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Interest has grown in designing new materials for
groundwater treatment via “permeable reactive barriers”.
In the present case, a model siliceous surface, controlled
pore glass (CPG), was treated with a polycation (quaternized
polyvinyl pyridine, QPVP) which immobilizes anionic/
nonionic mixed micelles, in order to solubilize a variety of
hydrophobic pollutants. Polymer adsorption on CPG
showed atypically slow kinetics and linear adsorption
isotherms, which may be a consequence of the substrate
porosity. The highest toluene solubilization efficiency
was achieved for the silica-polycation-immobilized micelles
(SPIM) with the highest polymer loading and lowest
micelle binding, a result discussed in terms of the configuration
of the bound polymer and the corresponding state of the
bound micelles. The ability of SPIM to treat simultaneously
a wide range of pollutants and reduce their concentration
in solution by 20-90% was demonstrated. Optimization
of SPIM systems for remediation calls for a better
understanding of both the local environment of the bound
micelles and their intrinsic affinities for different hydrophobic
pollutants.

Introduction
Permeable reactive barriers (PRBs) constitute a relatively new
approach for the in situ remediation of polluted groundwater
(1, 2). Over 90 PRBs are applied around the globe including
the U.S., Europe, Japan, and Australia (3). Their use in North
America began in the mid-1990s and focused on the treatment
of relatively simple mixtures of chlorinated solvents with
zero-valency barrier systems (4). Recognizing the success
and remediation potential of PBRs, the U.K. Environmental
Agency proposed new guidelines that are broad in scope
and cover both a wide range of barrier designs and target
pollutants (5). This variety of approaches is reflected in the
diversity of materials proposed for use in PRBs including (in
addition to zero-valent metals) humic materials, oxides, ion-
exchange resins (6), iron minerals, activated carbon, and
oxygen- and nitrate-releasing compounds (1). Surfactant-
modified PRB materials, such as modified soils (7), clays (8),
natural minerals (9), and polymer-modified silica (10), belong
to a class of substances for which efficacy is based on
partitioning of nonpolar organic pollutants into the modified
surfaces (2). Recently, a novel filter based on sand and micelle-
modified clay (100/1 w/w) for water treatment from organic

pollutants was reported (11). The efficiency of this filter to
remove 94-99% of the initial concentration of several
herbicides was demonstrated.

The partitioning of pollutants into surfactant micelles as
a means of water and soil remediation has been extensively
reported. With the goal of improving the understanding of
this class of techniques, partition coefficients have been
calculated for several pollutants (12-17). Such information
is directly relevant to micellar-enhanced ultrafiltration, which
remediates water by forcing it through an ultrafiltration
membrane with pore sizes small enough to block passage of
the micelles and associated pollutant (18, 19). However, most
development and field tests related to surfactants throughout
the past decade have focused on “enhanced pump and treat”
(20-22). These solubilization-based techniques engender
large volumes and therefore entail additional procedures to
immobilize the solubilized pollutants. Thus, a procedure that
combines surfactant-based solubilization with immobiliza-
tion would be of interest.

The adsorption of polycations on negative surfaces has
been studied intensively and is reasonably well understood
(23). Studies of complexation between polycations and
negatively charged micelles have received considerable
attention as well (24). The structure of the micelles in the
polyelectrolyte-micelle complexes is still to be unraveled
but CryoTEM (25) and solubilization results (26) suggest that
complexation involves little perturbation of the micelle
structure. While relatively few studies have addressed the
coadsorption of polymers and surfactants (27-29), Aloulou
et al. (30) reported the retention of organic solute on cellulose
fibers treated with polycation and anionic surfactant. In a
related area, it was observed that a polycation adsorbed on
glass shows the same protein-binding selectivity as does the
free polycation (31). Taken together, these results suggest
that negatively charged micelles immobilized by polycations
to a silica surface may retain their solubilizing powers.

In our previous report we demonstrated the principle of
binding an anionic micelle to a negatively charged surface
via a cationic polymer in order to achieve immobilized
detergency with the goal of removing hydrophobic solutes
from an aqueous phase. In particular poly(dimethyldially-
lammonium chloride) was used to bind SDS/TX100 anionic/
nonionic mixed micelles to both sand and controlled pore
glass (a commercially available material with well-character-
ized surface and pore properties, well-known as a chro-
matographic support). The resultant silica/polyelectrolyte-
immobilized micelle (SPIM) was shown to solubilize a
hydrophobic dye (32), suggesting its utilization in a PRB. In
the current work, we investigate two issues. (1) First, we
explore the interrelationship between polyelectrolyte ad-
sorption, micelle binding and solubilization of organic
pollutants in the micelles by examining how ionic strength
and polymer concentration in polycation adsorption influ-
ence micelle loading and uptake of a model pollutant, toluene.
(2) The expectations from the previous work are additionally
fortified by measurements of the removal of “real pollutants”,
and we demonstrate simultaneous uptake from solution by
SPIM of a mixture of two-dozen halocarbon and aromatic
compounds. The results indicate the central role of the
configuration of the bound polymer and should facilitate
incorporation of SPIM in a variety of water remediation
applications including PRBs and filtration systems, along the
lines recently described in ref 11.
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Materials and Methods
Materials. Poly-4-vinylpyridine quaternized with methyl
iodide (QPVP) was “Reilline 450 quat” from Reilly Industries
(Indianapolis, IN). Sodium dodecyl sulfate (SDS) was pur-
chased from Fisher Scientific (FairLawn, NJ). Triton X-100
(TX100), toluene, and acetonitrile were from Aldrich (Mil-
waukee, WI). Standard purgeable halocarbon and aromatics
mixtures were from ULTRA Scientific (North Kingstown, RI).
Milli-Q water was used throughout this study. Controlled
pore glass (CPG) (particle size of 75-125 µm) with a mean
pore diameter of 7.5 nm ((20%) and a surface area of 153
m2/g was purchased from Millipore (Lincoln Park, NJ). This
pore size was chosen on the basis of its large surface area;
however, a remarkable finding (see below) was the efficient
adsorption on this CPG of a polycation with a hydrodynamic
radius larger than the pore radius. The CPG was washed for
1 h in a 1% SDS, pH 9.5, NaOH solution, then rinsed with
Milli-Q water and dried at 50 °C overnight.

Dynamic Light Scattering (DLS). Solutions of TX100/
SDS (20 mM, Y ) 0.35) and QPVP (5 g/L) (pH ) 9.5 and NaCl
) 0.5 M) were prepared. DLS measurements were made after
sample filtration (0.2 µm) using a Malvern Instruments
(Southborough, MA) Zetasizer Nanosystem SZ. Mean ap-
parent translational diffusion coefficients (D) were deter-
mined by fitting the autocorrelation functions using with
the program “general modes”, similar to CONTIN, and the
apparent hydrodynamic radii were calculated from Stokes
law.

Turbidimetric Titration. Turbidity measurements were
performed at 420 nm using a Brinkman PC800 probe
colorimeter equipped with a 2 cm path length fiber optic
probe. A turbidimetric “type 1” titration (33) was carried out
by adding 60 mM SDS in 0.5 M NaCl to a solution of TX100
and QPVP with initial concentrations of 20 mM and 1 g/L,
respectively, also in 0.5 M NaCl.

QPVP Adsorption on CPG. Four milliliters of QPVP (0.5-
20 g/L) in NaCl (0.01-4 M) adjusted to pH 9.5 were added
to 0.3 g of CPG. To follow adsorption kinetics, samples were
rocked for times varying between 0.5 h and 6 days; otherwise
the equilibration time was 4 days. After centrifugation (3000
rpm, 20 min), the supernatant was separated, and the
concentration of QPVP was determined by UV spectropho-
tometry (256 nm) via a standard calibration curve. The CPG-
QPVP complexes were washed with 4 mL of Milli-Q water
and measurement of the supernatant repeated. The amount
of QPVP adsorbed (i.e., retained after washing) per unit
surface area (Γ) was calculated.

To determine whether pollutants might be bound to
adsorbed QPVP, toluene (100 ppm) was added to CPG
preloaded with 1 and 2.5 g/L QPVP. Samples were rocked
overnight, centrifuged (3000 rpm, 20 min), and the super-
natants were separated. No significant changes in the UV
spectra were observed indicating no toluene uptake by the
polymer.

Micelle Adsorption on CPG-QPVP. Four milliliters of
TX100/SDS (Y ) [SDS]/([SDS] + [TX100]) ) 0.35, 20 mM
total surfactant concentration, NaCl ) 0.5 M, pH 9.5) were
added to both untreated CPG and to CPG preloaded with
QPVP. The samples were rocked overnight to ensure equili-
bration. After centrifugation (3000 rpm, 0.5 h), the super-
natant was separated, and the concentration of TX100 was
measured using a UV calibration curve at 224 nm. The
resultant amounts of bound TX100 were calculated and then
used to calculate the total mass of micelle bound. The CPG-
QPVP-micelle composites “SPIM” were washed with 4 mL
of Milli-Q water, the supernatants were measured at 224 nm,
and the amounts of micelles remaining bound after washing
were calculated. Since our measurement is not sensitive to
SDS, a change of Y upon binding of micelles is of concern.

Penfold et al. studied the adsorption of mixed nonionic/SDS
micelles on silica (34). Despite its negative charge (the same
sign as silica), SDS adsorbs on silica in the presence of the
nonionic surfactant; however, the composition of the mixed
micelles does not change at low Y values. Preferential
adsorption of TX100 by silica would result in an increase in
Y, but we found no change in conductivity of the micellar
solution (at very low salt concentrations) upon partial binding
to porous glass.

Preparation of SPIMs with Variable Polymer Adsorption.
QPVP (0.5-10 g/L) was added to CPG in 0.5 M NaCl and
rocked for 4 days (step 1), followed by the addition of TX100/
SDS micelles (step 2) as described above. Excess QPVP (after
step 1) and excess micelles (after step 2) were rinsed off as
described above. The notation “SPIM2.5”, for example,
designates 2.5 g/L QPVP in step 1.

Toluene Uptake by SPIM. Toluene (14 mL of 100 ppm)
was added to SPIM prepared from 0.3 g of CPG as described
above with QPVP concentrations from 0.5 to 10 g/L (SPIM0.5-
SPIM10). Toluene adsorption isotherms (25-175 ppm) were
obtained for SPIM1 and SPIM5, the amount of micelles bound
for both being 0.69 mg/g CPG. The SPIM-toluene samples
were rocked overnight, centrifuged (3000 rpm, 0.5 h), and
the toluene concentrations in the supernatants were mea-
sured by HPLC (Beckman, Arlington Heights, IL) equipped
with a detector (System Gold 166) set at a wavelength of 254
nm. A reverse phase Phenyl-5PW column (Supelco, Belle-
fonte, PA) was used. The mobile phase was a mixture of 60%
water and 40% acetonitrile. The flow rate was 1 mL/min.

Halocarbon and Aromatics Mixtures Uptake by SPIM.
Stock standards of 200 µg/mL pollutants (see Table 1) were
diluted to 2000 µg/L by adding 0.5-0.5 mL of methanol and
then bringing the final volume to 50 mL with Milli-Q water.
The diluted standard solutions were added to SPIM1 and
SPIM5 (20 g/L). The samples were rocked overnight and then
centrifuged for 0.5 h at 3000 rpm. The supernatants were
diluted by 100 to minimize SDS concentration, which causes
problematic foaming. The diluted solutions were then placed
in headspace GC/MS vials, accompanied by a diluted stock
solution (to measure the actual pollutant concentration).
Method 8260B for volatile organic compounds by GC/MS
was carried out at Heritage Environmental Services (India-
napolis, IN). The samples were purged and trapped by an OI
Eclipse purge Varian Archon autosampler and then trans-
ferred to an Agilent 6890 GC and Agilent 5973 mass
spectrometer.

Results and Discussion
QPVP-Micelle Complexes. The binding of polyelectrolytes
to oppositely charged micelles occurs only when a critical
value is attained for the micelle surface charge density which
is proportional to the mole fraction of ionic surfactant in the
micelle (Y). For a given polyelectrolyte-micelle system, Yc

depends only on ionic strength I (see ref 33 and others cited
therein). Turbidimetric titration (33) (results not shown) was
used to confirm a value of Yc ) 0.18. This is consistent with
the value of Yc ) 0.18 at I ) 0.3 M (35) for QPVP and dodecyl
octa(ethylene glycol)/SDS micelles and shows that the value
of Y ) 0.35 used in the present study, i.e., well above Yc,
ensures formation of micelle-polymer complexes.

QPVP Adsorption on CPG. The kinetics of QPVP adsorp-
tion on CPG are illustrated in Figure 1. The more rapid initial
polymer adsorption from higher concentrations, as shown
in the inset of Figure 1, is typical for a diffusion-limited pro-
cess (36). Γ, the amount of QPVP adsorbed per unit surface
area, approaches its equilibrium value after 48 h; this Γequ

increases with concentration. The equilibration time is
substantially longer than those typically reported for polymer
adsorption on negatively charged surfaces. Such measure-
ments of the time dependence of Γ are generally intended
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to determine the time required to reach Γequ, usually in the
range of seconds to minutes (37). More specifically, equi-
librium times of a few minutes have been reported for the
adsorption of QPVP (38, 39) and cationic polyacrylamide
(36) on nonporous silica and for the adsorption on car-
boxymethylated cellulosic pulp of 3.6-ionene (40). Assuming
the initial adsorption is diffusion-limited, the polymer reaches
porous and nonporous surfaces at the same rate, but porous
surfaces may provide obstacles to ultimate equilibrium
contacts, analogous to the steric barriers discussed by
Oedberg et al. (36).

Assuming that equilibrium is reached after 4 days, we
determined the ionic strength dependence of Γequ at pH )
9.5 (Figure 2). The maximum at I ) 1 M agrees with the result
for QPVP adsorption on nonporous silica (38). Similar
maxima, but at different values of I, have been observed for
other polycation/nonporous surface systems (41), such as
QPVP on TiO2 (39) or cationic polyacrylamide (42), poly-
(dimethylaminoethyl methacrylate) (43), and polysine on
silica (23). In the low-salt limit corresponding to large Debye
lengths, repulsions between adsorbing chains contribute to
the adsorption energy and tend to reduce coverage. Increas-
ing salt concentration in the low-salt regime screens these
repulsions and increases Γequ. Further increases in I can screen
more short-range interactions between polymer segments
and the charged surface, and therefore Γequ decreases.
However, in our case the decrease in Γequ at high salt is
modest, whereas Sukhishvili and Granick (38) and others
show a sharper diminution, Γ going to Γequ of nearly zero at
I ca. 4 M.

The dependence of Γequ on the concentration of free
QPVP shown in Figure 3 is in contrast with typical polymer
adsorption isotherms, which reach a plateau (23). Such
linearity goes hand-in-hand with the presence of high
concentrations of free polymer in equilibrium with adsorbed
ones, i.e., a low affinity constant that is also manifested in
the delay of the eventual plateau. Alince et al. (44) also

reported isotherms without plateaus for the adsorption of
polyethylenimine on porous pulp fibers even with a specific
surface area 3 orders of magnitude lower than that of CPG.
Part of their explanation lies in the porosity and swelling
properties of the substrate.

Very slow kinetics, linear adsorption isotherms, and the
high value of Γequ at high I are not typical for polyelectrolyte
adsorption on oppositely charged surfaces. Even more
intriguing is the adsorption of QPVP with a hydrodynamic
diameter (2Rh) (see below) of 12.4 nm on a porous substrate
with a pore diameter 2Rp of 7.5 nm. These effects of pore size
and ionic strength on polycation adsorption will be the
subject of a separate study. However, we would like to point
out to the interested reader that QPVP not only can adsorb
readily on CPG with Rp/Rh < 1, but it does so in a manner
that provides greater efficiency in micelle binding, and both
effects are related to the configurational flexibility of statistical
chain polyelectrolytes and the ability in this case for the
statistical chain to adopt a configuration with partial
confinement of adsorbed segments within the pore. The
configurational flexibility of the polymer chain could also
explain the slow kinetics of QPVP adsorption on CPG with
a small pore size. The kinetics of QPVP adsorption on CPG
with a large pore size of 2850 Å (results not shown) were
substantially faster (saturation in less than 1 min) than for
smaller pore sizes and similar to the adsorption on nonporous
silica surfaces noted above. While there are remarkably few
reports on polyelectrolyte adsorption kinetics on porous
charged surfaces, we suggest that the adsorption of polymers
with Rp/Rh < 1 involves first rapid diffusion-controlled binding
to the surface, followed by chain reorganization with partial
pore penetration. This second step accounts for the slow
adsorption seen. Concerning the adsorption isotherm, a
typical shape (reaching a plateau) was observed for QPVP on
CPG with a large pore size of 2850 Å (results not shown). The
partial confinement noted above reduces the number of

FIGURE 1. QPVP adsorption on CPG at pH 9.5, 0.5 M NaCl, as a function of time for various polymer concentrations: 5 (O), 10 (]), 15 (0),
and 20 (4) g/L. Adsorption for the first 3 h is shown in the inset.

FIGURE 2. Adsorption of QPVP (5 g/L) as a function of ionic strength. FIGURE 3. QPVP (0-20 g/L, 0.5 M NaCl) adsorption isotherm on
CPG.
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polycation-glass contacts contributing to the adsorption
energy. Shin et al. (45) have discussed how such a reduction
leads to a decrease in initial slope with a shift of plateau to
higher polymer concentrations. Clearly, this rich phenom-
enology merits a systematic study of effects of Rp/Rh and
ionic strength, which will appear together with simulations
in a separate report.

Micelle Binding to QPVP-CPG: Effect of SPIM Prepa-
ration. TX100/SDS mixed micelles (20 mM, Y ) 0.35) were
added to both untreated CPG and CPG-QPVP at I ) 0.5 and
pH 9.5, with the results shown in Figure 4. As expected, micelle
binding to CPG first increases with Γ but surprisingly reaches
a maximum at Γ ) 0.1 mg/m2. Untreated CPG also completely
bound micelles, but two-thirds of that amount was removed
by rinsing. For SPIM release of micelles upon rinsing occurred
at Γ < 0.1 mg/m2, but at higher Γ (0.1-0.42 mg/m2) nearly
no micelles were released. The binding of TX100 to bare
silica via H-bonding (34) was apparently only partly sup-
pressed by its incorporation into anionic/nonionic micelles,
particularly at high salt. If the removal of mixed micelles by
rinsing is attributable to their binding to bare glass, the
absence of this effect when Γ exceeds 0.10 mg/m2 could
indicate that no bare glass surface is accessible to the
surfactant at higher levels of polymer adsorption.

To elucidate the arrangement of the polymers and micelles
on the surface, the CPG area per bound micelle 100 <Am

<180 nm2 was calculated using a micelle aggregation number
of 100 (46). The area per adsorbed polymer chain, Ap, was
calculated from the apparent diameter from DLS of Dapp )
12.4 nm for QPVP in 0.5 M NaCl, which corresponds to 120
nm2 for the projected area of a sphere with a radius of 6.3
nm. Ap was then found to vary from 400 to 8000 nm2. These
values may be overestimates, since the BET areas refer to all
surfaces accessible to N2. The large values of Ap are, however,
in agreement with the linear isotherm of Figure 3 and its
implication that saturation is not attained. Both results
suggest that polymers are not so compressed as to resist
further adsorption, perhaps because interpolymer repulsions
are suppressed at large I. For the mixed micelles, Dapp ) 24
nm corresponding to a projected area of 450 nm2, larger
than the Am values noted above. Thus, although the polymer
chains are not compressed, the number of micelles per unit
surface area of CPG is relatively large. Xia et al. (47) reported
a molecular weight of the poly(dimethyldiallylammonium
chloride)/TX100/SDS micelle complex an order of magnitude
larger than that of the polycation alone, although Dapp for
the complex was not much larger than Dapp of the polymer.
Hence, one polymer chain can bind many micelles, i.e., the
complex has a high micelle density. The binding of many
micelles to each polymer appears to be retained when the
polymer is adsorbed.

The maximum in micelle binding with Γ in Figure 4 may
be considered in terms of the bound polymer configuration.
In general, the configuration of highly charged polyelectro-
lytes adsorbed on highly charged surfaces is thought to be
primarily as “trains”, although loops are more likely to appear
in high salt. The loss in solution-state configurational entropy
is compensated for by strong electrostatic segmental binding
energy (41, 45). Adsorption of polymer within a (small) pore
would entail an additional loss of entropy from polymer chain
confinement. On the other hand, confinement enhances the
number of segment-glass interactions, compensating to
some extent for the entropy loss. Our results suggest a bound
state in which polymer is partially confined with the pore,
leaving an array of unconfined segments accessible. At QPVP
loadings of Γ < 0.1 mg/m2, the adsorption of micelles and
their removal on rinsing indicates their binding to some bare
CPG. However, at Γ ) 0.1 mg/m2, corresponding to maximum
micelle binding, no surfactant is removed, suggesting that
the array of unconfined segments mentioned above becomes
a continuous “cloud” to which micelles efficiently bind. At
still higher Γ (0.1-0.42 mg/m2) more pores are occupied,
and the interpolymer repulsion of unconfined segments
creates a brushlike polymer layer. The reduced micelle-
binding efficiency of these stretched chains accounts for the
decrease in micelle binding at high Γ.

Toluene Uptake by SPIM. The uptake of toluene by SPIM1
and SPIM5, shown as isotherms in Figure 5, is linear as it
would be for free micelles, implying that the mechanism of
toluene uptake is partitioning into the micelles (12-17).
SPIM1 has nearly the same amount of surfactant bound as
SPIM5 (Figure 4), but surprisingly, the affinity for toluene is
higher for SPIM5.

Toluene uptake (100 ppm) by the different SPIMs
(SPIM0.5-10) was measured and found not to correlate
linearly with amount of surfactant bound. Solubilization
efficiency, i.e., toluene uptake divided by the amount of
bound surfactant, is plotted versus Γ in Figure 6. We note the
marked effects of Γ and amount of bound surfactant on
solubilization efficiency: solubilization efficiency almost

FIGURE 4. Micelle (TX100/SDS) binding to CPG preloaded with
QPVP. The notation SPIMX designates the concentration of QPVP
(g/L) used to coat the CPG prior to subsequent binding of the mixed
micelle. The symbols for “prerinse” and “after rinse” refer to the
condition used to determine the amount of bound micelle.

FIGURE 5. Toluene uptake vs toluene concentration in equilibrium
for SPIM1 and SPIM5.

FIGURE 6. Solubilization efficiency of toluene by SPIM 0.5-10 as
a function of Γequ.
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doubles when Γ increases from 0.01 to 0.1 mg/m2 and nearly
doubles again when Γ increases from 0.25 to 0.45 mg/m2. In
this third region, the apparent area per bound polycation
falls from 800 to 400 nm2. As mentioned above, the micelle
binding values at high Γ suggest that the polymer layer is
brushlike, while in the intermediate concentration range
polymer chains may approach each other, with possibly
overlapping radial segment distributions in a semi-mush-
room configuration. If the configurations of the bound
polymer change with Γ, then it is appropriate to consider
how this might affect the structure and properties of the
subsequently polymer-bound micelles.

There are several ways in which micelles bound to
polycations in the brush configuration at high Γ could differ
from those bound to more solution-like chains: (1) Mixed
micelles, whose dimensions are large (>10 nm) compared
to interpolymer separations at high Γ may be constrained to
brush surfaces. These would be more accessible to toluene
than micelles at lower Γ buried in a polymer layer that resides
closer to the glass surface. (2) Polarization of micelles
(migration of SDS) is more favored for brush-bound micelles
leading to the exposure of a nonionic/aromatic-rich palisade
layer for toluene solubilization. (3) Toluene solubilization
may go together with micelle swelling, so the reduction of
steric constraints for the brush-bound micelles could promote
solubilization efficiency. We have shown that SDS/TX100
micelles swell upon toluene solubilization (48). This supports
explanation 3 for the increase in solubilization efficiency seen
at high Γ. The unexpectedly high solubilization efficiency
found for SPIM10 is clearly relevant to optimal use of such
silica-polycation-micelle systems for remediation, so a more
comprehensive understanding of this complex system is
worth pursuing.

Halocarbon and Aromatics Mixtures Uptake by SPIM.
The reductions in pollutant concentration due to treatment
with SPIM1 and SPIM5 are shown in Table 1. These results
indicate that SPIM is capable of treating simultaneously a
wide range of pollutants and at the low concentrations (ppb)
which are relevant to water treatment. SPIM5 has a higher
affinity to most of the pollutants than SPIM1 with notable
uptake of 20-87%. The higher affinity to SPIM5 for toluene
was noted above. In general, the affinity for aromatic
pollutants (especially dichlorobenzenes) is higher than that

for halocarbons. The difference in these affinities may be
related to the compatibility of the micelle and pollutant
molecular structures. However, although a number of studies
have attempted to account for the roles of hydrogen bonding,
specific solute-headgroup interactions, along with, of course,
hydrophobic effects (11, 12, 49, 50), no universal rules have
emerged; and the situation is even less understood for
competition and solubilization selectivity as embodied in
the results of Table 1. Indeed, Guha et al. (49) concluded that
single-component partitioning coefficients cannot be used
to predict multicomponent micellar solubilization and that
both enhancement and suppression can occur in cosolu-
bilization. While it is likely that interference and selectivity
for the SPIM materials parallel the behavior of SDS/TX100,
even that more fundamental issue has not been satisfactorily
addressed.

Full-scale implementation of the SPIM approach would
involve both engineering and economic considerations. The
current work is based on batch experiments, and evaluation
under flow would be a logical next step. Capacity and affinity
may be enhanced in combination with other materials, either
as PRBs or in sequential filtration. The cost benefit would
obviously be improved by replacing the current CPG model
system with sand. As shown in a previous study (32), QPVP
could be readily replaced with poly(dimethyldiallylammo-
nium chloride) (PDADMAC), an inexpensive and extensively
used water-treatment polymer. Also, many anionic/nonionic
surfactant systems could be identified that are less expensive
than SDS/TX100. These studies should be conducted at lab
scale-up levels prior to actual field trials.
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