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NOTE / NOTE

Reduction of a field generated waste micro-
emulsion by electrolytic addition

Clayton J. Clark II

Abstract: The present research examined the treatment process of adding NaCl to a single phase microemulsion (SPME)
effluent from an in situ flushing test conducted at a contaminated field site. The waste effluent contained surfactant,
cosurfactant, and contaminant, which had been removed from soil. Addition of NaCl separated the SPME into two
immiscible phases, a lower aqueous phase and an upper organic phase. Consequently, a smaller volume of waste saturated
with a non-aqueous phase liquid (NAPL) requiring further treatment or disposal was produced. Overall, addition of ∼16%
by weight of NaCl reduced the NAPL saturated volume by ∼95% for both the composite volume and first pore volume
samples. Nearly the entire NAPL mass (∼99%) partitioned into the organic phase after addition of NaCl and the NAPL
saturated volume decreased with increased NaCl addition. Increased NaCl also decreased the chemical oxygen demand
(COD) load of the aqueous-rich phase by one-tenth. The reduction in NAPL saturated volume by salt addition would
decrease cost of further treatment by ∼95%.
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Résumé : La recherche présentée examine le procédé de traitement qui consiste à ajouter du NaCl dans un effluent à
microémulsion monophasée (SPME) provenant d’un essai de lessivage rapide in situ effectué dans un site contaminé.
L’effluent de décharge contenait un surfactif, un cotensioactif et un contaminant qui avaient été retirés du sol. L’ajout de
NaCl a séparé le SPME en deux phases immiscibles, une phase aqueuse au dessous et une phase organique sur le dessus.
En conséquence, cela a produit un plus petit volume de déchets saturés par un liquide en phase non aqueuse exigeant un
traitement additionnel ou l’élimination. En général, l’ajout d’environ 16 % en poids de NaCl a réduit le volume saturé par
un liquide en phase non aqueuse d’environ 95 % pour les échantillons de volume mixte (composite) et de premier espace
interstitiel (first pore). Presque toute la masse de liquide en phase non aqueuse (∼99 %), ajoutée à la phase organique
après l’ajout de NaCl, et le volume saturé par un liquide en phase non aqueuse a diminué avec l’augmentation de l’ajout
de NaCl. Cette augmentation de NaCl a également diminué d’un dixième la DCO de la phase aqueuse. Réduire le volume
saturé par un liquide en phase non aqueuse par l’ajout de sel diminuerait le coût des traitements additionnels d’environ
95 %.

Mots clés : microémulsion, gestion des déchets, sel, traitement, restauration de sites, liquide en phase non aqueuse.

[Traduit par la Rédaction]

Introduction

The purpose of this research was to examine the interme-
diate treatment process of adding a neutral electrolyte (NaCl)
to a field generated single-phase microemulsion (SPME) ef-
fluent from a surfactant–cosurfactant flushing experiment. The
main objectives were to investigate NaCl efficiency in effec-
tively separating the SPME and to investigate partitioning of the
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non-aqueous phase liquid (NAPL) into separated organic-rich
and aqueous-rich phases dependent upon NaCl concentration.

The effluent SPME was the result of surfactant flushing of
an isolated subsurface test cell at Hill Air Force Base, Utah, in
a field experiment described by Jawitz et al. (1998). A detailed
discussion of the field site including its historical and geophys-
ical characteristics can be found in a report produced by Mont-
gomery Watson, Inc. (1995). The hydraulically isolated test cell
and the instrumentation included therein used in this experiment
has been previously discussed in previous literature (Rao et al.
1997;Annable et al. 1998; Jawitz et al. 1998). The flushing solu-
tion consisted of a surfactant polyoxyethylene-(10)-oleyl-ether
(trade name, Brij 97) and n-pentanol as the cosurfactant, mixed
at 3.0% by weight of Brij 97 and 2.5% by weight n-pentanol
(Rhue et al. 1997). After passing through the surficial aquifer,
the SPME consisted of not only surfactant solution, but also, a
complex NAPL mixture that had been present in the subsurface
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media (Rao et al. 1997). In the microemulsion, NAPL contam-
ination from the soil remained in the thermodynamically stable
solution until further treatment. The resulting microemulsion
has been described as a Winsor type I mixture by Lake (1989),
in which the micelles in the solution more readily solubilize
hydrophobic components into an aqueous system.

Addition of a salt acts to reduce organic solubility in an aque-
ous phase by making water a more polar solvent, resulting in
separation of the SPME into two immiscible phases. In a Winsor
type I system, like in the present work, the interfacial tension
between the immiscible fluids is nearly zero, which results in
the NAPL being easily solubilized into the micelles of the sur-
factant solution. Salt reduces the solubilization capacity of the
micelles in the microemulsion, which increases the interfacial
tension between the immiscible fluids. The result is the separa-
tion of the immiscible fluids into layers based on the density dif-
ferences. The upper organic-rich phase consists of lighter than
water hydrophobic components, while the bottom aqueous-rich
phase is primarily composed of aqueous soluble components.
Most salts, known as “lyotrophic”, decrease the organic solubil-
ity in water and are referred to as having a “salting-out” effect,
shown in eq. [1a] below; while a few, known as “hydrotropic”
salts, increase the organic solubility and produce a “salting-in”
effect, shown in eq. [1b] below (Kabalnov et al. 1995). The
salting-out (eq. [1a]) and salting-in (eq. [1b]) strength of an-
ions have been classified in the following order (Kabalnov et
al. 1995):

[1a] SO2
4− > HP2−

4 > F− > Cl− > Br− > NO3−

[1b] I− > ClO−
4 > SCN−

which is entitled the Hofmeister series. Those with eq. [1a]
anions were shown to make water a more polar solvent, whereas
the eq. [1b] anions oppose this trend (Kahlweit et al. 1984).
The use of NaCl in this research, which is a lyotrophic salt, was
based on its stability, ease of transport, and, most importantly,
its low cost.

Materials and methods

Samples were taken periodically from the effluent of the com-
bined extraction wells from the surfactant–alcohol flushing ex-
periment in test cell 8 at OU1, Hill Air Force Base, Utah. The
SPME effluent samples taken from the first pore volume and
a composite volume of the total flushing effluent were exam-
ined in this study. The composite sample was taken from the
tank containing the entire effluent from the flushing process,
which was 10 pore volumes in total. However, the last 9 pore
volumes were increasingly less concentrated with NAPL con-
taminant. NaCl at varying weight percentages were added to
10 mL volumes of the effluent SPME in centrifuge tubes (KI-
MAXTM). The 10 mL volumes were centrifuged at a moderate
speed of 2.0 rev/min for 15 min to separate the microemulsion.
The organic-rich layer was extracted with methylene chloride
(MeCl2) for gas chromatograph (GC) analysis.

A Perkin-Elmer Gas Autosystems Chromatograph with a
DB-624 Column was used to analyze the microemulsions,
MeCl2 extracts of the separated oil phases, and separated aque-
ous phases for pentanol and target analytes. Target analytes were
similar to those evaluated by Jawitz et al. (1998) and Clark et al.
(1999) and included: p-xylene, 1,2,4-trichlorobenzene, decane,
undecane, dodecane, trimethylbenzene, and tridecane.

Chemical oxygen demand (COD) tests were conducted based
on the EPA approved (Federal Register 1980) Reactor Diges-
tion Method 8000 found in DR/2000 HACH Spectrophotometer
Handbook with HACH High Range Plus COD Reagent (Love-
land, Colorado). The high level wastes were also analyzed with
colorimetric determination with a Milton Roy Spectronic 21D
Spectrophotometer.

Discussion

At the Hill AFB field site, a SPME solution was flushed
through a subsurface isolated cell described by Rao et al. (1997)
and Jawitz et al. (1998). A lyotrophic electrolyte, NaCl, was
added to the SPME waste effluent to study its effectiveness in
separating the waste into immiscible phases in the field to re-
duce the volume of NAPL saturated waste that would require
further treatment or disposal. Sample volumes were evaluated
from the first pore volume and the overall composite volume
of the in situ flushing experiment. In evaluating the composite
SPME effluent, it was concluded that the components were not
preferentially removed during flushing. Consequently, the com-
position over the flushing experiment changed only by amount
of total NAPL contamination, not by differing amounts of com-
ponent compounds. Furthermore, this data would seem to indi-
cate that the electrolytic separation is effective in partitioning
the organic components found in the SPME effluent dependent
more on the ability of the electrolyte to destabilize the effluent
microemulsion than the concentration of organics in solution.

Volumetric separation
The effectiveness of electrolyte addition to facilitate phase

separation of the SPME effluent samples was evaluated by vol-
umetric separation in the laboratory. To evaluate the separation
effectiveness of the varying NaCl concentrations, volumes of
the separated organic and aqueous phases were measured based
on the graduations on the individual centrifuge tubes. From
these values, ratios of aqueous-rich to the total sample volume
of the separated SPME were calculated. This data was used to
numerically compare the effectiveness of phase separation by
utilizing various NaCl concentrations to separate the field gen-
erated SPME effluent from the first pore volume and composite
volume of the flushing experiment and presented in Fig. 1.

Overall, the aqueous to total volumetric fractions showed an
increase as the NaCl added to the SPME effluent increased for
both the first pore volume and composite volume cases (Fig. 1).
The increase in the aqueous-rich phase volume fraction corre-
sponded with a resulting decrease organic-rich phase volume
fraction after separation. This was due to increased removal of
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Fig. 1. Volumetric separation of SPME effluent by addition of
NaCl to first pore volume and composite volume samples.
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water that was trapped in the organic-rich phase either in reverse
micelles or adsorbed to the surfactant by the increasing amounts
of the lyotrophic salt, in this case NaCl, resulting in the reduc-
tion in volume and concentration of the organic-rich phase.
Examination of the volumetric ratios showed that they did not
increase uniformly based on weight percentages of added NaCl.
This speaks to the unpredictability of the SPME solution and
this method of separation as a function of added neutral elec-
trolyte. Although an effective method, an exact ratio can only
be estimated and not predicted based on the NaCl added to a
particular SPME system. This is because each SPME or other
microemulsion varies based upon the flushing solution and the
contaminants removed during the remedial flushing process at
a particular site. However, the volumetric ratios were consistent
in that the larger the amount of NAPL in the SPME effluent, the
larger the organic-rich phase volume after separation. This was
depicted by the slightly larger aqueous to total volume ratios
seen in the composite volume compared to the first pore volume
as seen in Fig. 1.

For the limits of NaCl solubility in the SPME, the composite
volume ratio showed that the aqueous-rich phase volume was
more than 27 times that of the organic-rich volume for 16% by
weight of NaCl added, while in the first pore volume this ratio
was just under 16 for 20% by weight of NaCl added. Increas-
ing NaCl concentration beyond these solubility limit values re-
sulted in inefficient separation as function of NaCl added and
resulted in unsolubilized NaCl accumulating at the bottom of
the separated system.

Despite these minor differences, the results showed that both
first pore volume and composite volume effluents reach nearly
equivalent volumetric ratio values of the immiscible phases
compared to the total volume of the effluent separated (Fig. 1).
At the highest NaCl concentrations, the aqueous to total volume-
separated ratio was 0.96 for the composite volume sample and
0.94 for the first pore volume sample. Overall, both sample ef-
fluents displayed an approximate 95% reduction in the NAPL

saturated waste volume that would require disposal or further
treatment for addition of ∼16% by weight of NaCl to solution.
It was also demonstrated that NaCl continually reduced the vol-
ume of the NAPL saturated phase until the maximum solubility
dosage is reached.

Mass partitioning
As important as it was to have significant NAPL volume

reduction, another important factor in the electrolytic addition
process depended upon the distribution of NAPL mass after sep-
aration. Based on GC analysis of each of the separated phases,
the mass of the target compounds, which represent the NAPL
in solution, allowed for estimation of NAPL mass separated
into the organic phase. The mass partitioning of the target com-
pounds into both phases was based on the concentrations of the
components via GC analysis. In both the first pore volume and
the composite volume, effective partitioning (∼99% mass) of
the NAPL target compounds into the separated organic phase
was achieved, except for naphthalene, which was only greater
than 90%. The separated aqueous phases from the first pore
volume and composite volume were analyzed and shown to
contain only minimal portions of the target compounds (less
than 1%), which could potentially cause industrial wastewater
concerns.

Gas chromatograph analysis revealed that the surfactant in
the resulting immiscible phases no longer held a consistent an-
alytical composition, and different batches of Brij 97 contained
variable compositions that displayed some variability in peak
intensities when analyzed by GC. Nonetheless, a specific peak,
which displayed the least variability (≤5% error), was used as
a signature peak for quantification of the Brij 97. This peak was
found in chromatograms of both phases even after fraction-
ation was observed during phase separation. These analyses
suggested that greater than 95% of the surfactant components
were removed from the aqueous-rich phase compared to the
original SPME effluent. The residual amount of the surfactant
in the aqueous-rich phase was most likely part of the hydrophilic
portion of the surfactant composition, and was presumably re-
sponsible for there not being a total partitioning of hydrophobic
components into the upper organic phase.

The majority of the cosurfactant (pentanol) also partitioned
into the separated organic-rich phase. Based upon mass parti-
tioning percentages, it was found that pentanol, unlike the target
analytes in the SPME, partitioned into the upper organic phase
as a function of the amount of NaCl added to the system. As
the amount of NaCl increased, so did the mass of pentanol that
partitioned into the organic phase. Pentanol mass was found to
partition into the organic-rich phase from below 93% for 6%
weight of NaCl added, up to 99.2% for ∼16% NaCl added to
the composite volume sample. For the first pore volume sample,
pentanol mass in the organic-rich phase was seen to increase
from 91.6% for 6% NaCl added to 99.7% for 16% NaCl added.
The higher solubility of pentanol in water compared to the tar-
get components might have prevented its immediate partition-
ing into the organic-rich phase at a minimal amount of NaCl
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for separation. But, as the increasing NaCl amounts increased
the polarity of the aqueous phase, the hydrophobic character of
pentanol partitioned it in increasing amounts to the nonpolar
organic-rich phase.

Based on concentrations of the target compounds and pen-
tanol found in the immiscible organic-rich and aqueous-rich
phases in both the field and laboratory experiments (Clark et
al. 1999), it can be assumed that the separations conducted in
the laboratory in this research were fairly representative of what
would occur in the field over the various amounts of NaCl added
to large scale volumes of waste effluent.

Chemical oxygen demand test
It was found that electrolytic separation also significantly re-

duced the COD load of the aqueous-rich phase effluent by up
to 1/10 concentration of the initial SPME solution. The initial
COD concentration for the SPME effluent was approximately
127 000 mg/L and 120 000 mg/L for the first pore volume
and composite volume, respectively. For the minimal amount
of NaCl added required to separate the SPME effluent into im-
miscible phases, the COD concentrations for the first pore vol-
ume and composite volume of the resulting aqueous-rich phases
were 27 000 mg/L and 23 000 mg/L, respectively. Further, af-
ter the addition of ∼16% of NaCl, the COD in the resulting
aqueous-rich phase was lowered to 11 000 mg/L and below
9900 mg/L for the first pore volume and composite volume, re-
spectively. It was calculated that pentanol constituted up 99%
of the total COD load of the separated organic-rich phase, and
approximately 100% in the aqueous phase. Therefore, removal
of the pentanol from the aqueous phase would also reduce the
majority of the COD load to the aqueous waste designated to
the wastewater plant for treatment.

In closing, treatment of SPME waste by incineration cost
nearly US $1.73/gallon (1 gallon = 3.785 L) (CH2MHill 1997),
and the waste volume produced from the surfactant flushing
in this study was ∼20 000 gallons. Reduction of the NAPL
saturated waste for incineration by addition of salt would reduce
the volume to be treated and cost of treatment by 95%, which
would save the project ∼US$33 000.

Conclusions

The purpose of this research was to explore the effectiveness
of electrolytic addition to reduce the volume of waste effluent
that would require additional treatment after its removal from
a contaminated site. The waste effluent examined in this case
was a single phase microemulsion (SPME) that contained a sur-
factant (Brij 97), cosurfactant (pentanol), and a complex NAPL
mixture, including petroleum fuel wastes, which was removed
by in situ flushing from an isolated contaminated area of soil
at Hill AFB, Utah. Addition of a neutral lyotrophic electrolyte
(NaCl) to the SPME was found to produce significant separa-
tion and volume reduction of the phase that is saturated with

organic NAPL contaminants initially found in the total volume
of the waste microemulsion effluent.

The sample sets were taken from the composite and first
pore volumes from the effluent of the Hill AFB flushing exper-
iment. Addition of ∼16% by weight of NaCl displayed ∼95%
reduction in NAPL saturated volume for both sample sets.Also,
for both sample sets, nearly the total mass (∼99% mass) of the
NAPL components were found to partition into the organic-rich
phase after separation by NaCl, and the NAPL saturated phase
volume decreased with increasing addition of NaCl. Based upon
GC analysis, more than 95% of the surfactant components parti-
tioned into separated organic phase. The cosurfactant, pentanol,
was found to increasingly partition into the separated organic-
rich phase as a function of added NaCl. The NaCl separation
also led to a decrease in the COD load of the separated aqueous
phases that may be treated in an industrial wastewater treatment
facility, usually by a factor of 1/10.

This intermediate treatment method was found to be effective
and relatively constant for both in field and laboratory applica-
tions. The addition of the electrolyte, NaCl, reduced the volume
of NAPL saturated fluid and caused nearly all of the NAPL con-
taminant mass to partition into this reduced volume. Overall,
this intermediate method for reducing the volume of waste that
would require disposal or incineration would increase waste
disposal efficiency and potentially provide greater possibility of
recycling of chemicals vital for remediation, thereby increasing
the overall efficiency and effectiveness of site cleanup proce-
dures.
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