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Abstract

The study presented in this paper evaluated the effectiveness of surfactants in enhancing mass removal of organophosphorus
pesticides (OPPs) from soil under highly alkaline conditions and potential for enhancing in situ alkaline hydrolysis for treatment
of OPPs, particularly parathion (EP3) and methyl parathion (MP3). In control and surfactant experiments, hydrolysis products
EP2 acid, MP2 acid, and PNP were formed in non-stoichiometric amounts indicating instability of these compounds. MP3 and
malathion were found to have faster hydrolysis rates than EP3 under the conditions studied. All surfactants evaluated increased
solubility of OPPs under alkaline conditions with four nonionic alcohol ethoxylate products providing the greater affect over the
polyglucosides, sulfonate, and propionate surfactants evaluated. The alcohol ethoxylates were shown to provide substantial mass
removal of OPPs from soil. Hydrolysis rates were typically slower in the presence of surfactant, despite the relatively higher
aqueous concentrations of OPPs; this was likely due to micellar solubilization of the OPPs which were therefore less accessible
for hydrolysis. The results of this study support the use of surfactants for contaminant mass removal from soil, particularly under
alkaline conditions, and may have implications for use of some surfactants in combination with other technologies for treatment
of OPPs.
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Introduction liquids (NAPLs) with low aqueous solubility (Pennell et al.
1993; Jafvert and Strathmann 2000; Mulligan et al. 2001;
Suchomel et al. 2007). As a stand-alone technology, surfactant

flushing for NAPL recovery was based on the prior work in
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the field of enhanced oil recovery (EOR). During surfactant
flushing, contaminant recovery can be achieved via interfacial
tension (IFT) reductions between the organic liquid and aque-
ous phases (mobilization) and/or increased aqueous solubility
due to the formation of surfactant micelles (solubilization)
(Dugan et al. 2010; Pennell et al. 2013). Although several
field-scale tests have demonstrated the ability of surfactant
flushing to recover >90% of the contaminant mass (e.g.,
(Hasegawa et al. 2000; Londergan et al. 2001)), recent work
has focused on applying surfactants as means to improve the
performance of other remediation technologies aimed at in
situ contaminant degradation (Menendez-Vega et al. 2007;
Dugan et al. 2010; Perelo 2010). Utilization of surfactants in
combination with other technologies can be implemented in
parallel as an enhancement method or in series as a part of a
treatment train approach (Pennell et al. 2013). Many studies
have focused on surfactant-enhanced in situ chemical oxida-
tion (S-ISCO) (Tsai et al. 2009; Li and Hanlie 2008; Dugan
et al. 2010; Hoag and Collins 2011), where the increased
aqueous solubility effect of surfactants has been shown to
enhance the performance of chemical oxidants. Additionally,
the potential for applying surfactants as an enhancement of
other remediation technologies, including electrokinetic
remediation (Fan et al. 2014), biodegradation (Ramsburg

et al. 2004; Amos et al. 2007; Dave et al. 2014), and air
sparging (Chuan-Yu et al. 2014), has been explored.

The objective of this study was to explore the potential use
of surfactants and alkaline hydrolysis as a combined remedy
for in situ remediation of organophosphorus pesticides
(OPPs). The work was completed using materials from the
Groyne 42 site in Denmark to serve as a model site. The
Groyne 42 site is a 20,000 m?> former disposal site primarily
for OPP chemical wastes. After 40 years and two excavation
events, about 100 metric tons of OPPs are still present, with
the majority existing as sorbed phase and residual dense
NAPL (DNAPL) (Bondgaard et al. 2012). Details on the
Groyne 42 site and the experiences obtained with in situ alka-
line hydrolysis of the OPPs are presented by Bondgaard et al.
(Bondgaard et al. 2012). The main contaminants are
(ethyl-)parathion (EP3: ~50%) and methyl parathion (MP3:
~15%). Both compounds possess low aqueous solubility and
high toxicity (Bondgaard et al. 2012). The toxicity of the
OPPs can be reduced by hydrolysis at high pH, which results
in the formation of water soluble para-nitrophenol (PNP) and
organophosphoric acids (EP2 acid and MP2 acid) as hydroly-
sis products (Eq. 1).
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This approach has been demonstrated in a number of
studies (Ketelaar 1950; Di Palma 2003), and the process
is used by OPP manufacturing companies to transform
OPPs in their waste water; however, the technology has
not been widely applied for in situ remediation
(Bondgaard et al. 2012). The hydrolysis rate is influenced
by the low solubility of OPPs and could potentially be
enhanced by applying surfactant as a mean to increase
the availability of OPPs in aqueous solutions. High pH
may in itself promote increased OPP solubility due to
hydrolysis of the OPP reactant promoting NAPL solubil-
ity. Surfactants and OPP hydrolysis have mainly been
studied from a detoxification and potential water treat-
ment perspective using cationic surfactants (Han et al.
2007; Shrivastava and Ghosh 2008; Mirgorodskaya et al.
2012) or to use surfactants as a means to isolate OPPs in
sample preparation prior to analysis (Seebunrueng et al.

2011; Seebunrueng et al. 2012). In aqueous systems, cat-
ionic surfactants are the most obvious candidates for OPP
hydrolysis, since once OPPs are solubilized in micelles,
alkaline hydrolysis requires gradient-driven transport of
the reactive hydroxide anions from the aqueous bulk
phase to the micellar surfactant phase (Han et al. 2007).
According to the pseudophase ion exchange (PPIE) model
of micellar catalysis, it is assumed that the micellar sur-
face is saturated with counterions and that the counterion
binding is constant for inert counterion surfactants (Han
et al. 2007). The inert counterions reduce the rate of
micellar-assisted reactions of reactive counterions with
nonionic organic substrates as a result of this competition
at the micelle surface (Han et al. 2007), and a decrease of
hydrolysis rate at increased ionic strength of solution is
possible. From a subsurface remediation perspective, cat-
ionic surfactants are limited by their potential toxicity and
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strong adsorption on soil materials (Mulligan et al. 2001).
As a consequence, only few papers have investigated the
combination of OPPs and surfactants from a soil washing
perspective (Sharma et al. 1985; Zeng et al. 2006; Chu
et al. 2006; Wattanaphon et al. 2008; Torres et al. 2012).
These papers have primarily focused on nonionic surfac-
tants. For example, Torres et al. 2012 [22] showed that
63% and 85% of MP3 could be removed from artificial
contaminated soil by nonionic surfactants Brij 35, Triton
X-100, and Tween 80 at near neutral pH. At a low dosage
of EP3, Chu et al. [20] demonstrated that 73% to 97%
could be extracted from soil using Brij 35 at near neutral
pH. Batch experiments indicated that recovery efficiency
was independent of soil organic matter content and in-
creased linearly with surfactant dose, yielding a molar
solubilization ratio (MSR) of 0.11 mol EP3 per mol of
surfactant [20]. However, prior studies have not consid-
ered concomitant surfactant-enhanced solubilization and
alkaline hydrolysis. Thus, the specific aim of this research
was to study the ability of surfactants to increase the sol-
ubility of OPP-NAPL contaminants at alkaline pH and
their effect on the alkaline hydrolysis of OPPs.

Eight nonionic, one modified anionic, and one amphoteric
surfactant were screened at a dose of 30 g L™! in 0.34 M
NaOH tap water. The 3 wt% surfactant dosage was chosen
based on previous experience from bench and larger scale
surfactant flushing systems, since a loss of available surfactant
may occur due to soil adsorption (Pennell et al. 2013). Batch
reactor studies were performed to measure OPP solubility and
hydrolysis product formation. Subsequently, the alcohol
ethoxylate group of nonionic surfactants was selected for fur-
ther remediation tests using contaminated soil from the
Groyne 42 site. The remediation tests included dose studies
and the influence of mechanical mixing.

Materials and methods
Chemicals

Solid sodium hydroxide (VWR) was mixed with Esbjerg
tap water (Denmark) with pH 7.7 and 5.1-mM ionic
strength. EP3 (99.9% grade) and MP3 (99.9% grade) were
provided by Cheminova A/S (Renland, Denmark). The
NAPL sampled at the Groyne 42 site had a liquid density
of 1.16 g mL™" (measured by pycnometer) and a dynamic
viscosity of 13.9 cP at 10 °C (measured with Brookfield
DV-III). The Groyne 42 NAPL was a complex mixture of
the OPP commercial pesticides and all intermediate prod-
ucts, reactants, and solvents used or produced in the syn-
thesis of the OPPs. The chemical composition of the
NAPL, determined by gas chromatography as in
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accordance with the analytical procedure presented in
the Analysis subsection, is shown in Table 1.

The site soil used in the experiments was sampled with
an auger from a Groyne 42 hot spot area in accredited soil
bags and stored in a cooling box during transportation and
at — 18 °C during storage. At use, the soil was thawed,
homogenized in a borosilicate glass contained with a
stainless steel spoon, subsampled into ~500 g, and further
homogenized before 80 g was weighed out in blue cap
borosilicate glass reactors.

Ten surfactant formulations, which were divided into four
groups based on chemical structure, were supplied by three
manufacturers: Rhodia, DOW Chemicals, and DeForest
(Table 2). These surfactants were preselected for further study
based on practical criteria including stability at alkaline con-
ditions (pH 12 or higher) to be compatible with alkaline hy-
drolysis, acceptability for use in the field (e.g., readily biode-
gradable in the environment and low toxicity), and limited
foaming in aqueous solution.

Experimental setup

The experiments were completed as duplicate batch experi-
ments. The time of reaction for all experiments was fixed at
168 + 1 h (7 days). To establish reference solubility and reac-
tivity, alkaline hydrolysis of the site NAPL and the two most
important OPPs EP3 and MP3 were evaluated in tap water
only and base-only (0.34 M NaOH in tap water) experiments.
In the initial surfactant screening experiments, 0.34 M NaOH
in tap water was used as solvent for the 30 g L' (3", %)
surfactant formulations. In the case of the modified anionic
surfactant DeTERGE NAS, 4.0 %/, % NaCl was added to
improve performance. The initial pH of the surfactant solu-
tions containing 0.34 M NaOH was in the range of 13.4 to
13.5 measured by a Metrohm NTC pH probe. For all surfac-
tant screening tests, NAPL and aqueous solutions were mixed
in 1:10 volumetric ratio (3 ml NAPL and 30 ml solution) in
100 mL borosilicate autoclave flasks. The reactors were sealed
and mixed on a temperature-controlled (10 °C) mixing table
operated at speed of 170 revolutions min™"'. Prior to sampling,
the aqueous phase supernatant was transferred to 35 mL bo-
rosilicate glass centrifuge tube and separated at 3000 rotations
per minute for 15 min. The final pH was measured in a 12-mL
aliquot of the aqueous phase that afterward was preserved by
freezing (— 18 °C) prior to analysis of OPP and hydrolysis
products.

For the batch reactor experiment conducted with soil and
water, four ethoxylate surfactants were selected based on the
screening experiments. In each reactor, 80 g of contaminated
site soil and 20 mL of surfactant solution (soil-water ratio of
4 g/mL) were added to the 100 mL borosilicate glass reactors.
No additional site NAPL was added. Batch experiments were
performed at two surfactant concentrations (30 g L™ and
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Table 1  Composition by weight of Groyne 42 NAPL
Compound Abbreviation Comp.(wt%) Ag. sol.mg L") Density log Koy
(kg L7
Ethyl-parathion EP3 40.1 11 1.26 3.83
Methyl parathion MP3 10.1 55 1.36 2.86
Malathion Malathion 7.0 145 1.23 2.36
Ethyl-sulfotep E-sulfotep 6.9 30 1.20 3.99
Solvent naphtha (~n-hexane) Sol. naph. 6.4 - - -
0,0,0-triethyl-thiophosphoric acid E-OOOPS 29 - - -
0,0-diethyl-S-methyl-dithiophosphoric acid EEM-OOSPS 2.0 - - —
Xylenes Xylene 2.0 - - —
0,0,S-trimethyl-dithiophosphoric acid MOOSPS 1.4 - - -
4-Cl-3-cresol 4-Cl-Cresol 1.1 - - -
Iso-amino-parathion Iso-Amino-EP3 1.0 - - -
2-Cl-3-Cresol 2-Cl-Cresol 0.5 - - -
Toluene Toluene 0.5 - - -
Amino-methyl parathion Amino-MP3 0.5 - - -
0,0,S-triethyl-dithiophosphoric acid EOOSPS 04 - - -
Amino-ethyl-parathion Amino-EP3 0.03 - - -
Not identified (unknown) 17.2 - - -
Total 100.0

Aqueous solubility and density for compounds are provided at 20 °C unless otherwise mentioned. Data on compound properties are from estimation
programs interface by US Environmental Protection Agency (USEPA 2014)

10 g L") and at mixing rates up to 170 revolutions min .
Surfactants included in this experiment were Rhodasurf CET
25 (surfl), Rhodasurf T50 (surf2), Ecosurf EH-9 (surf3), and
Tergitol 15-S-12 (surf4). After 7 days of rotary mixing, the
reactors were drained through glass wool filters, and the

1

aqueous phase was analyzed for OPP constituents. No free
phase NAPL was observed in any of the aqueous samples.
After draining, 10 g of the moist soil from each of the reactors
was extracted with 10 mL of toluene that was analyzed for
OPPs. For some of the soil samples, the addition of up to

Table 2 Overview of surfactant formulations applied in the study

Surfactant Type Active ingredient CAS no. Supplier  Surf. ID

Alcohol ethoxylates

Rhodasurf CET 25 Nonionic Ethoxylated cetyl-oleyl alcohol 68,920-66-1 Rhodia surfl

Rhodasurf T50 Nonionic Ethoxylated oleyl-cetyl alcohol 68,920-66-1 Rhodia surf2

7732-18-5

Ecosurf EH-9 Nonionic Alcohol ethoxylate, 2-ethyl hexanol 64,366-70-7 Dow surf3
EO-PO nonionic surfactant

Tergitol 15-S-12 Nonionic Secondary alcohol ethoxylate 84,133-50-6 Dow surf4

25,322-68-3

DeTERGE LF-2379 Nonionic Modified alcohol ethoxylate DeForest  surf5

Alkyl polyglucoside

Triton BG-10 Nonionic C8-C10 alkyl polyglucoside; D-glucopyranose, 68,515-73-1 Dow surf6
oligomeric, decyl octyl glycoside

Triton CG-50 Nonionic C8-C10 alkyl polyglucoside; D-glucopyranose, 68,515-73-1 Dow surf7
oligomeric, decyl octyl glycoside

DeSULF GOS-P-60WCG  Nonionic Alkyl polyglucoside (caprylyl/capryl glucoside) 113,976-90-2  DeForest  surf8

Alkane sulfonates

DeTERGE NAS Modified Anionic  Octyl sulfonate DeForest  surf9

Alkyl Amino Acids

DeTERIC CP-Na-38 Amphoteric Sodium salt, carboxylated C10-12 Modified propionate DeForest  surfl0
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30 mL of toluene was needed in order to obtain a sufficient
toluene phase due to formation of a turbid toluene soil mix-
ture. Soil drying was avoided due to risk of contaminant
volatilization.

Analysis

This study focused on the most toxic NAPL components: the
pesticides EP3, MP3, malathion, and E-sulfotep and their hy-
drolysis products EP2 acid, MP2 acid, and PNP. For this rea-
son not all compounds present in the NAPL were monitored.
Table 3 shows the compounds included in the chemical anal-
ysis program, as well as their abbreviation.

OPPs (EP3, MP3, malathion, E-sulfotep) were analyzed by
gas chromatography (Agilent 6890) with polar capillary col-
umn (J&W Scientific, DB 210) equipped with nitrogen-
phosphorous detector (NPD). All samples (10 mL) were treat-
ed with 2 mL of isopropyl acetate for organic extraction dur-
ing 15 min of ultrasonic mixing and subsequent centrifugation
(4000 rpm for 3 min), injection volume was 1 puL, and detec-
tion limits were reported as 0.01 mg L™ using 5-point stan-
dard curve calibration. The remaining compounds of the
NAPL characterization were analyzed by the same procedure.
The hydrolysis products (EP2 acid, MP2 acid, PNP) were
analyzed by liquid chromatography (Agilent 1100 LC) with
UV detection (Diode Array; Signal 210 nm bw 4, Reference
550 nm bw 100). The column was a Phenomenex Prodigy
ODS 3 (3.2 %150 mm, 5 p with security guard), gradient
eluent flow using phosphate buffer (pH 2.5), and acetonitrile
applied, and 5-point standard curve calibration gave a detec-
tion limit of 0.1 mg L™ in toluene.

Results and discussion

The surfactant-enhanced in situ alkaline hydrolysis (S-ISAH)
is a process that combines solubilization of OPPs from the
NAPL and/or sorbed phase followed by reaction with hydrox-
ide in the aqueous phase. The performance of this combined
process was evaluated based on the concentration of OPPs in
the aqueous and soil phase and hydrolysis products in the
aqueous phase only. The processes were difficult to study

individually, since solubilization occurs in parallel with hydro-
lysis. A reaction time of 7 days was used in all tests to allow
sufficient time for micellar solubilization of the OPPs. The
OPP-NAPL is a complex mixture, with EP3 and MP3 com-
prising 40% and 10% of the NAPL mass (Table 1). These
OPPs yield EP2 acid and MP2 acid, respectively, as well as
PNP as hydrolysis products. EP2 acid is also produced by
hydrolysis of E-sulfotep, comprised 7% of NAPL mass, and
yields two EP2 acid molecules. Finally, malathion (7% of the
NAPL mass) also undergoes hydrolysis under alkaline condi-
tions to yield MP2 acid and thiophosphate. The EP2 and MP2
diester phosphoric acids might undergo further hydrolysis that
might complicate completion of the mass balance of the reac-
tors. In batch reactors where 0.34 M NaOH was added, the
hydrolysis products PNP, EP2 acid, and MP2 acid were dis-
sociated and were therefore detected as their conjugated bases.
For the ease of comparison of OPP reactivity between circum-
neutral and alkaline conditions, these will be referred to as
their acidic form.

Alkaline hydrolysis of NAPL compounds

The initial batch experiment served to establish reference con-
ditions for surfactant screening based on the alkaline hydroly-
sis in tap water (initial pH 8.26) and in 0.34 M NaOH (initial
pH 13.4) (Fig. 1a). The final pH in the alkaline reactors did not
decrease below 13.0 in any of the tests reported in this study,
and initial and final pH of all tests is reported as Fig. S1. At pH
8.26, low levels of MP2 acid and PNP were detected after
7 days of rotary mixing, indicating that MP3 and/or malathion
undergoes some hydrolysis even at, in consideration of the
context of this study, near neutral pH. However, no EP2 acid
was found, indicating the absence of EP3 and E-sulfotep hy-
drolysis. At this pH, the parent OPPs were found at levels
comparable to their reported aqueous solubilities (~10 to
20 mg L") taking into account the approximate mole fraction
of the specific OPP in the NAPL. At pH 13.4, much higher
rates of alkaline hydrolysis were observed compared to at pH
8.26 as indicated by high concentrations of hydrolysis prod-
ucts, where MP2 acid peaks with a concentration of
2329 mg L' +156 mg L™". The concentration of EP2 acid
was substantially lower (953 mg L' =71 mg L") than that of

Table 3 Chemical compounds

included in the monitoring Compound Abbreviation Origin/class
program
(Ethyl-)parathion EP3 OPP
Methyl parathion MP3 OPP
Malathion Malathion OPP
Ethyl-sulfotep E-sulfotep OPP
Para-nitrophenol PNP Hydrolysis product of EP3 and MP3
0,0-diethyl-thiophosphoric acid EP2 acid Hydrolysis product of EP3 and E-sulfotep
0,0-dimethyl-thiophosphoric acid MP2 acid Hydrolysis product of EP3 and malathion
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Fig. 1 (a) Control experiments 2500
for establishing the concentration
of OPPs and hydrolysis products
in the aqueous phase after 7 days
of reaction at 10 °C in tap water
(initial pH 8.26) and 0.34 M
NaOH (initial pH 13.6). (b)
Single component experiments
with EP3 in 0.34 M NaOH (initial
pH 13.5) and MP3 in 0.34 M
NaOH (initial pH 13.5). For ease
of comparison, a and b were
formatted in a similar manner
despite b considered only EP3
and MP3. Standard deviations are
shown as error bars
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MP2 acid despite the fact that EP3 comprised a larger fraction
of the NAPL mass (40% w/w) compared to MP3 (10% w/w).
Additional source of MP2 acid was malathion (7.0% w/w) that
was not detected in the aqueous phase in significant amounts
indicating a fast hydrolysis of this compound contributing to
the difference in MP2 and EP2 acid production rates. E-
sulfotep (7.0% w/w) served as a source of EP2 acid. This data
indicated a slower hydrolysis rate for EP3 and E-sulfotep
compared to MP3 and malathion under the experimental con-
ditions. When the reaction products were compared on a mo-
lar basis (MP2 acid, 16.4 mM; EP2 acid, 5.6 mM; PNP,
4.9 mM), it was clear that the hydrolysis products were not
formed in stoichiometric amounts indicating instability at pH
13.4. The observed difference in hydrolysis rate of EP3 and
MP3 was studied further in separate experiments for each of
EP3 and MP3 at an initial pH 13.5 (Fig. 1b). The measured
production of MP2 acid was 1714 mg L' +76 mg L™ com-
paredto 307 mg L'+ 11 mg L™ for EP2 acid, consistent with
MP3 having a higher hydrolysis rate as compared to EP3. This
finding is in agreement with earlier OPP research that in aque-
ous alkaline hydrolysis experiments has demonstrated four
times faster hydrolysis of MP3 compared to EP3 (Ketelaar
1950). The 1:1 M stoichiometry expected between the P2
acids and the respective concentrations of PNP was not found
in any of the batch reactor tests (EP2 acid, 1.8 mM vs. PNP,
3.5 mM and MP2 acid, 12.1 mM vs. PNP 11.0 mM), again
indicating instability of the hydrolysis products at pH 13.5.

Screening of surfactant

With the baseline performance of OPP alkaline hydrolysis in
0.34 M NaOH established, the next experiment was designed
to evaluate the effectiveness of ten surfactants (Table 1) in
enhancing OPP alkaline hydrolysis. The surfactants were

NAPL - 0.34 M NaOH

EP3-0.34 MNaOH  MP3 - 0.34 M NaOH

evaluated in separate batch experiments used at 30 g L ™" and
initial pH in the range of 13.4 to 13.6. The concentrations of
OPPs and hydrolysis products after 7 days of mixing are
shown in Fig. 2.

These results clearly show differences in the effective-
ness of the surfactants to enhance the solubility and hy-
drolysis of the OPPs. Only minor increases in solubility
were observed with the amphoteric alkyl amino acid
(surf10), the modified anionic alkane sulfonate (surf9),
and nonionic alkyl polyglucoside (surf6 to 8)-type surfac-
tants. In contrast, the alcohol ethoxylate surfactants (surf
1 to 5) did show increased OPP levels. In particular, EP3
concentrations increased above 4000 mg/L in the surfl,
surf2, and surf3 tests, which were attributed to micellar
solubilization. The OPP concentrations were relatively
high as compared to the hydrolysis product concentra-
tions, implying that micellar solubilization may have
prevented rapid hydrolysis following dissolution.
However, the highest concentrations of EP2 acid were
found with these three surfactants showing that an in-
creased aqueous concentration of EP3 did allow for im-
proved EP3 hydrolysis. MP2 acid was the most abundant
hydrolysis product, with concentrations in all tests com-
parable to results obtained in the reference experiment
(Fig. 1a).

The concentration data for EP3 and its hydrolysis prod-
ucts EP2 acid and PNP as statistically analyzed by box
plots are shown in Fig. 3. This analysis clearly demon-
strates that the concentrations of EP3 with surfl, surf2,
surf3, and surf 4 were significantly greater compared to
the other surfactants. Concentrations of EP2 acid and
PNP were comparable among the nonionic surfactant and
significantly higher than concentrations obtained with the
anionic and amphoteric surfactants. The overall indication
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Fig. 2 The concentrations of 12000 *
OPPs and hydrolysis products in
the aqueous phase of the
surfactant screening experiments 10000 -
(30 g L") sampled after 7 days of
reaction at 10 °C in 0.34 M NaOH T
(initial pH 13.4-13.6). Standard - |
deviations are shown as error bars j", a0

£

F

'.é 6000 [

t

Q

2

S 4000+

2000

Reference surf1 surf2

of the data was that although the solubility of OPP in-
creased, especially for the nonionic alcohol ethoxylate sur-
factants, the production of hydrolysis reaction products
was only slightly enhanced. This observation differed from
previous referred studies using cationic surfactants, which
found a significant increase in hydrolysis rate with surfac-
tant dose (Shrivastava and Ghosh 2008; Mirgorodskaya
et al. 2012). The presence of high concentrations of aque-
ous micellar solubilized OPPs suggests that the hydrolysis
process was limited by the mass transfer of OPP from the
micelle core to the free aqueous phase. A similar type of
phenomena has been observed when surfactants have been
used to promote biodegradation of sparingly soluble com-
pounds (Yeh et al. 1999; Amos et al. 2007).

Based on the results obtained with OPP-NAPL systems,
(Figs. 2 and 3), surfl through surf4 were selected for subse-
quent experiments designed to evaluate the performance of
the nonionic alcohol ethoxylate surfactants in the presence
of OPP-contaminated soil.

W ErP3
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Contaminated soil and nonionic surfactant systems

The performance of surfactants can be strongly influenced by
adsorption of the active ingredients to the solid phase (Jafvert
and Strathmann 2000; Mulligan et al. 2001). For this reason,
the alkaline hydrolysis enhancement of four alcohol
ethoxylate formulations was tested with contaminated site soil
at two different dosages. Also, the influence of mechanical
mixing of the batch reactors was studied to provide informa-
tion on a potential gain of hydrolysis efficiency by induced
subsurface mixing due to well injection and recirculation of
site groundwater. All experiments were completed with a
4:1 g mL™" soil to water ratio to resemble subsurface condi-
tions. The initial concentration of OPP in the contaminated
site soil is presented in Table 4. No additional NAPL was
added.

In Fig. 4, the OPP and reaction product concentration data
obtained in the aqueous supernatant of the reactors after 7 days
of mixing are shown. The increase in aqueous EP3 in the

A : T T T T T T T
Flg', 3. A bpx plot showmg the 7, 15000
variations in EP3, EP2 acid, and 2 10000 ’ ‘ B
PNP concentrations through their S 5000 P ]
. 2 PR
quartiles. The bottom and top of w oL ‘ ‘ . — . - : L i
the box are the first (25%) and Reference  surf1 surf2 surf3 surf4 surf5 surfé surf7 surfg surf9 surf10
third quartiles (75%), and the
band inside the box is the second ~ 3000/~ ‘ T T T T
uartile (the median = '
q ( ) £ 2000 ‘ 4
§ - —_
w 1000 « 1 | | 1 | 1 1 —t— 1 _
Reference  surf1 surf2 surf3 surf4 surf5 surfé surf7 surf8 surf9 surf10
- T T T T T T T
T, 2000 A B
o
2 1500|- 3 - -
E —
% 10001 d .
z —
500 — 1 | | 1 | | | | 1
Reference  surf1 surf2 surf3 surf4 surf5 surfé surf7 surfg8 surf9 surf10

@ Springer



Environ Sci Pollut Res (2020) 27:3428-3439

3435

Table 4 Initial concentrations of

Comp. (Wt%)* Concentration + std. (mg kgﬁl)

OPP in the site soil and the OpPP

estimated contaminant

composition in mass percentage EP3
MP3
Malathion
E-sulfotep

Other compounds
Not identified (Unknowns)
Total

51.8 934.5+6.5
7.6 137.5+0.5
8.5 1525425
4.9 89.0+1.0
9.9 -

17.2 —

100

*The composition in mass percentage (wt%) is calculated based on soil concentrations of OPP and other com-
pounds and assuming the same mass percentage of not identified (unknowns) as in the NAPL (Table 1)

presence of surfactants compared to the 20 mg L™ found in
the 0.34 M NaOH reference was evident. Surf3 yielded the
highest concentrations of aqueous EP3 when comparing
among the four surfactants at both dosages (219 =+
85mgL 'at 10 gL " and 633+36 mg L' 30gL™"). In
comparison to the data obtained for NAPL water systems
(Fig. 2), experiments conducted in the presence of contami-
nated soil resulted in lower aqueous phase OPP concentra-
tions, due to less contaminant mass available in the reactor
(i.e., NAPL versus contaminated soil). In the NAPL water
systems, surfl and surf2 showed the best performance in
terms of EP3 solubilization, whereas the best performance
for EP3 solubilization in the soil-water systems was found
by surf 3 and surf 4. For all surfactants tested, concentrations
of EP3 in the aqueous phase increased when the applied sur-
factant concentration was increased from the reference control
(water only) to 10 and 30 g L', consistent with micellar
solubilization behavior (Pennell et al. 2013). Relatively small
changes in aqueous concentrations were observed for the oth-
er OPPs, indicating a fast rate of hydrolysis of MP3, malathi-
on, and E-sulfotep.

700 T T T T T ' T . .
T 12
[ [V
I Malathion
600 [ e -Sulfotep |
I [EEMP2 acid
[CJeP2acid
[—1
*, 500
> T i
E I !
e 400
2
®
€ 300
[
o i =
5
o 200 b
100 |
ol nll | o . B NI il -

«\309‘\‘ ,\09\ QQ\ QQ\ ,509‘\‘ 09\\‘ QQ‘\‘ QQ\\‘

e
Re‘e‘ & s\l«?' s\l“?' 5\3«5 5\3“% ‘\ 5\)‘\A

Fig. 4 Concentrations of OPPs and hydrolysis products in the water
samples of the soil experiments. All of these reactors were placed on
the shaker table for the 7 days of reaction at 10 °C. Two surfactant
dosages (30 g L' and 10 g L™") in 0.34 M NaOH were used for all
four surfactants

An interesting observation was that EP2 acid was the
most abundant of the hydrolysis products in all of the tests.
This can be explained by the change in contaminant source
from site NAPL to contaminated site soil, which had a
different OPP composition, with EP3 being even more
prevalent (51.8 wt%, Table 4). However, concentrations
of the hydrolysis products in the reference sample
(0.34 M NaOH alone) were similar to those observed in
the surfactant solutions indicating that the hydrolysis was
not improved in the presence of the selected surfactants.
These data did again suggest that the solubilized form of
EP3 was not readily available for hydrolysis. A box plot of
the EP3, EP2 acid, and PNP data in Fig. 4 is for ease of
comparison provided in Supporting Information (Fig. 2).

The corresponding initial and final OPP soil concentration
data from the batch reactors is shown in Fig. 5. The solid
phase concentration of EP3, which was the most predominant
OPP, decreased from an initial concentration of 935+
6.5 mg kg ' to levels of 461+ 129 mg kg ™' (surfl) and 469
+67 mgkg ' (surf3) at 30 g L™ as the lowest concentrations
observed. Benefits regarding the performance of increased
surfactant dosage were seen for all surfactants. For example,
an additional 171 mgkg ' EP3 was removed when the applied
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Fig. 5 Soil data of OPP concentrations from the soil experiments. All of
these reactors were placed on the shaker table for the 7 days of mixing at
10 °C
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concentration of surf3 was increased by 20 g L™". A box plot
of the EP3 data in Fig. 5 is for ease of comparison shown in
Supporting Information (Fig. 3).

The mass balances of the reactors are shown in Fig. 8 that
present comparisons between the absolute mass (in gram) of
OPPs removed from the soil and the mass found in the aque-
ous phase. It is evident that the balances did not match well
and the sum of OPPs removed from the soil in all reactors was
higher than the sum of OPPs and hydrolysis products found in
the aqueous phase. The reason is very likely instability and
further hydrolysis of the EP2 and MP2 acid hydrolysis prod-
ucts that may release ethanol and methanol through further
hydrolysis of ester bonds.

Influence of mechanical mixing

Mechanical mixing of the soil-water reactors did not result
in consistent trends in change of aqueous concentrations of
OPPs (Fig. 6). For surf3 and surf4, EP3 concentration in-
creased slightly when mechanical mixing was applied, but
for surfl and surf2 EP3, concentrations decreased.
However, the standard deviations of the reported mean
values overlap or nearly overlap, and the box plot of EP3
variations in Fig. S4 also shows overlap. These data sug-
gest that mechanical mixing on a shaker table had minimal
impacts on aqueous phase solubilization and hydrolysis of
OPP-contaminated soil.

In contrast to the aqueous phase data of Fig. 6, the soil data
presented in Fig. 7 indicated that the quiescent reactors con-
sistently resulted in lower final soil concentrations of EP3.
The lowest final concentrations of EP3 was obtained with
surf3 and surfl following 7 days of quiescent reaction,
reaching a value of 306 +29 mg kg™ ' (surf3) and 310+
25 mg kg ' (surfl), respectively, equal to 67% removal of
OPP when compared to the initial concentration of 935+
7 mg kg™

Mixing concerns promoting contact between species, so
the outcome was quite opposite to expectations of reduced
solubility and reactivity in the quiescent reactors. The effects
of mixing were likely complex, complicating the interpreta-
tion of the outcome of the mixing tests. Several factors may
play a role: (1) variability in total mass of OPPs between
reactors, (2) increasing sorption of surfactants to soil, (3) en-
hanced hydrolysis rates through increased contact of hydrox-
ide with OPP mass, (4) enhanced solubilization of NAPL/
sorbed mass with more contact with surfactant, and (5) de-
creased local hydrolysis rates as hydroxide is consumed by
contact / reaction with OPPs. With these complex processes
ongoing, it seems reasonable that there may have been a high
degree of variability between reactors based on slight differ-
ences in OPP presence, surfactant, soil mass, mixing, and
surfactant type.
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Fig. 6 Concentrations of OPPs and hydrolysis products in the water
samples from the soil water mechanical mixing tests. All of these
reactors (except the reference) had a surfactant dosage of 30 g LY and
all were in 0.34 M NaOH. Mixing occurred at 170 revolutions per min at
10 °C for 7 days. The mixed reactors are labeled Reference, surfl, surf2,
surf3, and surf4, and the quiescent reactors are labeled surfl, +stir; surf2,
--stir; surf3, -stir; surf4, <stir

Mass balances and OPP removal

When considering the mass balances of the soil-water/surfac-
tant reactors presented in Fig. 8, some observations may be
highlighted. As touched upon earlier in the manuscript, the
OPP mass removed from the soil could not be found in the
aqueous phase indicating instability of the hydrolysis prod-
ucts. The closest match was in the reference 0.34 M NaOH
reactor indicating that the presence of surfactant did influence
the distribution and behavior of species in the reactors. Except
for surf3, where the mass removed vs. aqueous mass was
similar, the overall trend was that the quiescent reactors
showed the largest deviations when comparing the mass bal-
ances between stirred or not stirred reactors at the dosage of
30 g L', This might indicate that mixing promoted further
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Fig. 7 Soil data on OPP concentrations of the mechanical mixing tests.
All of these reactors (except the 0.34 M NaOH reference) had a surfactant
dosage of 30 g L', and all were in 0.34 M NaOH. Mixing for half of the
surfactant reactors occurred at 170 revolutions per min at 10 °C for
7 days
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hydrolysis of the hydrolysis products and explaining some of
the deviations observed between the soil and water data.

Finally, the percentage of OPP removal from the contami-
nated site soil at the 30 g L' dosage is shown in Fig. 9. Surfl,
surf3, and surf4 performed comparable with overlapping
propagated uncertainty intervals and mean removal values of
75+2%, 75+ 2%, and 72 £ 2% respectively.

The data obtained in this study demonstrated that by using
the ethoxylated alcohol surfactant as surf3 with ethoxylated
propoxylated 2-ethyl-1-haxanol as active ingredients (CAS
64366—70-7), up to 30% better performance with respect to
removal of OPPs from the soil may be achieved if the surfac-
tant is applied in a dosage of 30 g L™'. Considering the soil
concentrations after treatment, not all OPPs was equally re-
moved; malathion was not found in any of the alkaline treated
reactors including the reference 0.34 M NaOH, MP3, and E-
sulfotep which were significantly reduced in all reactors, and
EP3 comprised the major remaining fraction in the soil. A
concurrent enhancement of the alkaline hydrolysis reactivity
was not observed, and the data showed that the production of
hydrolysis products was lower in the presence of surfactant
within a fixed reaction time indicating overall decreased hy-
drolysis rates. The increased soil remediation was mainly at-
tributed to increased aqueous phase concentrations of OPP
due to increased micellar solubilization meaning that
prolonged reaction times to reach the ambitions of toxicity
neutralization is needed. None of the tests completed in the
current study experienced problems with maintaining pH
above 13, so this should not be limiting with hydroxide pres-
ent in great excess. Due to the concurrent processes of solu-
bilization and hydrolysis, kinetic calculations are complex,
and developing a kinetic model of the process is scope of

further work with in situ S-ISAH. Instability of hydrolysis
products meant that matching mass balanced could not be
obtained in the present study. Published data on potential al-
kaline hydrolysis of EP2 acid, MP2 acid, and PNP has not
been found by the authors and will be the aim of further work
to improve the overall understanding of this remediation
technology.

Conclusion

The study presented in this paper evaluated the effectiveness
of surfactants in enhancing mass removal of OPPs from soil
under highly alkaline conditions and potential for enhancing
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Fig. 9 Removal percentages of OPP from the site soil by the four alcohol
ethoxylate surfactant formulations applied at 30 g L™" dosage in 0.34 M
NaOH without mixing and diffusion only as mixing process. The error
bars represent the calculated propagated uncertainty of the removal
percentages based in the standard deviations of the individual
concentrations
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ISAH for treatment of OPPs, particularly EP3 and MP3. In
control and surfactant experiments, hydrolysis products EP2
acid, MP2 acid, and PNP were formed in non-stoichiometric
amounts indicating instability of these compounds. MP3 and
malathion were found to have faster hydrolysis rates than EP3
under the conditions studied. All surfactants evaluated in-
creased solubility of OPPs under alkaline conditions with four
nonionic alcohol ethoxylate products providing the greater
affect over the polyglucosides, sulfonate, and propionate sur-
factants evaluated. The alcohol ethoxylates were shown to
provide substantial mass removal of OPPs from soil.
Hydrolysis rates were typically slower in the presence of sur-
factant, despite the relatively higher aqueous concentrations of
OPPs; this was likely due to micellar solubilization of the
OPPs, which therefore were less accessible for hydrolysis.
The increased solubilization of OPPs does support the use of
surfactants for contaminant mass removal from soil by surfac-
tant soil flushing technologies, also under alkaline conditions,
but surfactants were not seen to promote the hydrolysis and
thus degradation of OPPs during ISAH.
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