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• The oxidation of surfactant reduces the
pollutant solubilization.

• Nonionic surfactants have higher MSR
but are more easily oxidized by PSA.

• S-ISCO with nonionic surfactants re-
duces removal time of DNAPL with PSA.

• The S-ISCO treatment was more effi-
cient with Emulse-3 than SDS.
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Surfactant Enhanced In-Situ Chemical Oxidation (S-ISCO) is an emerging technology in the remediation of sites
with residual Dense Non-Aqueous Phase Liquids (DNAPLs), a ubiquitous problem in the environment and a chal-
lenge to solve. In this work, three nonionic surfactants: E-Mulse3® (E3), Tween80 (T80), and a mixture of
Tween80-Span80 (TS80), and an anionic surfactant: sodium dodecyl sulfate (SDS), combined with persulfate ac-
tivated by alkali (PSA) as oxidant have been investigated to remove the DNAPL generated as liquid waste in lin-
dane production, which is composed of 28 chlorinated organic compounds (COCs).
Because the compatibility between surfactants and oxidants is a key aspect in the S-ISCO effectiveness the unpro-
ductive consumption of PS by surfactantswas investigated in batch (up to 864h) varying the initial concentration
of PS (84–42mmol·L−1) and surfactants (0–12 g·L−1) and the NaOH:PSmolar ratio (1 and 2). The solubilization
capacity of a partially oxidized surfactant was analyzed by estimating its Equivalent Surfactant Capacity, ESC, (as
mmolCOCs dissolved gsurf

−1) and comparing it to the expected value for an unoxidized surfactant, ESCo. Finally, the
abatement of DNAPL with simultaneous addition of surfactant and PSA was studied.
At the conditions used, a negligible unproductive consumption of PSwas found by SDS;meanwhile, PS consump-
tion at 360 h ranged between 70 and 80% using the nonionic surfactants. The highest ratios of ESC/ESCo were
foundwith SDS and E3 and these surfactantswere chosen for the S-ISCO treatment.When oxidant and surfactant
were simultaneously applied for DNAPL abatement the COC conversion was more than three times higher with
E3 (0.6 at 360 h) than SDS.Moreover, it was obtained that the time needed for the removal of amass of DNAPL by
PSA in the absence of surfactants was notably higher than the time required when a suitable surfactant was
added.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Petroleum hydrocarbons, pesticides, or chlorinated solvents are hy-
drophobic organic compounds (HOCs) that have been released in the
environment. Do the low solubility in the aqueous phase of these com-
pounds they form non-aqueous phase liquids (NAPLs) that pollute the
soil and groundwater for decades (Interstate Technology Regulatory
Council, 2000; Soga et al., 2004; Katsoyiannis and Samara, 2005;
National Research Council, 2013; Wacławek et al., 2016). Moreover,
many of these NAPLs are formed by complex mixtures rather than sin-
gle compounds (Mobile et al., 2016; Tomlinson et al., 2017). This consti-
tutes a ubiquitous problem in the environment and it is a challenge to
solve, especially in the case of Dense NAPL while this phase percolated
through the saturated zone.

To shorten the required time for the remediation of sites polluted
with NAPLs, surfactants and cosolvents have been recently proposed
and applied (Mulligan et al., 2001; Dugan et al., 2010; Mao et al.,
2015; Trellu et al., 2016; Besha et al., 2018; Dominguez et al., 2019b;
Santos et al., 2019). Surfactants reduce the interfacial tension between
the organic phase (NAPL) and the aqueous phase (Paria, 2008; Dugan
et al., 2010) due to their amphiphilic properties (Rosen and Kunjappu,
2012) and increase the solubility of HOCs in the aqueous phase. More-
over, a partition of the surfactant between the aqueous and organic
phase occurs, decreasing the viscosity of the organic phase and facilitat-
ing its extraction (Paria, 2008; Kang et al., 2019).

The SEAR (Surfactant EnhancementAquifer Remediation) treatment
consists of injecting an aqueous solution of surfactant-cosolvent into the
areas contaminated by HOCs, and subsequently extracting the injected
fluid and treating it on-site (Londergan and Yeh, 2003; Dugan et al.,
2010; Mao et al., 2015; Dahal et al., 2016; Besha et al., 2018). This tech-
nology has already been implemented, but it presents some concerns.
The dispersion of contamination by the injection of the surfactant
must be avoided, and on-site treatment of the extracted fluid is required
since the contamination has only changed from the soil phase to the
aqueous phase.

Surfactant Enhanced In-Situ Chemical Oxidation (S-ISCO) consists of
the simultaneous injection of a surfactant solution and oxidants to in-
crease the solubility of HOCs in the aqueous phase, where the oxidation
takes place, and thus reduce the time required for the removal of the
contaminant mass in the aquifer (Lanoue et al., 2011; Besha et al.,
2018). S-ISCO treatmentminimizes the inconvenience of the SEAR tech-
nology since a lower concentration of surfactant is used: the problem of
contaminant dispersion is minimized, and the injected oxidant pro-
duces the destruction of the HOCs in-situ. Although this technology is
emerging, studies in the literature on its application are scarce (Dugan
et al., 2009; Dugan et al., 2010; Hoag and Collins, 2011; Wang et al.,
2013; Lominchar et al., 2018a).

Hydrogen peroxide and persulfate have often been applied to re-
move the contaminants in the subsoil (Siegrist et al., 2011). Both oxi-
dants can produce radicals under certain conditions. H2O2 catalyzed
by iron salts (Fenton Reagent) generates hydroxyl radicals (•OH) and
persulfate (PS), activated by Fe(II), heat, or alkali, can produce sulfate
(SO4

−•) and/or hydroxyl radicals, which both have high oxidation capac-
ity (Baciocchi, 2013; Devi et al., 2016).

However, the Fenton process frequently exhibits significant limita-
tions for in-situ applications due to the high unproductive consumption
of this oxidant by the soil. Moreover, the optimal pH for the Fenton pro-
cess is 2.8–3, and it not feasible to maintain these conditions in the sub-
soil. The optimal acidic conditions are quite difficult to obtain in the
subsoil due to the high content of carbonates in the groundwater usu-
ally (Siegrist et al., 2011).

These disadvantages explain the increase in the use of activated PS
as the oxidant in ISCO treatments in recent years. PS is highly stable in
the subsoil, which means that it can be transported for long distances,
is easy to handle and produces benign end-products (Sra et al., 2014;
Ike et al., 2018). Among the activation methods of PS, the use of bases
(mainly NaOH) is gaining attention in recent years (Furman et al.,
2010; Lominchar et al., 2018b). In the alkaline activation of PS, multiple
reactive species are produced (Liang and Lei, 2015), according to
Eqs. (1) and (2), making the process highly versatile against a wide va-
riety of pollutants. Moreover, it does not require either heat or acidic
conditions (such as activation by metals), which are both challenging
to achieve in the subsoil.

2S2O
2−
8 þ 2H2O →

OH−

3SO2−
4 þ SO∙−

4 þ O∙−
2 þ 4Hþ ð1Þ

SO⦁−
4 þ OH− → SO2−

4 þ ⦁OH ð2Þ

In works elsewhere, it was found that in the presence of alkali some
Chlorinated Organic Compounds (COCs) suffered dehydrochlorination
reactions generating species of lower toxicity, which adds an advantage
in the use of alkali as an activator (Santos et al., 2018b; García-Cervilla
et al., 2020b; Lorenzo et al., 2020).

The success of the application of S-ISCO technology depends on the
selection of the most suitable oxidizer-surfactant/pollutant system.
The oxidant must be effective in abating the contaminants, and the sur-
factant must increase the solubility of these contaminants and be rela-
tively stable with the oxidant. The oxidants can attack the surfactant
and the pollutants because both are organic compounds. Therefore,
the surfactant stability can be a crucial aspect in the design of an S-
ISCO process. Another important aspect to consider is the possible loss
of surfactant into the soil by adsorption, which depends on both the na-
ture of the surfactant and the type of soil (Lee et al., 2000; Yang et al.,
2006).

However, only a few works are available in the literature studying
the oxidation of pollutants in the presence of surfactants, and few of
them use PS as an oxidant. Moreover, most of these works are carried
out in two steps. In the first step, the pollutant is solubilized by a surfac-
tant in the aqueous emulsion. Usually, an artificially spiked soil with a
single pollutant or a DNAPL of a pure pollutant is in contact with the
aqueous surfactant emulsion. In the next step, the aqueous emulsion
with the surfactant and the pollutant extracted is treated on-site using
PS. Some works used PS activated by UV radiation (Long et al., 2013;
Bai et al., 2019) with toluene and phenanthrene as pollutants and SDS
or Tween 80 as surfactants. Another work studied the abatement of
phenanthrene in the emulsion of three surfactants (SDS, lauryl betaine,
and Neodil 25-7) by temperature (Bouzid et al., 2017). Zheng et al.
(2016) and Tsai et al. (2009) studied the removal of tetrachloroethylene
(in spiked sand) using Tween 80 as a surfactant and PS activated by Fe
(II), respectively (Tsai et al., 2009; Zheng et al., 2016). Long et al.
(2014) studied the selective abatement of toluene in an emulsion with
SDS and iron as a PS activator (Long et al., 2014). In these last works,
iron was used to maintain the pH acidic (Tsai et al., 2009) or was pre-
sumably adjusted to the acidic range while this variable was not con-
trolled with the reaction progress (Long et al., 2014; Zheng et al.,
2016). Even though methods cited above are effective in an on-site
treatment of the pollutant-surfactant emulsion, they cannot be applied
in the subsoil and are not, therefore, the most suitable for an in-situ S-
ISCO treatment.

In this work, the simultaneous addition of biodegradable surfactants
(nonionic and anionic) and PS activated by alkali (PSA) to remove a real
DNAPL consisting of 28 COCs (Santos et al., 2018a) originated as a liquid
waste in the lindane production process is studied. Stability of the sur-
factantwith the oxidant and the surfactant capacity remaining after sur-
factant oxidation are firstly studied to choose the most suitable
surfactants for the S-ISCO treatment. Influence of the initial surfactant
concentration, initial concentration of PS and NaOH:PS molar ratio on
the unproductive consumption of oxidant by the surfactant and the sol-
ubilization capacity of oxidized surfactants are analyzed. For the se-
lected surfactants the time required for the abatement of a mass of
DNAPL by PSA with and without simultaneous addition of surfactants
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is determined, in order to assess the advantages of S-ISCO vs. ISCO
process.

2. Materials and methods

2.1. Chemicals and DNAPL

In this work, four surfactants were tested: Sodium dodecyl sulfate
(SDS), an anionic surfactant applied in soil washing treatments and
three nonionic surfactants: E-Mulse®3 (E3), Tween®80 (T80), and a
mixture of 35%w of Tween®80 and 65%w:w of Span®80 (TS80). The
first three are commercial surfactants, and the last one is a mixture of
two commercial surfactants, whichwas successfully tested in a previous
study (Corcho et al., 2015) using a Dense Non-Aqueous Phase Liquid
(DNAPL) similar to the one employed in this work. In Table SM-1, the
properties of these surfactants are summarized.

Persulfate (PS)wasprovided by Sigma-Aldrich and the activator (so-
dium hydroxide), by Riedel-de Haën. PS quantification was carried out
using a titration method with potassium iodide (KI, Fisher Chemical),
sodium hydrogen carbonate (NaHCO3, Panreac), sodium thiosulfate
pentahydrate (Na2S2O3·5H2O, Sigma-Aldrich) and acetic acid (C2H4O2,
Sigma-Aldrich) as reactants. The aqueous solutions were prepared
using Milli-Q water. Moreover, sodium bisulfite (NaHSO3, Sigma-
Aldrich) was used to quench PS in the reaction samples taken.

The DNAPL sample used was obtained at Bailin landfill (Sabiñanigo,
Spain). This sample was characterized in a previous work finding that it
was composed of 28 Chlorinated Organic Compounds COCs (Santos
et al., 2018a). In Table SM-2, the composition of the DNAPL sample
(CAS and acronym) is provided.Moreover, as the oxidation of surfactant
and COCs was carried out in strong alkaline conditions, dehydrochlori-
nation reactions of pentachlorocyclohexene (PentaCXs) and hexachlo-
rocyclohexane (HCHs) isomers to trichlorobenzene isomers (TCBs),
and hexachlorocyclohexane (HexaCXs) and heptachlorocyclohexane
isomers (HeptaCHs) to tetrachlorobenzenes (TetraCBs) are expected
in the aqueous phase (Lorenzo et al., 2020). For a mass of DNAPL
completely solubilized in the aqueous phase, the molar fraction of
each COC in alkaline conditions (pH > 12) is also shown in Table SM-2.

The quantification of COCs was accomplished using commercial
compounds (analytical quality, Sigma-Aldrich) to prepare calibra-
tion curves: Chlorobenzene (CB), 1,2-dichlorobenzene (1,2-DCB),
1,3-dichlorobenzene (1,3-DCB), 1,4-dichlorobenzene (1,4-DCB),
1,2,3-trichlorobenzene (1,2,3-TCB), 1,2,3,4-tetrachlorobenzene
(1,2,3,4-TetraCB), 1,2,3,5-tetrachlorobenzene (1,2,3,5-TetraCB),
and 1,2,3,4-tetrachlorobenzene (1,2,3,4-TetraCB), HCHs (α, β, γ, δ
and ε-HCH). The calibration samples were prepared, dissolving the
COCs in methanol. Bicyclohexyl (C12H22, Sigma-Aldrich) and tetra-
chloroethane (C2H2Cl4, Sigma-Aldrich) were used as internal stan-
dards (ISTD) for quantification in flame ionization detector (FID)
and electron capture detector (ECD), respectively.

2.2. Experimental runs and procedures

Four sets of runs were carried out. In the first set, the influence of
NaOH and NaCl concentration on the Critical Micellar Concentration
(CMC) of the surfactants was determined. In set 2, the unproductive
consumption of persulfate of each one of the tested surfactants was
studied. Operating conditions similar to those used in an S-ISCO treat-
ment were applied (Besha et al., 2018). In set 3, the surfactant capacity
remaining after oxidation treatment was studied. In set 4, the removal
of COCs from the surfactant emulsion was evaluated. The procedure is
described below.

2.2.1. Set 1: effect of NaOH and NaCl concentration on CMC
The effect of salinity (NaCl concentration) and pH (NaOH) on the

CMC value was studied for the four surfactants (SDS, E3, T80, and
TS80). Aqueous solutions of 12 g·L−1 of the surfactant and NaOH or
NaCl concentration within the range 0–500 mmol · L−1 were prepared
in closed glass vials of 20 mL. After magnetic agitation for 2 h and 24 h
of rest at room conditions, the CMC of the surfactant solution was mea-
sured by the procedure described elsewhere (Dominguez et al., 2019b).

2.2.2. Set 2: unproductive consumption of oxidant by surfactants
In set 2, the consumption of PS due to the oxidation reaction of the

surfactant was studied to determine the unproductive consumption of
oxidant. In this set of experiments, 22 runs were carried out in the ab-
sence of DNAPL. The variables considered were the initial concentration
of surfactant (within the range 3–12 g · L−1), the initial PS concentra-
tion (42–84 mmol · L−1) and the NaOH:PS molar ratio (1:1 and 2:1).
The experimental conditions are summarized in Table SM-3. In runs
C1-C5, C6-C11, C12-C16, and C17-C22, SDS, E3, T80, and TS80 were
used as surfactants, respectively. Moreover, four experiments were ac-
complished without surfactants as blank experiments.

This set of runs was carried out in well-mixed batch reactors,
consisting of a 40 mL PTFE tube with PTFE screw caps. A volume of 35
mL of the aqueous solution with the corresponding concentrations of
NaOH, PS, and surfactant was placed in the PTFE tube (time zero). The
tubes were stirred using a Labolan rotary agitator (ref 51752) under
controlled room conditions (22 °C±1) up to 860 h. At different reaction
times, a tube was sacrificed, and the remaining PS, pH, Surface Tension,
and total organic carbon (TOC) were quantified. Furthermore, at 360 h
of reaction, a sample of the oxidized solution was analyzed by GC–MS
to identify the byproducts of surfactant oxidation. The experiments
were carried out in triplicate finding a standard deviation of <10%. In
the following section, an average of themeasured values is used. All ex-
perimental conditions are shown in Table SM-3.

2.2.3. Set 3: study of solubilization capacity of the partially oxidized
surfactant

The solubilization capacity that remains in the partially oxidized sur-
factant solution was checked by the dissolution of an amount of DNAPL.
This amount was compared with the amount of DNAPL solubilized at
time zero (before the partial oxidation of surfactant).

After 168 and 360h of reaction time in runs C1, C5, C6, C10, C11, C15,
C16, C20 in Table SM-3 samples of 20 mL were taken and quenched,
adding 1.5 g of Na2S2O3·5H2O. Then a mass of DNAPL was added. The
mixtures were magnetically agitated for 6 h to ensure that the equilib-
rium between the organic and aqueous phase was achieved. After
that, the emulsions settled for 24 h. The aqueous phase was analyzed
by GC-FID/ECD to quantify the solubilized COCs. The experimental con-
ditions of this set of runs are shown in Table SM-4.

2.2.4. Set 4: oxidation of COCs in emulsion
In these runs, the surfactant and the pollutant were in contact with

the oxidant (PS) at the activator (NaOH) from time zero. The surfactants
used were SDS and E3. Firstly, the emulsion with solubilized COCs was
prepared by adding 1.85mmol of DNAPL to 500 mL of an aqueous solu-
tion of 12 g · L−1 of SDS or 3 g · L−1 of E3 in alkaline conditions (84mmol
L−1 of NaOH). These solutions were stirred at 400 rpm for 6 h and set-
tled for 24 h. Then, samples of 30 mL of each supernatant were taken,
placed in PTFE tubes with PTFE screw caps and PS was added (time
zero) to each tube to reach a concentration of 84mmol L−1. The exper-
imental conditions are shown in Table SM-5. The PTFE tubes were agi-
tated at 80 rpm in the rotatory agitator previously described. At
different reaction times, a tube with SDS (run S1) or E3 (run S2) was
sacrificed, and the remaining PS, COCs, TOC, and pH were measured.

2.3. Analysis

The CMC was determined with a Krüss tensiometer (Hamburg,
Germany) by measuring the surface tension (ST) of a concentration se-
ries of samples of surfactant (0.001–3 g · L−1) in pure water and con-
stant concentration of NaOH and NaCl in each experiment. The CMC
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resulted from the intersection between the regression line of surfactant
concentration vs. ST data (in the region where both variables are line-
arly dependent) and the straight line which passes through the plateau
obtained above the CMC (in the region where the ST is independent of
the concentration of surfactant).

The total organic carbon (TOC) concentration of the aqueous emul-
sion was measured with a Shimadzu TOC-V CSH analyzer (Kyoto,
Japan) using an infrared detector.

The concentration of PS in aqueous solution was determined
by iodometric titration using a potentiometric titration analyzer
(Metrohm, Tiamo 2.3, Gallen, Switzerland). The pH was measured
using a Basic 20-CRISON pH electrode (Barcelona, Spain).

COCs were identified in the aqueous phases by using a gas chro-
matograph (GC) coupled with a mass selective detector (Agilent MSD
5975B, Santa Clara, CA, USA). The quantification of COCs was carried
out using a GC (Agilent 6890, Santa Clara, CA, USA) with a flame ioniza-
tion detector (FID, Santa Clara, CA, USA) and electron capture detector
(ECD, Santa Clara, CA, USA), simultaneously. The chromatographic
method was described elsewhere (Santos et al., 2018a). The samples
were taken at different reaction times. Due to the presence of a surfac-
tant in the aqueous solution, the following procedure was performed
for COC analysis. When SDS was used, a mass of salt (NaCl) was added
to a volume of the emulsion until it broke. After that, hexane was
added, and the mixture was vigorously shaken for 2 min. The hexane
phase with the COCs extracted was injected in the GC.

When using the nonionic surfactants, it was not possible to break the
emulsion with the addition of salt. In this case, 0.1 mL of the emulsion
was added to 0.9 mL of methanol and injected in the GC.

Carboxylic acids were measured by ionic chromatography
(Metrohm 761 Compact IC, Gallen, Switzerland) with anionic chemical
suppression and a stationary-phase conductivity detector was a column
fromMetrosep (A SUPP5 5-250, which dimensions are 25 cm in length
and 4mm in diameter) and themobile phase was a solution of NaHCO3

(1 mM) and Na2CO3 (3.2 mM) in water at 0.7 mL · min−1. The Results
injection system (injection volume= 250 μL) was coupled with an on-
line filtering system (0.45 μm).

3. Results

3.1. Effect of NaOH and NaCl concentration on the CMC of surfactants

The concentration of NaOH (activator of PS) in the medium could
modify the capacity of the surfactant to generate micelles (Rosen and
Kunjappu, 2012). Moreover, the groundwater in the polluted site is
likely to present high concentrations of salt (conductivity of the ground-
water in the landfill is higher than 3000 μS/cm (Santos et al., 2018b))
and these salts could also affect the surfactant properties. For this rea-
son, NaCl was selected to study the effect of the ion concentration on
the surfactant properties. The CMC values of surfactants selected were
measured at different concentrations of NaOH and NaCl, as indicated
in Sections 2.2.1 and 2.3. The results obtained are plotted in Fig. SM-1.

As can be seen in Fig. SM-1, both NaOH and NaCl concentration
greatly affect the CMC of SDS (ionic surfactant). In contrast, the CMCs
of the nonionic surfactants do not change in the range of NaOH or
NaCl concentration tested. The observed effect of ions on the CMC of
the anionic surfactant SDS coincides with that reported by Rosen
(Rosen and Kunjappu, 2012).Moreover, for a givenmolar concentration
of salt in the media, no differences were found with NaOH or NaCl.

As is plotted in Fig. SM-1a, the higher the concentration of NaOH or
NaCl, the lower the CMC of SDS. The drop in the CMC value with SDS at
high concentrations of salts can be attributed to the decrease in the elec-
trostatic repulsions among the ionic head groups of the anionic surfac-
tant, located at the micelle outside, in the presence of the additional
electrolyte (Rosen and Kunjappu, 2012). Moreover, it should be ex-
pected that the lower the CMC value of SDS in the presence of an elec-
trolyte, the higher the solubilization of DNAPL. An increase in the
molar solubility ratio (MSR) of COCs when the NaOH was added to
the SDS solution was reported elsewhere (MSRwithout NaOH = 0.7
mmolCOCs · gsurf

−1 and MSRwith NaOH = 1.32 mmolCOCs · gsurf
−1) (García-

Cervilla et al., 2020a). Moreover, in that work it was also found that
the solubility of DNAPL with the three nonionic surfactants studied
here was not affected by the addition of alkali, in accordance with the
constant CMC shown in Fig. SM-1b. For the nonionic surfactant here
used an almost constant value MSR = 4.33 mmolCOCs · gsurf

−1 was ob-
tained. Therefore, it can be concluded that the CMC of the nonionic sur-
factants tested is not affected by the NaCl or NaOH addition in thewhole
range of concentration studied here. On the other hand, the electrolyte
concentration in the medium has a remarkable influence on CMC of
the anionic surfactant SDS, but this effect does change with the type of
electrolyte used (NaOH or NaCl). The remediation treatment selected
requires the addition of alkali to activate PS, but the addition of chloride
is not needed. Although chloride is naturally present in the groundwater
of the polluted site at a concentration in the range 11–28 mmol · L−1

(Santos et al., 2018b; Santos et al., 2019) this concentration did not
modify the results obtained in the abatement of COCs by PS activated
by alkali (Santos et al., 2018b).

3.2. Unproductive consumption of persulfate by the surfactants

In this section, a study of themain variables that can affect the rate of
persulfate consumption in the presence of surfactants and absence of
DNAPL is accomplished.

Firstly, some blank runs were carried out to evaluate the consump-
tion of PS activated by alkali in the absence of surfactants, experiments
(B1 to B4 in Table SM-3). After 864 h of reaction time, the consumption
of persulfatewas lower than0.05under themore powerful oxidant con-
ditions tested (CPS, 0 = 84 mmol · L−1 CNaOH, 0 = 186mmol · L−1). For
this reason, it was assumed that the consumption of PS in the absence
of surfactants was negligible in the range of variables and time used
here, in accordance with previous reports (Lominchar et al., 2018b;
García-Cervilla et al., 2020b).

3.2.1. Effect of the initial surfactant concentration
The effect of the initial concentration of surfactant (3, 6 and 12 g ·

L−1) on PS decomposition was studied at CPS,0 = 84 mmol · L−1, the
molar ratio of NaOH:PS = 1 and room temperature. The experimental
conditions of the runs were summarized in Table SM-3. The remaining
PS concentration at different reaction times and different initial concen-
trations of surfactantswasmeasured, and results obtained are plotted in
Fig. 1.

Fig. 1a shows the experimental values of the remaining PSwhen SDS
was used. As can be seen, the fraction of the remaining persulfate was
close to 0.9 in the different initial concentrations of SDS tested. There-
fore, it can be considered that the anionic surfactant is stable against
PS and did not produce a significant unproductive consumption of the
oxidant.

The remaining concentration of PS when nonionic surfactants were
used is shown in Fig. 1b, c, and d for E3, T80, and TS80, respectively. In
contrast to the results obtained when employing SDS, the presence of
nonionic surfactants enhanced the consumption of PS, in accordance
with that previously reported in the literature (Wang et al., 2017;
Lominchar et al., 2018a; Wang et al., 2020). Wang et al. (Wang et al.,
2020) studied the consumption of PS by anionic and nonionic surfac-
tants using thermally activated PS. They found higher consumption of
PS by nonionic surfactant thanby anionic surfactant. The higher stability
of SDS against PS was already reported by Wang et al. (2020), using
thermal activated PS. These authors reported the existence of repulsion
forces between the anionic radicals (SO4

−in thatwork) and the sulfonate
anions located at the exterior of the SDS micelle (Wang et al., 2020).
Using PSA, the repulsions are the consequence of the anionic radical
O2
•−, according to Eq. (1) and the activator (OH−). Moreover, Wang

et al. (2020) considered that the hydroxyl radical can attack the C\\H
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Fig. 1. Remaining PS vs. reaction time at different initial surfactant concentrations (3, 6 and 12 g · L−1) at CPS, 0 = 84mmol · L−1 and NaOH:PS = 1mmol ·mmol−1. Runs in Table SM-3
(a) SDS, (b) E3, (c) T80, and (d) TS80. In run C20, NaOH was added twice (marked with circles) to keep pH over 12.
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bond of the linear alkyl chain of SDSmolecules in solution (by hydrogen
abstraction). The alkyl radical formed can react with (S2O8)2− to cause
persulfate decomposition and generate more radicals (in this work, hy-
droxyl and superoxide radicals). However, as these authors explain, the
linear alkyl radical is relatively stable against PS and retards the PS de-
composition. The fact that the linear alkyl chain of SDS is more refrac-
tory to oxidation than the polyethoxylated chains of nonionic
surfactants (E3, T80 y TS80) has also been reported by Brand et al.
(1998) and Pagano et al. (2008).

As can be seen in Fig. 1b to d, if nonionic surfactants are used, the
higher the initial concentration of surfactant, the lower the remaining
PS concentration. This behavior was also found by other authors
(Wang et al., 2020) in the consumption of thermally activated PS
using Brij 35, whose chemical structure is similar to some of the surfac-
tants used here.

For the three nonionic surfactants used, the persulfate conversion
was about 0.3 at t = 900 h when the initial surfactant concentration
was 3 g · L−1 (CPS, 0 = 84 mmol · L−1 and NaOH:PS = 1 mmol ·
mmol−1). However, the consumption of PS was about 0.7 for E3 and
TS80 and 0.8 for T80 when the initial concentration of surfactant was
12 g · L−1. Therefore, the increase in surfactant concentration has a re-
markable effect on PS consumption. Moreover, the unproductive con-
sumption of PS by E3 or TS80 is slightly lower than that by T80 in the
same conditions.

Runs in Table SM-3were carried out at a pH close to 13. However, in
run C20 (using 12 g · L−1 of TS80) the pH dropped to 10 at reaction
times of 168 h and 336 h. At each of these times, NaOH was added to
raise the pH to 13. This drop of pH could indicate that the oxidation of
TS80 produces byproducts with stronger acidity since this decrease
was only detected using this surfactant and PS consumption obtained
was similar with TS80, E3 and T80.
The mineralization of the surfactants was studied from results in
runs C1 and C5 for SDS; C6 and C10 for E3; C11 and C15 using T80
and C16 and C20 for TS80. The remaining TOC was measured at 864 h
of reaction time. The corresponding initial TOC was calculated with
the fraction of C in the surfactant mass (FRTOC, surf) in Table S1. Regard-
less of the type of surfactant and PS conversion, experimental data pro-
vided in Fig. SM-2, negligible surfactant mineralization was achieved at
all of the initial surfactant concentrations tested (3 and 12 g · L−1). This
finding has also been reported in the literature (Pagano et al., 2008;
Mendez-Diaz et al., 2010).
3.2.2. Effect of the initial concentration of PS
The effect of the initial concentration of PS was studied for the four

surfactants selected at a concentration of 3 g · L−1 and using two initial
concentrations of PS (84 and 42 mmol · L−1). The results of the frac-
tional remaining PS vs. reaction time are plotted in Fig. 2.

As can be seen in Fig. 2a, the consumption of PS by SDS was negligi-
ble at the two PS concentrations used, and their effect on PS conversion
cannot be discerned. On the contrary, when nonionic surfactants were
used a decrease in oxidant conversion was always observed when the
initial concentration of PS decreases. For instance, at 864 h the
degradation of PS were 0.2 and 0.4 when the initial PS concentration
was 42 mmol · L−1, or 84 mmol · L−1, respectively. This fact agrees
with the reported byWang et al. (2020), considering that the reactions
between surfactants and PS involved a radical-chain mechanism. The
surfactant molecules react with the radicals, and these react with the
PS anion to produce more radicals, increasing the PS consumption. In
this way, the higher the initial concentration of PS used, the faster the
initiation and propagation reactions are. This effect is more noticeable
when nonionic surfactants are used due to the higher reactivity of the
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radicals formed compared with the alkyl radicals produced with SDS
(Wang et al., 2020).

The highest mineralization conversion (5% at 864 h) was obtained
using TS80 and 84 mmol · L−1 of PS (run C18), in accordance with the
data plotted in Fig. SM-2.

3.2.3. Effect of NaOH:PS molar ratio
When an alkali is used to activate PS, themolar ratio between the ac-

tivator (NaOH) and the oxidant (PS) could influence the production of
radicals. In Fig. 3, the fractional remaining PS vs. reaction time obtained
with NaOH:PSmolar ratios 1 and 2 are shown. In these runs, PS and sur-
factant concentrations were 84 mmol · L−1 and 3 g · L−1, respectively.
As can be seen, small differences were found in PS conversion with
both molar ratios tested. The pH change with time noticed in runs plot-
ted in Fig. 3 was also monitored, and the pH profiles are shown in
Fig. SM-3 of the Supplementary material. It was found that the pH was
quite constant for 864 h, being slightly lower when the NaOH:PS ratio
had a value of 1 (pHwas higher than 12 in all cases). An almost negligi-
ble influence of this activator:oxidant ratio was found on the PS or pol-
lutant conversion if pHwas high enough (>12) in accordance with that
reported in the literature (Santos et al., 2018b; Dominguez et al., 2019a;
Dominguez et al., 2020; García-Cervilla et al., 2020b).

3.3. Effect of the oxidant on surfactant solubilization capacity

It is expected that the reaction between the oxidant and the surfac-
tant modify the surfactant properties, among them, the solubilization
capacity of the latter. The runs in Table SM-4 (set 3) were carried out
to study the loss of solubilization capacity of the partially oxidized sur-
factant. This information and the unproductive consumption of PS ob-
tained from runs in set 1 are used in the selection of the more
appropriate surfactants in an S-ISCO application.
As indicated in Section 2.2.3, the aqueous surfactant solutions were
in contact with the oxidant under the experimental conditions in
Table SM-3. After 360 h of reaction time, the reaction was quenched
with sodium bisulfite, and an amount of DNAPL was added to the par-
tially oxidized surfactant solution. After the agitation and settling of
the resulting mixture for 24 h, the concentration of dissolved COCs
was measured.

The molar solubilization ratios (MSR) of each surfactant for the
DNAPL used here were experimentally found elsewhere (García-
Cervilla et al., 2020a). TheMSR in conditions of equilibrium is calculated
using Eq. (3).

MSR ¼
∑CjAQ
� �

eq

Csurf AQ

� �
eq

ð3Þ

where CjAQ is the concentration of COC j in the aqueous phase
(mmolCOC · L−1) and Csurf AQ the surfactant concentration in the aque-
ous phase (gsurf · L−1) after equilibriumwas reached. TheMSR values
obtained elsewhere under strong alkaline conditions (García-
Cervilla et al., 2020a) were 1.32 mmolCOCs·g−1

surf with SDS and 4.33
mmolCOCs·g−1

surf with the nonionic surfactants (E3, T80, and TS80)
and DNAPL employed here.

The surfactant initially added has been partially oxidized after a pe-
riod of contact with the oxidant. An equivalent surfactant concentration
(ESC in gsurf · L−1) is defined as the concentration of virgin surfactant
that would yield the solubilization the COCs found in runs in
Table SM-4, carried out with partially oxidized surfactants. The value
of ESC can be estimated according to Eq. (4), using the corresponding
MSR for each surfactant and the sum of solubilized COCs obtained in
runs in Table SM-4, after the addition of an amount of DNAPL to the par-
tially oxidized surfactant solution.
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ESC ¼
P

COC j mmol � L−1
� �

MSR mmolCOC � g−1
surf

� � ð4Þ

The ESC value obtained by Eq. (4) is compared with the ESC value
expected if the initial surfactant added were not oxidized, called ESCo.
The value of ESCo is lower than Csurf, 0 while the partitioning of the sur-
factant between aqueous and organic phases should be considered. The
relation between ESCo and Csurf, 0 is obtained by Eq. (5).
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Fig. 4. Loss of surfactant solubilization capacity as ESC/ESCo after the surfactant solution and PS
Experimental runs in Table SM-4.
Csurf ;0 � Vaq ¼ ESCo � Vaq þ Csurf ORG

� �
eq �wDNAPL ð5Þ

where Vaq is the volume of the aqueous phase and wDNAPL the mass of
DNAPL added to this volume (experiments summarized in Table SM-4).

The distribution of the surfactant among organic (DNAPL) and aque-
ous phases was well predicted by a linear partitioning equilibrium as
shown in Eq. (6).

Csurf ORG

� �
eq ¼ KL � ESCo ð6Þ
.77
13

0
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D3 D4 D7 D8 D11 D12 D15 D16

SDS E3 T80 TS80

b)  t = 168 h     t = 360 h

/NaOH were in contact for 168 and 360 h (a) Csurf, 0 = 3 g · L−1, (b) Csurf, 0 = 12 g · L−1.
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A value of the linear partitioning coefficient KL = 0.02 gsurfORG · L ·
gsurf
−1 · gORG

−1 was found elsewhere (García-Cervilla et al., 2020a) for all
the surfactants and DNAPL used in this work at pH > 12 and using the
DNAPL from Bailin landfill.

From Eqs. (5) and (6) the value of ESCo can be obtained as:

ESCo ¼ Csurf ;0 � Vaq

Vaq þ KL �wDNAPL
ð7Þ

and the remaining solubilization capacity of the surfactant after its par-
tial oxidation can be calculated by the ratio of ESC/ESCo. This remaining
ESC/ESCo value is a crucial point in the S-ISCO treatment.

The ratios ESC/ESCo obtained at 168 and 360 h of contact between
the surfactant and the oxidant are shown in Fig. 4. As can be seen, for
a given surfactant, the higher the reaction time with the oxidant, the
higher the loss of surfactant capacity. Moreover, the ESC/ESCo ratio de-
pends on both the initial concentration of the surfactant and the surfac-
tant studied. Some surfactants (T80 and TS80) show a quick loss of ESC
in the early stages. This fact can be explained by the preferential chem-
ical attacks of PS on the polyethoxylated functional groups (Wang et al.,
2020). This oxidation can produce clouding/oiling in the solutions
(Mukherjee et al., 2011) and a decrease in the ESC value. The remaining
surfactant capacity could be attributed to the surfactant properties of
the oxidation byproducts (Pagano et al., 2008).

The highest values of ESC/ESCo (close to unity) are obtained with
SDS (anionic surfactant) in accordance with the lowest consumption
of PS noticed using this surfactant (Fig. 1). The loss of solubilization ca-
pacity was higher with the nonionic surfactants; among these, the low-
est decrease was obtained with E3.

The DNAPL used was composed of a total of 28 COCs, as detailed in
Section 2.1, that can be gathered in compounds with the same number
of chlorine atoms in the molecule. The COCs dissolved in the aqueous
phase in runs in Table SM-4 were analyzed to figure out if the oxidized
surfactant showed preference in solubilizing some type of COCs. Molar
fraction (as a percentage) of COCs in solution when the surfactant was
partially oxidized (at 168 and 360 h) is shown in Fig. SM-4 in the Sup-
plementary material. The corresponding distribution of COCs in the
original DNAPL phase in alkaline conditions (Lorenzo et al., 2020) was
summarized in Table SM-2 and is also shown in Fig. SM-4. It can be
seen that the distribution of COCs in the DNAPL (at alkaline conditions)
is similar to that obtained for the solubilized COCs in the partially oxi-
dized surfactant aqueous emulsion, independently of oxidation time.
Differences are lower than 15%. This fact can be explained assuming
that the organic phase is similarly trapped in themicelles formed by vir-
gin molecules of partially oxidized surfactant.

3.4. Oxidation of COCs in aqueous surfactant emulsion by PS activated with
alkali

Surfactants and oxidants are simultaneously injected in an S-ISCO
treatment with the scope of enhancing the solubilization of hydropho-
bic organic pollutants. Consequently, a decrease in the time required
for the removal of the NAPL mass from the site is expected. However,
this time is not proportional to the increase in pollutant solubilization.
The competition of surfactants and contaminants for the oxidant, and
the protective effect of the surfactant against the oxidation of pollutants
trapped in the micelles should also be considered.

The experiments in Table SM-5were carried out, adding the oxidant
(PS) and the activator (NaOH) to the aqueous emulsion containing the
pollutant (DNAPL solubilized) and the surfactant, according to the pro-
cedure in Section 2.2.4. SDS and E3 were selected as the anionic and
nonionic surfactants, respectively, for this study. As mentioned above,
SDS presented lower MSR than nonionic surfactants but a negligible
consumption of PS. On the other hand, E3 was the nonionic surfactant
that yielded less PS consumption and a higher ESC/ESCo ratio.
Taking into account the MSR values (MSRSDS = 1.32mmol COCs gSDS
−1

and MSRE3 = 4.33 mmol COCs gE3
−1) the solubilization of the DNAPL

added (3.7 mmol in 1 L of aqueous surfactant solution) was complete
with the initial concentration used for SDS (12 g · L−1) and E3 (3 g ·
L−1). In both runs in Table SM-5, PS concentration and NaOH/PS molar
ratio were 84mmol · L−1 and 1, respectively.

At time zero (when PS was added), the concentration of COCs dis-
solved was 3.70 mmolCOCs L

−1. At different reaction times, a vial with
SDS (run S1) or E3 (run S2) was sacrificed, and the remaining PS,
COCs, TOC, and pHwere measured. In this set of runs, the total reaction
volume was diluted in MeOH (1:10 in volume) and analyzed. In this
way, the total amount of COCs in the reaction media was quantified, re-
gardless of the phases present in the vial. The PS and COCs profiles
showing time are plotted in Fig. 5.

In Fig. 5a, the remaining fractional PS vs. time in runs S1 and S2 in
Table SM-5 (simultaneous oxidation of COCs and surfactants from
time zero) is plottedwith crossed symbols. For the scope of comparison,
the results obtained at the same oxidant, activator and surfactant con-
centrations but without dissolved COCs (runs C5 and C6 in Table SM-
3) are also shown (plotted with solid symbols). It can be observed
that similar PS consumption was obtained despite the presence or not
of COCs in solution.



Table 1
Comparison of time required in the removal of 0.07mmol of DNAPL in 0.020 L of the aque-
ous phase with surfactant (S-ISCO, Fig. 5) and without surfactant (ISCO), Eq. (11) surfac-
tant CPS, 0 = 84mmol · L−1, NaOH:PS molar ratio = 1.

XCOCs ISCO, time (days) (Eq. (11)) Surfactant S-ISCO, time (days) (Fig. 5)

0.2 >15 (>360 h) SDS 11 (264 h)
>15 (>360 h) E3 2 (48 h)

0.65 >51 (<1224 h) SDS No data
>51 (<1224 h) E3 28 (672 h)
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The remaining fractional COCs with the reaction time in runs S1 and
S2 (Table SM-5) are plotted in Fig. 5b. As can be seen, the conversion of
COCs with time was much higher with E3 than with SDS, despite the
higher unproductive PS consumption in the first case. At 679 h, the con-
version of COCs dissolved in E3 (run S2) and SDS (run S1) was 0.65 and
0.21, respectively. As can be seen, the conversion of COCswith timewas
much higher with E3 thanwith SDS, despite the higher unproductive PS
consumption in thefirst case. At 679h, the conversion of COCs dissolved
in E3 (run S2) and SDS (run S1) was 0.65 and 0.21, respectively. The in-
hibition of the potential oxidation of PS caused by SDS can be explained
by the electrostatic repulsion forces between the oxidant (S2O8

2−) and
activator (OH−) and the hydrophilic anionic groups of SDS. These repul-
sions result in lower unproductive consumption of PS and lower degra-
dation of COCs when SDS is the surfactant used. The Coulomb forces
hinder the accessibility of oxidant and activator to the inside of SDSmi-
celle. Consequently, the production of radicals in the micelle inside de-
creases, resulting in lower oxidation of COC, and the organic
compounds in the inside of themicelles staying isolated from the attack
of the radicals (Trellu et al., 2017).

The role of hydroxyl radical in oxidation of chlorinated organics, in-
cluding HCHs has been recently discussed by Wacławek et al. (2019).

On the contrary, these repulsion forces and inhibition effects are
lower with nonionic surfactants. Moreover, some polar compounds,
such as chlorobenzenes, can diffuse to the outside of the micelle, favor-
ing contact between pollutants and oxidants (Rosen and Kunjappu,
2012). Therefore, despite the higher PS consumption obtained with
E3, a higher conversion of COCs is obtained with this surfactant.

Moreover, the conversion of COCs with time in S-ISCO (runs S1 and
S2, Table SM-5) can be compared with those calculated if the oxidation
of the same mass of DNAPL took place in the absence of surfactant
(ISCO). For this comparison, it is considered that an amount of 0.07
mmol of DNAPL is added to the aqueous volume (Vaq = 0.02 L) with
an initial oxidant concentration CPS, 0 = 84 mmol · L−1 and a NaOH:PS
molar ratio = 1. To estimate the time required to remove this DNAPL
amount in the absence of surfactant, the following assumptions have
been made:

1) The mass transfer resistance between the organic (DNAPL) and the
aqueous phase has been neglected. Therefore, the concentration of
COCs in the aqueous solution corresponds to the partitioning equi-
librium with the organic phase.

2) 1,2,4 TCB is the most abundant compound in DNAPL in alkaline
conditions –Table SM-2- and this compound also has the highest
solubility in these conditions (0.17 mmol · L−1) among all TCBs
and TetraCBs isomers. Therefore, the concentration of COCs in so-
lution in the absence of surfactant is set to this value (CCOCs∗ ≈ 0.17
mmol · L−1 ∀ time)

3) The kinetics of the oxidation of chlorobenzenes in aqueous phase
with PS and NaOH was obtained elsewhere (Santos et al., 2018b).
The kinetic model is summarized in Eq. (8).

r j;aq ¼ kj;aq
C j;aq

M j
CPSC

0
NaOH mmol j � L−1 � h−1

� �
ð8Þ

where kj, aq is the kinetic constant of the oxidation of compound j in the
aqueous phase (j= CB, DCB, TCB, TetraCB). A similar value of the kinetic
constant kj, aq for all chlorobenzenes (kj aq = 3.9 · 10−3 L · mmol−1 ·
day−1) was obtained elsewhere (Santos et al., 2018b).

Based on the above assumptions, the removal rate of the moles of
COCs in DNAPL added can be seen in Eq. (9).

−
dnCOCs

dt
¼ r jaqVaq ¼ k1C

0
NaOH � CPS � Ceq

COC � Vaq ð9Þ

where k1 is the kinetic constant (0.0039 L ·mmol−1 · day−1), CPS the PS
concentration in mmol · L−1, Vaq the volume of the aqueous phase and
CCOC
eq the concentration of COCs in the aqueous phase. Under hypothesis
2, the latter is assumed to be a constant value with time (CCOCeq = 0.17
mmol · L−1). Integrating Eq. (9) and taking into account the conversion
of COC defined in Eq. (10), the relationship between time and COC con-
version in the absence of surfactants is obtained by Eq. (11).

XCOCs ¼ 1−
nDNAPL

nDNAPL;0
ð10Þ

t ¼ nCOCs;0 � XCOCs

k1 � CPS � Ceq
TCB � Vaq

� � ð11Þ

The reaction times needed to reach COC conversion values of 0.2 and
0.65 without a surfactant at CPS, 0 = 84mmol · L−1 and NaOH:PS molar
ratio = 1, have been estimated with Eq. (11), and values are shown in
Table 1. The reaction time values experimentally found to reach this
conversion with SDS and E3, in the same oxidant conditions and mass
of DNAPL added, are also summarized in Table 1 (values taken from
Fig. 5). As can be seen, the time required to reach a certain COC conver-
sion is remarkably lower with nonionic surfactant addition (E3) than
without surfactant addition. The time needed without a surfactant,
underestimated due to the equilibrium between phases, has been as-
sumed. Moreover, the solubility of 1,2,4 TCB has been used as the con-
centration of dissolved COCs.

Neither non-chlorinated nor aromatic compounds were detected by
GC–MS or GC-ECD-FID as oxidation byproducts of COCS in DNAPL, with
or without surfactants.

4. Conclusions

The results obtained in the present work indicate that the selection
of suitable surfactants for the application of an S-ISCO treatment is a
complex task. It should take into account issues such as the compatibil-
ity of surfactants and oxidants, the solubilization capacity of virgin and
partially oxidized surfactants, and the oxidation rate of COCs in the
aqueous surfactant emulsion.

It was observed that the anionic surfactant studied (SDS) did not
produce an appreciable consumption of PS in the conditions tested.
However, this surfactant showed a lower molar solubility ratio (MSR)
and a lower rate of COC oxidation in the emulsion. The low unproduc-
tive oxidant consumption and the low oxidation rate of COCs in the
SDS micelles can be explained by the electrostatic repulsions between
the reagents producing radicals (oxidant and activator) and the hydro-
philic groups of SDS. The decrease in radical generation inside the mi-
celles explains the lower oxidation rate of COCs in the micelles.

In contrast, higher PS conversions were found using the three non-
ionic surfactants studied (E3, T80 and TS80), where E3 showed slightly
lower unproductive oxidant consumption. Of note is the increase of
nonionic surfactant concentration, which increases the unproductive
consumption of the oxidant.

Despite the higher unproductive PS consumption found with the
nonionic surfactants, the conversion of DNAPL in the surfactant
emulsion was higher, due to the absence of the electrostatic repul-
sions mentioned above. Moreover, some polar compounds, such as
chlorobenzenes present in DNAPL, can diffuse to the outside of the
micelle, favoring contact between pollutants and oxidants. There-
fore, for the DNAPL and surfactants studied here, the higher the
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surfactant stability in relation to the oxidant, the higher the protec-
tive effect of surfactants against oxidant attack on the pollutants
trapped in the core of the micelles.

The choice of optimal surfactant dosages should balance the higher
solubilization of COCs, and the increase in unproductive consumption
of the oxidant found when the surfactant concentration increased.
Still, results obtained in this paper encourage further research on the si-
multaneous application of surfactants and oxidants in DNAPL removal
in the environment.
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