ampule or vial (within 10 s)
and capping the container with foil between subsequent
(triplicate) analyses. The method used was modified from
Fountain et al. (19) and utilized a stainless steel column (3
ft x 1/8th in.) packed with 1% AT-1000 on Graphpac-GB
(Alltech Associates, Inc., Deerfield, IL), 225 °C injection port
temperature, 200 °C column temperature, 300 °C detector
temperature, and a flow rate of 40 mL min~2. Aliquots (2 uL)
were direct injected and required 2.25 min for analysis. A
calibration curve was developed (R? = 0.999) using PCE
standards in methanol over a linear calibration range of 0—1.0
gLt PCE.

Data Analysis. Sorbed concentrations of PCE and sur-
factant were determined by the difference between averaged
aqueous concentrations from samples with sediment and
without sediment (blanks). Sorbed surfactant concentrations
in the three-component experiments were determined by
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Moles Surfactant per gram Sediment

FIGURE 1. Individual surfactant oligomer isotherms for sorption to
sediment in the two-component experiment for nominal bulk
surfactant concentrations ranging from 0 to 2.0 g L% Initial strong
sorption is followed by surface aggregation (second steep rise) of
surfactant monomers, particularly low EOs, on the sediment surface.
Sorption ceases with micellization (isotherm slopes level and
decrease).

the difference in surfactant concentration between the
sample with sediment and the supernatant from the two-
component experiment (the solution which was added to
the sediment in the three-component experiment). The
average EO chain length of sorbed and solution oligomers
was determined according to the methods of Kibbey and
Hayes (7). The solubilizing capacity of the surfactant mixture
was quantified using the molar solubilization ratio (MSR)
(20). Kgpce, the equilibrium distribution constant, was
calculated by dividing the concentration of PCE sorbed to
the sediment and sorbed surfactant (mgpece Kgsea ) by the
concentration of the PCE in the bulk solution (dissolved plus
micellar) (Mgpce Lsolution 2) in the three-component experi-
ments.

Results

Surfactant Sorption to Sediment. A steep initial sorption
isotherm was observed for all oligomers at low aqueous
oligomer concentrations (Figures 1and 2a,b), with decreasing
slope as the aqueous oligomer concentration increased.
Greater uptake of high EO content oligomers was observed
within the steep initial portion of the isotherms (Figure 1),
as also shown by the solution EO average (Figure 2b), which
was initially below that of the stock solution. The steep initial
isotherm slope represents high-energy sorption sites on the
sediment (5, 6, 9, 11, 21). The higher initial uptake of high
EO content oligomers may suggest a polar character of the
high-energy sorption sites. However, it has also been shown
that hydrophobic moieties on sediment can increase the slope
of the initial portion of the isotherm (6, 21).

At intermediate aqueous oligomer concentrations, a
second steep rise in sorbed concentration was observed,
presumably representing sorption to a newly formed surface
phase. The rise was steepest for the lowest EO content
oligomers, and its slope decreased with increasing oligomer
EO content (Figures 1 and 2). This rise started at lower
aqueous concentrations for the low EO content oligomers
relative to the high EO content oligomers (Figures 1 and 2).
Since the oligomer concentrations differed from one another
in the Poisson-distributed surfactant mixture, the isotherms
would not show a simultaneous second steep rise (with
respect to aqueous oligomer concentration) even if all
oligomers were incorporated into this surface phase at the
same mixture concentration. Examination of nominal (initial)
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FIGURE 2. Individual surfactant oligomer isotherms for sorption to sediment in the two-component experiment. Data are represented in
two dimensions to allow quantitative comparison of the sorption of low EO content oligomers (a) and high EO content oligomers (b). Bulk
surfactant (total mixture) sorption to sediment (left ordinate axis) is shown in the inset (b) with sorbed and solution EO averages (right

ordinate axis).

mixture concentrations shows that the low EO content
oligomers were preferentially incorporated into this surface
phase. For a 0.4 g L™! nominal mixture concentration
(represented by the 5th symbol from the lowest in each
isotherm, as indicated by closed arrows in Figure 2a,b), only
oligomers containing 20 EO units or less were incorporated
into this surface phase (Figures 1 and 2). Oligomers containing
30 EO units or more were incorporated only above the 1.0
g L~ nominal mixture concentration (the third symbol from
the highest in each isotherm, as indicated by open arrows
in Figure 2a,b). The sorbed EO average decreased from a
maximum value during the second steep rise in sorption,
also indicating that the low EO content oligomers were
preferentially incorporated into this phase (Figure 2b). It
appears that the second steep rise represents surface
aggregation (3, 6), since the surface phase showed the highest

affinity (steepest isotherms) for, and preferential incorpora-
tion of, the lowest EO content oligomers, which would be
least compatible with the aqueous phase and most likely to
aggregate on the surface.

At higher aqueous surfactant concentrations, sorbed
concentrations leveled, indicating cessation of sorption of
the corresponding oligomer (Figures 1 and 2). As was
observed in surface aggregation, cessation of sorption was
initiated at lower bulk surfactant concentrations for the lower
EO content oligomers. For a nominal mixture concentration
of 0.8 g L™ (the fourth symbol from the highest in each
isotherm), the oligomers containing 14 EO units or less
reached sorption plateaus. In contrast, oligomers containing
25 EO units or more did not reach sorption plateaus until the
1.5 g L™! nominal mixture concentration (second symbol
from highest in each isotherm) (Figures 1 and 2).
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The sorption plateaus occurred at lower bulk concentra-
tions for oligomers with lesser numbers of EO units. Since
oligomers with lower numbers of EO units are known to
form micelles at lower aqueous concentrations (22), it appears
that incorporation of the oligomers into solution micelles
resulted in the termination of sorption to the sediment, as
has been previously observed by others (2, 5, 23—25). The
sorbed EO average reached a minimum value upon micel-
lization of low EO content oligomers (Figure 2b). Beyond
this minimum, the sorbed EO average curve rose due to
continued sorption of high EO content oligomers, which were
not incorporated into solution micelles until higher mixture
concentrations. The aqueous mixture concentration corre-
sponding to the minimum in sorbed EO average was about
0.6 g L7 (Figure 2b), matching the CMC determined for the
stock mixture using surface tension measurements (Table
1), further indicating that micellization terminated the
sorption of low EO oligomers to the sediment.

At the highest nominal mixture concentration (2 g L™%),
the sorbed concentrations decreased somewhat for the low
EO content oligomers (Figures 1 and 2a). The observed
decrease in sorbed concentration at the 2.0 g L™! bulk
surfactant concentration was replicated in all experiments
and was statistically significant (Figure 2a).

Decreased sorption to sediment at high mixture con-
centrations has been observed by others (26) and has been
explained by the enrichment of high-CMC oligomers in the
monomer phase as the solution concentration increases
beyond the CMC of the low-CMC oligomers. This explanation
assumes that the high-CMC oligomers display a lower affinity
for the sediment relative to the low-CMC oligomers. Although
thisassumption holds at the concentration range of concern,
the model’s simplification of oligomer sorption isotherms to
a single affinity constant makes uncertain the applicability
of this model to the work described here. The decrease in
sorbed concentration at the highest mixture concentrations
may result from the enhanced compatibility of the relatively
hydrophobic low EO content oligomers with the micellar
solution phase. Since only the low EO content oligomers
experienced decreased sorption, the sorbed EO average
increased during this stage of sorption.

The highest sorbed concentration for a given aqueous
oligomer concentration was achieved by the oligomers that
dominated the mixture (e.g. EOs 10—13 and 29—31) (Figures
1 and 2). This trend cannot be attributed to higher affinities
of the dominant oligomers for the sediment, since one would
expect higher affinities to trend either toward the nonpolar
or polar ends of the spectrum rather than to intermediate
values, let alone two of them. This result indicates that the
differences in oligomer affinities for the sediment were less
significant than their relative concentrations within the
mixture.

Surfactant Sorption to PCE DNAPL. Surfactant loss to
the PCE was highest for the low EO oligomers (Figures 3 and
4a) and resulted in NAPL-sorbed concentrations over 2 orders
of magnitude greater than the corresponding sediment-
sorbed concentrations. Sorbed concentrations and isotherm
slopes decreased with increasing EO content of the oligomer,
indicating that in contrast to sediment sorption, the differ-
ences in oligomer affinities for PCE DNAPL were more
significant than differences in their respective concentrations
within the mixture.

Isotherm plateaus indicated the onset of micellization of
the associated oligomer in the aqueous phase. The isotherms
for oligomers EO5 through EO7 did not plateau, even at the
highestaqueous concentrations (Figure 3and 4a), indicating
that these low EO content oligomers continued to be
incorporated into the PCE DNAPL in the presence of solution
micelles. In contrast, sorption of low EO content oligomers
to sediment (and surface aggregates) was reduced at the
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FIGURE 3. Individual surfactant oligomer isotherms for sorption to
PCE DNAPL in the two-component experiment for nominal bulk
surfactant concentrations ranging from 0 to 2.0 g L™

highest aqueous surfactant concentrations (Figure 1). These
results indicate that high surfactant concentrations may yield
reduced surfactant sorption to sediment but not to PCE
DNAPL.

For high EO content oligomers, the isotherms showed a
continuous slow rise with aqueous oligomer concentration
(Figure 3 and 4b), giving DNAPL-sorbed concentrations that
were nearly an order of magnitude higher for PCE DNAPL
than sediment. However, the total mass of high EO surfactant
sorbed to the PCE DNAPL was quite small due to the relatively
low PCE-solution ratio used in the study, resulting in scatter
that obscured any indication of a sorption plateau, which
presumably occurred upon incorporation of these oligomers
into solution micelles at the highest mixture concentrations.

Micellization, as indicated by the plateaus in the low EO
contentoligomer isotherms (Figure 4a), began at an aqueous
mixture concentration ~0.6 g L™t (Figure 4a), matching the
value determined from surface tension measurements (Table
1), and from sediment sorption (Figure 2b). This indicates
that the upward shift in EO average of the solution from 20.3
to 23.5 had negligible effect on the CMC of the mixture. The
solution EO average (~23) remained high above the sorbed
EO average (~9) indicating that even at the highest aqueous
concentrations examined, insufficient high EO content
oligomer sorption occurred to reverse the enrichment of low
EO oligomers in the DNAPL (Figure 4b).

Solubilization of PCE. PCE solubilization by the surfactant
mixture (Figure 4b) also started at an agueous mixture
concentration of 0.6 g L™, the mixture CMC value indicated
by sorption experiments (Figures 2b and 4b) and surface
tension measurements (Table 1). Slope linearity of the
enhanced solubility curve indicated that the solubilizing
capacity of the micellar solution changed negligibly as the
mixture concentration increased and the solution EO average
dropped from 23.5to 21.5 (Figure 4b). An increasing enhanced
solubility slope might be expected if relatively polar micelles
result from higher solution EO averages, since polar micellar
solutions show lower solubilization capacities for hydro-
phobic compounds such as PCE (12). However, the solution
EO average may notreflect micelle polarity since preferential
incorporation of low EO content oligomers into micelles may
occur even at the low agueous mixture concentrations that
showed elevated EO averages (Figures 3 and 4).

The value of the molar solubilization ratio, MSR, for PCE
solubilization by the 1:2 mixture was 0.887 + 0.003. This
value compares favorably to values ranging from 1.8 to 0.6
obtained for solubilization of PCE by other surfactants falling
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FIGURE 4. Individual surfactant oligomer isotherms for sorption to PCE DNAPL in the two-component experiment. Data are represented
in two dimensions to allow quantitative comparison of the sorption of low EO content oligomers (a) and high EO content oligomers (b).
Sorption to PCE DNAPL was 2 and 1 orders of magnitude greater than sorption to sediment for low and high EO oligomers, respectively.
Bulk surfactant (total mixture) sorption to PCE DNAPL (left ordinate axis) is shown in the inset (b) with sorbed and solution EO averages
(right ordinate axis), and PCE solubilization (left ordinate axis) by the surfactant mixture is shown in the inset (b).

in the hydrophile—lipophile (HLB) range between 14 and 18
(12, 27).

PCE-Sediment Interaction. The isotherm for PCE sorp-
tion to the sediment (not shown) indicated a value of the
equilibrium constant for distribution of PCE between sedi-
ment and water, Kgpce, of 0.034 + 0.004 mL g~*. This low
value for Kq indicates mild interaction of dissolved PCE with
this sediment, consistent with the low organic carbon content
of the sediment (f,c = 0.0033) and the low hydrophobicity of
PCE, which has an octanol—water partition constant, Koy, of
10288 (28).

Surfactant and PCE Sorption to Sediment in a Three-
Component Experiment. Surfactant sorption to sediment
in the three-component system (not shown) showed the same

behavior that was observed in the two-component system
(Figures 1 and 2), due to the low PCE:solution ratio (50:1)
used in the solubilization study. The equilibrium constant,
Kapce, for distribution of PCE between solution (including
aqueous surfactant) and sediment (including sediment-
sorbed surfactant) increased from 0.034 mL g~ (the value in
the absence of surfactant) to 0.14 mL g~ (a 4-fold increase)
upon surfactant addition to the system (Figure 5). A maximum
value was reached as the mixture concentration reached its
CMC (0.6 g L™1). As the surfactant concentration increased
beyond the CMC, Kq pce decreased dramatically toward zero.

This study corroborates the work of Ko et al. (14) who
examined sorption of two hydrophobic organic contaminants
(naphthalene and phenanthrene) to sediment in the presence
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FIGURE 5. Kgpce (equilibrium distribution constant between bulk
sediment and bulk solution) and bulk surfactant sorption to sediment,
in the three-component experiment. Kypce is initially weakly affected
by monomer sorption but steeply rises with onset of surfactant
surface aggregation. A rapid drop in Kypce toward zero occurs with
micellization.

of two surfactants (sodium dodecyl sulfate and Tween-80)
as a function of surfactant concentration. In the work of Ko
etal. (14) aswell as in this study, a lag was observed between
the onset of surfactant sorption to sediment and significant
increases in contaminant Kq (Figure 5). Comparison of Figures
1,2, and 5 indicates that the significant increase in Kq pce was
associated with the onset of surfactant surface aggregation,
rather than the onset of surfactant sorption in general. Prior
to surface aggregation, the sorption of oligomers to the
sediment surface had little effect on Kqpce, corroborating the
suggestion that surfactant sorption at low aqueous surfactant
concentrations is largely in the form of monomers (7, 29).
It has been observed that the sorption capacity of sorbed
surfactant for a particular hydrophobic solute may exceed
that of micellar surfactant from the same mixture (14). This
may be attributed to the initial incorporation of primarily
low EO content oligomers into surface aggregates (Figure 1),
since micellar solutions of lower EO content oligomers yield
greater solubilization of hydrophobic compounds relative
to micellar solutions of higher EO content oligomers (12). Ko
etal. (14) also observed that the sorption capacity of sorbed
surfactant for a particular hydrophobic compound decreased
with increased sorbed concentration of the surfactant. Our
work indicates that this may be due to increased polarity of
the surface aggregate upon incorporation of higher EO
content oligomers as the aqueous surfactant concentration
is increased. The rapid decrease in Kqpce toward zero upon
micellization in the aqueous phase may be attributed largely
to competition between micelles and surface aggregates for
the solute, but the decrease may also be in part due to
decreased surface aggregation upon micellization in the
solution (Figure 1). Although our results closely resemble
those of Ko et al. (14) for sodium dodecyl sulfate, it is
interesting to note that in the case of Tween-80, Ko et al. (14)
observed the most dramatic increase in contaminant Kq after
aqueous Tween-80 concentrations had increased beyond the
CMC. A decrease in contaminant Kq below the initial value
(in the absence of surfactant) was not observed even at
aqueous Tween-80 concentrations over 2 orders of magnitude
above the CMC. Apparently sorption of Tween-80 to sediment
continued well beyond the CMC of the mixture, as may be
expected for some surfactant mixtures (26).

This work corroborates previous observations regarding
the dominant type (polar versus nonpolar) and conformation
(monomer versus surface aggregate) of surfactant sorbed to
low foc aquifer sediment with increasing aqueous mixture
concentration. This work also showed that DNAPL can be
expected to have a much greater impact than low f,c sediment
on loss of both polar and nonpolar oligomers from solution,
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with greater loss of the nonpolar oligomers. High aqueous
mixture concentrations were shown to decrease surfactant
loss to sediment but not to DNAPL. Sorption of nonpolar
oligomers to DNAPL continued despite micellization. Sig-
nificant rises in Kgpce were shown to coincide with surface
aggregation rather than with the onset of bulk surfactant
sorption, and it was speculated that decreased surfactant
sorption at high aqueous mixture concentrations contributed,
along with competition for contaminant by micelles, to
decreases in contaminant Kq. The significance of increased
contaminant Kq at the scale of a contaminated site depends
on the ability to flush super-CMC surfactant concentrations
through the entirety of the site.
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