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Effect of Surfactant Solution pH on Surfactant-Assisted Remediation
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Column tests were conducted to investigate the optimal condition of surfactant solution pH that can affect the remaoval
efficiency in surfactant-assisted remediation. Toluene and 1,2 4-trichlorobenzene were chosen as the model hydrophobic
substances. Two Towa soils, Fruitfield sand and Webster clay loam, were leached with solutions of 4% (v/v) sodium
diphenyl vxide disulfonate (DOSL, trade name Dowfax 8390), or 4%(v/v) trideceth-19-carboxylic acid (TDCA, trade
name Sandopan JA36), or 4% (v/v} octylphenoxypoly ethoxyethanol (OPEE, trade name Triton X 100). The test results
revealed that a maximum removal of toluene and 1,2,4-trichlorobenzene was obtained at pH 10 of surfactant solution,
and maximum recoveries of added toluene (94%) or 1,2,4-trichlerobenzene (97%) were obtained for DOSL surfactant
solution in Fruitfield sandy soil column. Increased removal efficiency by pH control of both toluene and 1,2.4-
trichlorobenzene was 16% and 20% for DOSL with Fruitfild sandy soil, respectively. In addition, the maximum
recoveries of added toluene or 1,2,4-trichlorobenzene were 89% and 93% for DOSL surfactant solution in Webster clay
loam soil column. The maximum increase of toluene and 1,2 4-trichlorebenzene removal was 26% and 19% for DOSL
with Webster clay loam soil, respectively. These experimental results indicate that maintaining a high pH surfactant
solution in surfactant-assisted remediation is desirable for efficient removal of NAPLs from contminated soils.
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1. INTRODUCTION concern in industrial areas. The aromatic fraction
of petroleum products (benzene, toluene, and the
Soil and groundwater contamination by hydro- xylene) is the single largest source of groundwater

pho-bic organic substances has caused significant contamination, and evokes the most concern from
an environmental point of view. Petroleum-based
* Corresponding author: dalheui@korea.ac kr organic products enter the subsurface as a separate
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organic phase or nonagueous phase liquid (NAPL).
Under normal flow regimes, this NAPL phase is
immobile and often represents a long-term source
of aquifer contamination as it slowly dissolves into
the groundwater (Pennell et al., 1997).

Removal of NAPLs from contaminated soils
often confronts with difficulties because they pos-
sess low solubilities and high interfacial tensions.
Currently the common method for remediation of
aquifers contaminated with hydrophobic organic
substances is pump-and-treat. This method is neither
effective nor economical (Sabatini ef al., 1997).
Extensive researches on soil and groundwater
remediation have demonstrated that surfactant
(surface active agents) flushing is a viable alter-
native for improving the efficiency of pump-and-
treat remediation {Chen and Knox, 1997; Knox et
al., 1997). These studies showed that aqueous sur-
factant solutions significantly enhanced the removal
of NAPLs from soil and groundwater.

Surfactants are amphiphilic molecules with a
hydrophobic portion and a polar hydrophilic head
group. Surfactants may aid in remediation by
decreasing the surface rension of the water and
efficiently solubilizing or otherwise mobilizing
NAPLs (Lee, 1997; Deshpande er al., 1999). As the
surfactant concentraton increases, the surface ten-
sion of the solution decreases until the critical
micelle concentration is reached. Remediation of
aquifer contamination requires a combination of
injection wells and withdrawal wells, which will
continuously flood a contaminated zone with reme-
diation solutions. At this time optimization of
aqueous surfactant solation pH is an one of the
essential subject for remediation of contaminated
groundwalter, More laboratory work is needed to
understand the pH of surfactant solution atfecting
the removal of hydrophobic organic compound.
Therefore, the objective of this study is to evaluate
the pH of surfactant solution that can affect the
efficiency of maximum removal in surfactant-assisted
remediation.

2. MATERIALS AND METHODS

2.1. Soil selection

Two lowa soils, Fruitfield sand and Webster clay
loam, used for this study were obtained from the
Department of Agronomy at lowa State University

{Gonzalez and Ukrainczyk, 1996). Fruitfield soil is
classified as a sand, and consists of 86.3% sand,
10% silt, 3.7% clay, and 0.2% organic carbon with
the measured soil pH of 6.2. Webster soil is clas-
sified as a clay loam, and consists of 22.9% sand,
43% silt, 34.1% clay, and 0.61% organic carbon
with the measured soil pH of 8.2. Prior to use they
were air-dried and passed through a 2 mm sieve.

2.2, Contaminant selection

Reagent grade toluene was obtained from Fisher
Scientific (Chicago, IL), and spectrophotometric
grade 1,2,4-trichlorobenzene was obtained from
Aldrich Chemical (St. Louis, MO). As a com-
ponent of gasoline, toluene is one of the most
common light NAPL contaminants in soil and
groundwater. An aromatic hydrophobic 1.24-
trichlorobenzene (TCB) was also chosen as the
model contaminant of DNAPL (denser-than-water
nonaqueous phase liquid) because it has been fre-
quently detected in soil and groundwater con-
tarminanted at industrial sites.

2.3, Surfactant selection

4%(v/v) sodium diphenyl oxide disulfonate
(DOSL, trade name Dowfax 8390), 4%(v/v) tride-
ceth-19-carboxylic acid (TDCA, trade name San-
dopan JA36), and 4%(v/v) octylphenoxypolye-
thoxyethanol (OPEE, trade name Triton X100)
surfactants were selected for this study. Anionic
surfactants (DOSL, TDCA) are usually chosen for
soil flushing procedures because of their lower
degree of adsorption on scil than that by cationic
and nonionic surfactants, and their recoverability
for reuse (Rouse er al., 1993). DOSL meets criteria
as an indirect food additive under FDA Regulation
21CFR 178.3400 and is rapidly biodegradable.
TDCA and OPEE are non-food additive surfactant
and are also selected in this study in order to com-
pare its effectiveness to the food additive chem-
icals (Lee er al., 2001). OPEE is a nonionic
surfactant and is usually used for remediation
research by other scientists. They were obtained
from Dow Chemical, Sandoz Chemicals, Union
Carbide, respectively, Characteristics of used sur-
factants are listed in Table 1.

2.4. Column Tests with varous surfactant sofutions

Column tests were similar to those performed in
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Table 1. The characteristics of used surfactants.

Trade Name DOSL (Dowfax 8390) TDCA (Sandopan JA36) OPEE (Triton X100)

Chemical Name Diphenyl Oxide Trideceth-19- Octylphenoxypoly
Disulfonates Carboxylic Acid Ethoxyethano

Molecular Weight 642 N/A 624

‘HLB “N/A 14 13

PCMC (mM) 0.5 0.6 N/A

Molecular Formula Ci6H33C 1, HAO(S O3 Na), M/S Ca3HegOrp

Type Anionic Anionic Nonionic

Company Dow Chemicals Sandoz Chemicals Union Carbide

*HLB=Hydrophile-Lipophile Balance
PCMC=Critical Micelle Concentration
“N/A=Not Available

dM/S=Mixture in Sulfuric Acid

previous researches (Lee, 1997; Lee, 1999; Lee et
al., 2001) except that surfactant solution pH con-
ditions varied as listed in Table 2. Glass wool and
glass beads were placed at the column's base, and
Fruitfield soil or Webster soil was placed over the
beads, respectively. Compaction of the dry soil in
0.5cm layers was standardized by tapping the side
of the column 25 times; this degree of compaction
minimizes preferential liquid channeling (Martel
and Gelinas, 1996). The Fruitfield soil column
length was 15.4 cm, soil column radius was 2.3 cm,
and the packed soil had a bulk density of 1.36 g/
cm® and porosity of 0.49. Pore volume of this col-
umn was about 126 cm’. The Webster soil column
length was 14.7cm, scil column radius was
3.2 cm, and the packed soil had a bulk density of
1.10 g/em® and porosity of 0.58. Pore volume of
this column was about 223 cm®. After a column
was packed, deionized water was pumped at a rate
of 3 mL/min into the column for three hours to sat-
urate the soil. The contaminant (5 mL of toluene
or 1,24-trichlorobenzene) was then injected by
long syringe into the middle of the column. This
method of contamination is closely analogous to
field contamination in which a mass of contam-
inant leaches into the subsurface from a localized
contaminant source such as leaking underground
storage tank. Then ten pore volumes of 4%(v/v)
surfactant solutions was pumped to the top of the
column with various pH. All tests in this study
were run duplicately.

In order to evaluate the effects of pH on sur-
factant-based remediation, the pH of surfactant

solutions was varied by adjusting pH with a 10%
NaOH (2.5 M) solution. The surfactant 4% (v/v)
DOSL had an unadjusted pH of 8.7. The pH val-
ues of the aqueous surfactant solution (4%(v/v)
DOSL) were adjusted to {0, 11 (Table 2). The
unadjusted pH values of 4%(v/v) TDCA and 4%
(v/v) OPEE were 3 and 7.2, respectively. The pH
values of the 4%(v/v) TDCA were adjusted to 7.2,
8.7, 10, 11 and pH values of the OPEE were
adjusted to 8.7, 10, 11 (Table 2).

2.5. Chemical analysis

Analysis of toluene or 1,24-trichlorobenzene
was conducted by solvent extraction and gas chro-
matography (Hewlett Packard Model 5890 series
) (Lee, 1999). Ethylbenzene or 1,2-dichloroben-

Table 2. pH value of 4%(v/v) surfactant solution based an
added NaOH volume.

Surfac- Volume Added NaOH vol-Measured pH value of
tant (mL) ume (mL)? surfactant solution
DOSL 125 o 8.7
DOSL 125 140 10.0
DOSL 125 340 11.0
TDCA 100 0 3.0
TDCA 100 650 7.2
TDCA 100 750 8.7
TDCA 100 770 10.0
TDCA 100 940 1.0
OPEE 100 0 7.2
OPEE 100 30 8.7
OPEE 100 120 10.0
OPEE 100 450 1.0

3-10% NaOH (2.5 M)
Y=No added NaOH
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zene was used as an internal reference standard.
Prior to the analysis of sample extracts, the
response factor and linearity of detection for the
internal standard and contaminant were deter-
mined. After having calculated the response factor,
a calibration graph was prepared. During analysis
of a sample, the sample mass or volume was deter-
mined and a known amount of ethylbenzene or
1,2-dichlorobenzene was added to the sample. The
quantitative determination of contaminant con-
centration was based on these internal standard
reference compounds, so that sample peak areas
were compared with those of their respective inter-
nal standards (Lee, 1997; Lee, 1999; Lee ef al.,
2001). New standard curves were prepared after
approximately 15-20 injections. The standard curves
were constructed using concentrations ranging
from 8.7 to 43.3 mg/L for toluene and from 26.8 to
71.6 mg/L for 1,24-trichlorobenzene. Solutions
were diluted if necessary to fit within the range of
this line. All tests were conducted at room tem-
perature.

3. RESULTS AND DISCUSSION

Monitored pH values of effluent solutions dur-
ing experiments were nearly the same as the initial
solution pH at the start of each test. The pH value
of nonionic OPEE was constant throughout the
tests. The pH values of anionic surfactants (DOSL
and TDCA) were slightly varied (Table 3) and this
is considered to be insignificant in terms of influ-

Table 3. Monitored pH values of the effluent from the soil
column.

After 10 pore  After 10 pore
4%(viv) .. volumes effluent volumes effluent
Initial . .
Surfactants passed in sandy passed in clay
soil column  loam s0il column
DOSL 8.7 89 8.9
DOSL 10.0 10.0 10.2
DOSL 11.0 11.1 1.1
TDCA 30 31 33
TDCA 72 7.0 713
TDCA 8.7 9.0 9.0
TDCA 10.0 101 10.5
TDCA 11.0 11.2 11.3
OPEE 12 7.2 7.1
OPEE 8.7 87 89
OPEE 10.0 10.0 10,0
OPEE 11.0 11.0 11.3
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Fig. 1. Effect of surfactant solution pH on leaching of
toluene from Fruitfield sandy soil.
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Fig. 2. Effect of surfactant solution pH on leaching of
toluene from Webster clay loam soil.

encing degree on pH effects.

Fig. 1 and Fig. 2 show the varation of the
removai efficiency with pH for the three surfac-
tants used in case of toluene, The pH of surfactant
solution affected clearly toluene removal from
contaminated soil columns. For all surfactants a
maximum removal of toluene was obtained at pH
10 and toluene removal efficiency between pH 10
and pH 11 was slightly varied. The maximum
recoveries (94%, 899%) of added toluene were
obtained for DOSL surfactant solution in Fruitfield
sandy soil and Webster clay loam soil, respec-
tively. The maximum increase of toluene removal
was 16% for DOSL in Fruitfild sandy soil, and
was 26% for DOSL in Webster clay loam soil
when the pH varied from 8.7 to 10. The per-
centage increase was 10% for TDCA when the pH
varied from 3.0 to 10 in both soils, and was 9%,
10% for OPEE when the pH varied from 7.2 to 10
in Fruitfield sandy soil and Webster clay loam soil,
respectively.

Fig. 3 and Fig. 4 show the variation of the
removal efficiency with pH for the three surfac-
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Fig. 3. Effect of surfactant solution pH on leaching of 1,2,4-
TCB from Fruitfield sandy soil,
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FIg. 4. Effect of surfactant solution pH on leaching of 1,2,4-
TCB from Webster clay loam soil.

tants used in case of 1.24-trichlorobenzene. The
pH of surfactant solution had also a clear effect on
1,2 4-trichlorobenzene removal from contaminated
soil columns. For all surfactants a maximum removal
of 1,2,4-trichlorobenzene was obtained at pH 10.
Also, 1,2 4-trichlorobenzene temoval efficiency
between pH 10 and pH 11 was slightly varied. The
maximum recoveries (97%, 93%) of added 1,2,4-
trichlorobenzene were obtained for DOSL sur-
factant solution in Fruitfield sandy soil and Web-
ster clay loam soil, respectively. The maximum
increase of 1,24-trichlorobenzene removal was
20% for DOSL in Fruitfield sandy soil, and was
19% for DOSL in Webster clay loam soil when the
pH varied from 8.7 to 10. The percentage increase
was 13%, 10% for TDCA when the pH varied
from 3.0 to 10 in Fruitfield sandy soil and Webster
clay loam soil, respectively. The percentage increase
was 14%, 9% for OPEE when the pH varied from
7.2 to 10 in Fruitfield sandy soil and Webster clay
loam soil, respectively.

These increased values were less than that
observed for Ottawa sand column tests (Lee,

1997). Laboratory experiments showed the effec-
tiveness of highly alkaline surfactant solutions in
leaching toluene from Ottawa sand (Lee, 1997,
Lee et al., 2001). In previous study (Lee, 1997),
much greater effectiveness was observed using
surfactant solutions containing NaOH. In that
study we found that NaOH increased the effec-
tiveness of a nonionic surfactant (POE, trade name
Pluronic L44) by 50%, an anionic surfactant (TDCA,
trade name Sandopan JA36) by 57%, and water by
10% in a pure sand column. In addition, the mix-
ture of surfactant and NaOH was most effectively
extracted by solvents during leaching tests for
recycled surfactant solution (Lee, 1997). The
effect of NaOH in changing effectiveness is not
due to Na* counter-ion effects, but rather to the
OH" based on experimental results (Lee, 1999; Lee
et al., 2001). Rosen (1989) showed that micelle
formation in surfactant solution was enhanced by
high pH and the surface tension of surfactant solu-
tions was decreased by high pH. Increased micelle
formation in high pH and decreased surface ten-
sion of surfactant solution in high pH may have
affected our results, However, the cause of the
lesser effect obtained from this study compared to
Lee's (1997) results might be attributed to the dif-
ferences in model contaminants and soils. Hydro-
gen ion concentration in solution was an important
factor in surfactant effectiveness. The cause of the
pH effect on an nonionic surfactant (OPEE) 1s
unknown, but perhaps OPEE may contain minor
amount of a charged molecular species (Lee,
1999). Subsurface aquifers will rarely contain such
high pH waters, and buffering of pH in surfactant
solutions to pH 10 may prove difficult and expen-
sive for many aquifers. If possible, however, main-
taining a high pH surfactant solution in field
remediation is desirable because it will enhance
contaminant removal.

Based on results of these column experiments,
DOSL can be a good candidate for surfactant-
based soil or groundwater remediation. In addi-
tion to the high percentage removal of toluene
and 1,2.4-trichlorobenzene observed in our col-
umn experiments, DOSL has good solubilizing
abilities for phenanthrene, napphthalene and
related substances {(Rouse et al., 1993; Deshpande
et al., 1999; Deshpande et al., 2000). Effectiveness
of DOSL may be due to exceptionally small
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adsorption of the twin-head sulfate polar heads
onto soil particles, or to minor amounts of sur-
factant loss by precipitation with soil compo-
nents (Rouse ef af., 1993; Deshpande er al.,
1999; Deshpande er af., 2000). Because of low
sorption to soil particle and resistance to pre-
cipitation with cations, DOSL. should show min-
imal loss during surfactant flushing of an aquifer
compared to nonionic and other anionic single
polar head surfactants.

4, CONCLUSION

We performed laboratory column tests to inves-
tigate the effect of surfactant solution pH on the
removal efficiency of toluene and 1,2 4-trichlo-
robenzene from two different soils, Fruitfield
sandy and Webster clay loam soils. The pH of sur-
factant solution was essential to have effect on tol-
uene and 1,2.4-trichlorobenzene removal from
contarninated soil columns. The test results revealed
that, in each surfactant a maximum removal of tol-
uene and 1,2 4-trichlorobenzene was obtained at
pH 10 of surfactant solution. The maximum recov-
eries of added toluene or 1,2 4-trichlorobenzene
were 94% and 97%, and maximum increase of tol-
uene and 1.2 4-trichlorobenzene removal were
16% and 20% for DOSL with Fruitfild sandy soi.
Also, the maximum recoveries of added toluene or
1,2 4-trichlorobenzene were 89% and 93%, and
maximum increase of toluene and 1,2,4-trichlo-
robenzene removal were 26% and 19% for DOSL
with Webster clay loam soil. These experimental
results indicate that maintaining a high pH sur-
factant solution in surfactant-assisted remediation
is desirable for efficient removal of NAPLs from
contaminated soils.
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