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Abstract Petroleum hydrocarbons are applied in vari-
ous energy activities. If accidents happen, they may
result in environmental contamination, especially in
soil. Petroleum hydrocarbons have low evaporation
rates and are adsorbed on the soil surface, making it
necessary to treat contaminated soil before the pollutants
spread to other areas. Soil washing with surfactant so-
lution is a method used to treat petroleum hydrocarbon
contamination. The process relies on surfactant proper-
ties which reduce surface tension and desorb diesel from
soil particles prior to flushing out with water. The rela-
tionship between efficiency of diesel extraction from
contaminated soil and factors of both single surfactants
(Span20, Tween20, Tween80, Dehydol LS9) and mixed
surfactants (Span20+Tween20, Span20+Tween80,
Span20+Dehydol LS9) were investigated including
hydrophile-lipophile balance (HLB) and interfacial ten-
sion (IFT) to select a suitable surfactant. Diesel was
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analyzed by GC-FID. Findings revealed that extraction
efficiency significantly increased when the HLB of the
surfactant increased in every solution pair (p= 0.05).
Span20+Dehydol LS9 solution with HLB 12 showed
the lowest IFT (17.767 +£0.013 mN/m) and the highest
diesel extraction efficiency (66.2%). The water washing
process, repeated twice after washing with 1% (w/v)
Span20+Dedydol LS9, resulted in less toxicity on ger-
mination and growth of tomato, rice, and green bean
compared with diesel washing solution and fresh wash-
ing solution. Diesel-contaminated soil washing with
mixed surfactant is an interesting alternative as an envi-
ronmentally friendly soil treatment.

Keywords Diesel - Nonionic surfactant - Soil treatment -
HLB - Interfacial tension - Seed germination

1 Introduction

Petroleum hydrocarbons are important as fuel for trans-
portation; however, they cause environmental problems
as a result of spillage, especially low evaporated oil such
as diesel (Safehian et al. 2018). The contamination im-
pacts the ecotoxicity of living organisms such as earth-
worms, microorganisms (Tang et al. 2011), and plants
(Banks and Schultz 2005). Contaminated soil requires
remediation to control environmental risk. Soil washing
is a popular approach to remove contaminants adsorbed
on soil particles (Bai et al. 2019; Peters et al. 1992; Guan
et al. 2018). The removal of oil from soil by an aqueous
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solution involves replacement of soil/oil interfacial ten-
sion (IFT) with soil/water IFT and an oil/water IFT.

Surfactants can reduce IFT between different polar
phases because their structure consists of both hydro-
philic and lipophilic components which are able to
cooperate physiochemically with both polar and less
polar compounds (Rosen 2004; Peters et al. 1992). In
the soil washing process, surfactants decrease IFT be-
tween the oil/water interface and soil/water interface.
This causes a reduction of soil/oil IFT and enhances soil
washing by mechanical extraction (Tadros 2005; Ali
et al. 2019). The presence of a nonionic surfactant can
enhance IFT lowering and the extent of solubilization of
insoluble organic compounds into water
(Phasukarratchai et al. 2016; Xiarchos and Doulia
2006; Jafvert et al. 1994; Takeuchi et al. 2014). The
hydrophile-lipophile balance (HLB) of a surfactant is a
measure of the degree to which it is hydrophilic or
lipophilic as a property for rapidly selecting suitable
nonionic surfactants in any application. High HLB sur-
factants are more effective for emulsifying the oil phase
in water than low HLB surfactants (Rosen 2004; Tadros
2005). HLB is in the range of 3—6 for water-in-oil
emulsions, and 818 for oil-in-water emulsions
(Tadros 2005). However, there are numerous nonionic
surfactants with various hydrophobic and hydrophilic
structures. A surfactant with a reasonable HLB is re-
quired for diesel soil washing.

In theory, phase behavior appearance is an indication
of emulsion type; for example, microemulsion is clear,
macroemulsion shows a dispersed turbid phase, and
nanoemulsion is blue-white and translucent (Rosen
2004). The most desired emulsion type for oil extracting
from solid is microemulsion with Winsor type I (oil in
water emulsion) and, especially Winsor type III (the
middle phase between surfactant solution and organic
phase) (Damrongsiri et al. 2010) because the oil can be
desorbed from soil with ultralow IFT (<102 mN/m)
(Rosen et al. 2005). Both emulsion types can trap the
extracted oil within the micelle which prevents the free
oil phase that can re-adsorb on the solid
(Rongsayamanont et al. 2017; Rosen 2004). Moreover,
this microemulsion enhances the oil extraction efficien-
cy from the solid phase (Arpornpong et al. 2018;
Hernandez et al. 2019; Pookboonmee et al. 2018).
Microemulsion is not easily formed with only one sur-
factant type and may require other additives such as
salts, co-solvent, or mixed surfactants (Damrongsiri
et al. 2013; Rosen 2004).
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Thus, only nonionic surfactants were chosen for diesel
soil washing in this research. Three mixed surfactants
series were investigated including Span20/Dehydol LS9
mixture, Span20/Tween20 mixture, and Span20/
Tween80 mixture. Each surfactants series was mixed
based on HLB value in the range 9 to 13 (oil-in-water
aspect). Phase behavior and IFT measurement were stud-
ied to assess the interaction between diesel and mixtures
of nonionic surfactant solutions. The nonionic surfactant
mixtures were investigated for diesel extraction efficiency
from diesel-spiked soil to select a suitable HLB value of
surfactants mixture. The diesel-spiked soil concentration
of 20,000 mg/kg and 40,000 mg/kg was selected based
on the diesel contamination in soil washing study with
surfactant in the range of 100 to 40,000 mg/kg (Karthick
etal. 2019). Moreover, the potential for reusing surfactant
solution was also investigated together with seed germi-
nation toxicity with rice, tomato, and green bean for the
selected surfactant solution, the diesel-soil washing solu-
tion, the Ist and the 2nd cycles of water diesel-soil
washing solutions.

2 Materials and Methods
2.1 Materials

The topsoil used in this study was sampled between 10
and 30 cm depth by the roadside of Phetchakasem Road,
Thapraya, Nakornchaisri, Nakhon Pathom Province,
Thailand (geographical coordinates: 13° 47" 55.4" N,
100° 09" 59.1" E). This road is the main transportation
route connected between the Bangkok Metropolis and
Southern of Thailand; thus, there is a high risk to an oil
spill from the logistic accident. Moreover, there is an
importance agricultural economic zone around the road-
side at this point. The soil sample was collected in
December 2017 and immediately measured for moisture
content. The soil was air dried 1 month before analysis
of soil properties. Soil particle distribution was deter-
mined as 17.28% clay, 65.03% sand, and 17.69% silt
(hydrometer method) with pH = 8.4, 29.92% moisture
(1:1 soil-water ratio), 2.08% soil organic matter
(Walkley and Black method), and 1.1 cmol/kg
(NH4OAc, pH 7.0).

Commercial diesel as Shell V-Power was bought at a
Shell gas station. Absolute ethanol (99.9%) and dichlo-
romethane were obtained from QREC at analytical
grade.
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Four nonionic surfactants were used including
sorbitan monolaurate or Span 20 (S20),
polyoxyethylene sorbitan monolaurate or Tween 20
(T20), polyoxyethylene sorbitan monooleate or Tween
80 (T80), and fatty alcohol C12—14 with 9 mol of
ethylene oxide or Dehydol LS9 (LS9). S20 was bought
from Sigma-Aldrich. Tween surfactants contained the
same structure of hydrophilic polyoxyethylene (20)
sorbitan with a different hydrophobic alkyl chain. T20
and T80 were bought from Ajax Finechem. LS9 as
commercial grade was supplied by Thai Ethoxylate
Co., Ltd. Chemical structures and HLB values of these
surfactants are shown in Table 1.

2.2 Diesel-Contaminated Soil Preparation

One hundred grams of dried soil was spiked with 2 g of
diesel in a 250-mL Duran glass bottle to achieve the
diesel concentration at 20,000 mg/kg. The spiked soil
was kept in the closed bottle for 2 days before the soil
washing experiment to screen for the suitable surfactant
solution. The diesel spiked soil was prepared at
40,000 mg/kg for solution study reuse and seed germi-
nation experiments.

2.3 Surfactant Preparation

Single surfactants (S20, LS9, T20, and T80) solutions
and mixed surfactants (S20/LS9, S20/T20, and S20/
T80) solutions were prepared at equal 1%(w/v) concen-
tration in tap water. S20 as the lowest HLB was mixed
with T20, T80, or LS9 to prepare surfactant solutions
with mixed HLB values of 9, 10, 11, 12, and 13. Mixed
HLB solutions were prepared by weight basic following
Eq. 1 (Griffin 1954; Tadros 2005).

HLB,,;y = X \HLB, + X,HLB, (1)

where HLB,,;. is the HLB value of two surfactants
mixtures, X; and HLB, are the mass fraction and the
HLB value of surfactant 1, and X, and HLB, are the
mass fraction and the HLB value of surfactant 2. The
mass fraction of each surfactant series is shown in
Table 2.

2.4 Diesel-Surfactant Phase Behavior Observation

The single and mixed nonionic surfactant solutions were
gently mixed with diesel at 1:1 by volume ratio in a

screw cap glass tube. Samples were kept at room tem-
perature for 1 month to ensure realization of the equi-
librium phase. Phase behavior was visually observed as
separation of diesel phase, aqueous phase, and middle
phase. The middle phase represented the emulsion of
diesel and surfactant with potentially low IFT system
between surfactant solution and diesel. The IFT values
between each surfactant solution and diesel were mea-
sured by a SCAT tensiometer (Dataphysics Instruments
GmbH, model DCAT 11) at 25 °C with the Wilhelmy
plate which is following ASTM D1331-14: Method D
(ASTM 2014).

2.5 Diesel Soil Washing by Surfactant Solution
Condition

A total of 1.5 g of diesel-spiked soil with 15 mL of
surfactant solutions in the closed centrifuge tube were
extracted with a 250 rpm-orbital shaker for 60 min at
room temperature (28-30 °C). Then, the samples were
centrifuged to separate the washed soil from the solution
at relative centrifuge force (RCF) 3000xg for 15 min.
The soil was analyzed for remaining diesel to calculate
the diesel extraction efficiency. Highest diesel extrac-
tion efficiency was selected for further experiments
including of the reuse solution test, the water washing,
and the seed germination test. The reuse surfactant
solution test was performed as the same procedure,
using a new spiked soil sample with the used surfactant
solution. Water washing was the soil cleaning step after
the diesel was extracted from soil by the selected sur-
factant solution. The extracted soil was washed with tap
water in two-cycle with the same extraction condition.
Diesel extraction efficiency from the 1st and the 2nd
reuse surfactant solution and the 1st and the 2nd cycle of
water diesel-soil washing solutions were analyzed.

2.6 Diesel Quantitation

Initial soil and extracted soil by each surfactant solution
were analyzed for diesel content. Residual soil and the
1.5 g of spiked soil were extracted with 20 mL of
dichloromethane and 5 mL of ethanol in a 40-mL PTFE
screw cap glass vial using an orbital shaker at 250 rpm
for 4 h. The extracted samples were analyzed by GC-
FID (Agilent-6890N) with an Agilent HP-5 5% phenyl
methyl siloxane column. Hydrogen gas flow rate was
20 mL/min and sample injection volume was 2 pL. The
temperature was controlled at 40 °C for 5 min, then
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Table 1 The HLB value and structure of surfactants

Surfactants HLB value Structure
Span 20 8.6 0 0]
p A/\/\/\/\)L /\(L’(—\ 1OH
(0]
HO OH
Dehydol LS9 134 N\MO o
9
Tween 80 15
HOL b
\ 'y [
wxtytz= 20
Tween 20 16.7 '

increased to 300 °C at 15 °C/min and kept at 30 °C for
5 min. The external standard of dissolving diesel in
dichloromethane was used for preparing the calibration
curve. Diesel extraction efficiency was calculated from
the diesel mass fraction reduction after extraction by a
surfactant solution from the initial spiked soil.

Table 2 The mass fraction of mixed nonionic surfactant based on
HLB value

Mix HLB  Mass fraction

S20/T20 series ~ S20/T80 series  S20/LS9 series
9 0.951/0.149 0.938/0.063 0.917/0.083
10 0.827/0.173 0.781/0.219 0.708/0.292
11 0.704/0.296 0.625/0.375 0.500/0.500
12 0.580/0.420 0.469/0.531 0.292/0.708
13 0.457/0.543 0.313/0.688 0.083/0.917
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2.7 Seed Germination Toxicity Assay

The seed germination toxicity of the diesel washing
solution was assessed on seed germination and root
elongation of three seed types including rice (Oryza
sativa L.), tomato (Solanum lycopersicum), and green
bean (Vigna radiata) following the method described by
Pele et al. (2019)). Three types of seeds were selected
based on the high population growth in Thailand. The
testing solution included the selected surfactant solution
after diesel-soil washing, the 1st and the 2nd cycles of
water diesel-soil washing solution compared to un-
washed selected surfactant solution and tap water as a
control. The experiment was determined using sterilized
Petri dishes (8 cm x 8 cm) covered with filter paper. All
seeds were pretreated with 6% sodium hypochlorite for
10 min and washed with water several times. Ten seeds
were placed on the filter paper with 5 mL of the test
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solution and incubated in the dark at room temperature.
Relative seed germination (RSG), relative root elonga-
tion (RRE), and germination index (GI) were calculated
after 5 days of incubation following Eqs. 2—4, respec-
tively (Luna et al. 2013);

RSG (%) - (Ngermftes[ - Ngerm*contml) x 100 (2)

RRE (%) = (Lroot—test - Lroot—conrml) x 100 (3)

GI (%) = (%RSG x %RRE) = 100 (4)

where Ngeym-ress A0d Ngeym-contror are no. of seeds
germinated in the test and control solution, respectively.
L, oorsest AA Lyoorconror @€ mean root length in the test
and control solution, respectively.

2.8 Statistical Testing

All experiments were performed in triplicate and aver-
age and standard deviation were calculated for each set.
One-way analysis of variance (ANOVA) was applied to
compare the significance of different conditions at
p <0.05 using the SPSS (Statistical Product and Service
Solutions) software package, version17.0.

3 Results and Discussion

3.1 Diesel-Surfactant Phase Behavior and Interfacial
Tension

Phase behavior observation between diesel and surfac-
tant in water solution as the preliminary method was
followed to determine the potential surfactant system as
shown in Fig. 1. The results showed that the same HLB
in different mixture series showed different phase be-
havior. The aqueous solution (denser phase) appeared
turbid in all mixtures at HLB ranging 9—10 (demonstrat-
ing macroemulsion), and a translucent solution was
shown when HLB was higher than 11 (demonstrating
microemulsion). For single surfactants LS9, T80, and
T20, the aqueous phases were clear as shown in Fig. la—
¢, respectively. The mixed S20 with LS9 solution at
HLB equal to 11 and 12 were observed as the middle
phase between diesel and the aqueous phase (Fig. 1a).
By contrast, the mixed S20 with T20 and with T80

demonstrated an unclear zone of middle phase in the
HLB range 10-12 (Fig. 1b, c).

When considering the diesel-surfactant IFT at 25 °C,
1% (w/v) single nonionic surfactant solutions of S20,
LS9, T20, and T80 gave IFT with diesel equal to
30.11 mN/m, 30.73 mN/m, 31.67 mN/m, and
31.55mN/m, respectively, while IFT between water
and diesel was 38.33 mN/m. The mixed S20 with LS9
clearly demonstrated the synergism effect of IFT lower-
ing, whereas the mixed S20 with T20 or T80 did not
(Fig. 2a). The lowest IFT of this series was 17.767 mN/
m at HLB =12 for mixed S20/LS9 solution (Fig. 2a),
similar to phase observation.

Only S20/LS9 at HLB=11 and 12 showed a layer
between diesel and the solution (middle phase). The
middle phase of S20/LS9 possibly occurred because of
the lowest IFT between the surfactant solution and
diesel phase, considered as the higher potential of wash-
ing diesel from contaminated soil. However, the IFT
was still higher than ultralow IFT (< 102 mN/m) and
the aqueous phase in phase observation was not a clear
solution. These results demonstrated that the mixture
between diesel and surfactant without any additive in
water was not a microemulsion in this study.

3.2 Diesel-Soil Washing by Surfactant Solution

When considering diesel extraction from soil, water
alone can extract diesel from contaminated soil at about
6.0%. Surfactant solutions enhanced diesel extraction
from soil, especially LS9 solution (Fig. 2b). For single
nonionic surfactant solutions, LS9 (HLB =13.4) was
the highest, followed by T80 (HLB=15) and T20
(HLB =16.7), respectively. Although mixed surfactants
at HLB range 9 to 13 in this study were in the range of
oil-in-water emulsion as a guideline for surfactant ap-
plication, the different nonionic surfactant types at sim-
ilar HLB showed disparate efficiency on diesel extrac-
tion from soil (Fig. 2b). The single T20 and T80 surfac-
tant solutions extracted diesel better than when mixed
with S20, similar to the IFT results that the mixed
solution cannot reduce IFT in significant. For the S20/
LS9 mixture, even though the IFT between diesel and
S20/LS9 solution at HLB =12 was the lowest, diesel
extraction efficiency increased when HLB of mixed
surfactants increased until HLB = 12. These results were
not significantly different from HLB =13 and single
LS9 solution (p = 0.05).
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a) S20 Mixed S20/LS9 LS9

86 9 10 11 12 13 134
HLB

b) s20 Mixed S20/T20 720
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| Fig. 1 Phase behavior of diesel and 1% (w/v) of mixed surfactants

solutions at different HLB value. a S20/LS9 solution. b S20/T20
solution. ¢ S20/T80 solution

Other research results found that the lowest IFT
showed the highest effectiveness of surfactant on oil
dispersion (Rongsayamanont et al. 2017) and oil extrac-
tion from solid phase (Arpornpong et al. 2018). How-
ever, our results demonstrated that the lowest IFT sur-
factant solution might not be the highest effective solu-
tion for diesel removal from soil. The IFT presented the
relationship between only target compounds and select-
ed surfactants. Many complexes in the soil matrix pos-
sibly affect soil extraction mechanisms and also affect
emulsion formation (Karthick et al. 2019). Lower IFTs
between surfactant solution and the extracted target are
preferred over high IFT values for oil extraction

Q) 35

30 A

393
W
!

IFT (mN/m)
(3]
f=)

HLB

<

100

Extraction efficienncy (%)

§ 9 10 11 12 13 14 15 16 17 18
HLB

——S20 + LS9 —=—S20+T20 —A—S20 + T80
Fig. 2 Effect of HLB of 1% (w/v) mixed nonionic surfactants
solutions on a interfacial tension at 25 °C with diesel and b diesel
extraction efficiency from spiked soil (20,000 mg of diesel/kg)
(the HLB of single LS9, T20, and T80 surfactant is 13.4, 15, and
16.7, respectively)
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application (Rosen et al. 2005). Some surfactants with
same HLB value show the difference in IFT (Griffin
1954; Tadros 2005). HLB is a function that is estimated
with potency of hydrophilicity of surfactant, but IFT is
the function that demonstrates the interaction between
surfactant and target compounds depending on the
chemical structure (Rosen 2004; Tadros 2005). There-
fore, the selection of surfactants for organic-
contaminated soil washing should consider the surfac-
tant structure and lower IFT rather than only HLB
selection.

Thus, 1% (w/v) in the mixture between S20 and
LS9 at HLB =12 solution was selected for diesel ex-
traction because this showed the lowest IFT with diesel
and high extraction efficiency (66.2% +4.1%) from
20,000 mg/kg of diesel in spiked soil. When doubling
the initial diesel contamination in the soil to
40,000 mg/kg, the extraction efficiency slightly de-
creased (60.7% +3.0%).

3.3 Diesel-Soil Washing by Used Surfactant Solution

Reuse of solvent or solution for the extraction process is
one important factor to determine solvent effectiveness
(Wennersten 2004). Here, we found that surfactants in
the solution could be used more than once with new
diesel-contaminated soil; however, the efficiency slight-
ly dropped from the fresh solution about 9% and 6% for
the 1st time and the 2nd time reuse, respectively as
shown in Fig. 3. However, the reusing the solution for
the first time gave extraction efficiency of less than the
fresh solution but not significantly different from the
second time of reuse (p =0.05).

3.4 Washed Soil Cleaning and Seed Germination
Testing

After diesel-contaminated soil was washed with 1%
(w/v) of S20/LS9 surfactant solution, the
decontaminated soil was cleaned with water to remove
the remaining surfactant solution and residual diesel
extracted. Soil were washed with water twice times
and this process showed a slightly significant increase
in diesel removal about 5% and 7% from the 1st cycle
and the 2nd cycle, respectively (p = 0.05) (Fig. 4). Fur-
thermore, some evidence showed that toxic compounds
and surfactant also impacted on inhibition of seed ger-
mination and root growth of the plant (Besalatpour et al.
2008; Galvez et al. 2019; Visioli et al. 2014). For this

70

60

50 A

40 -

30 4

20

Extraction efficienncy (%)

Fresh Reuse | Reuse 2

Soil washing solution

Fig.3 Diesel extraction efficiency from spiked soil (40,000 mg of
diesel/kg) with fresh 1% S20/LS9 (HLB = 12) solution and reuse
same solution with new spiked soil sample in the second time; a
and b represent the statistic testing (p < 0.05)

reason, the effect of 1% (w/v) S20/LS9 diesel washing
solution, 1st/2nd cycle of water washing solution and
fresh 1% (w/v) S20/LS9 were investigated on relative
seed germination and root elongation of local vegetable
seeds including tomato, rice, and green bean. Surpris-
ingly, surfactant solution after diesel washing process
and fresh surfactant solution showed no growth in to-
mato and rice, while the germination and root elongation
in water washing solution in the 1st and 2nd cycle
significantly increased (p <0.05) (Fig. 5a, b). The 2nd
cycle of water washing solution showed the highest seed
germination and root elongation in all types of seed.

a,b b

wn [N} ~
S o O
L ! !

N W
S O
L L

Extraction efficienncy (%)
&~
S

—_
(=}
!

S

Surfactant washing
solution

Ist cycle water
washing

2nd cycle water
washing

Soil washing solution

Fig.4 Diesel extraction efficiency from spiked soil (40,000 mg of
diesel/kg) with 1% S20/LS9 (HLB = 12) solution and after wash-
ing with water at the first and the second cycles; a and b represent
the statistic testing (p <0.05)
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Tomato Rice Green Bean
Type of seed
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e
100 A ¢
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5 40 b b.c b
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a a a a
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Tomato Rice Green Bean
Type of seed
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$ 100 |
£ 50 -
= 60 d
g d
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Tomato Rice Green Bean
Type of seed

m surfactant washing solution = 1st cycle water washing solution
m 2nd cycle water washing solution M fresh surfactant solution

Fig.5 Percentage of a relative seed germination (RSG), b relative
root elongation and (RRE), ¢ germination index of tomato, rice,
and green bean in day 5 with 1% (w/v) of S20/LS9 diesel washing
solution, 1st and 2nd cycle of water washing solution comparing
with fresh 1% (w/v) S20/LS9; a, b, ¢, d, and e represent the statistic
testing (p < 0.05)

The germination index (GI) (Fig. 5c) that reflex to the
relationship between relative seed germination and rel-
ative root elongation had no significantly affected
(p>0.05) by the Ist cycle of water washing solution
compared with the 2nd cycle in green bean seed. By
contrast, the GI in tomato and rice were significantly
(p>0.05) different in the two water washing cycles. The
Gl index of green bean showed significantly higher than
those of the tomato and rice seeds (p < 0.05).

One of the considerations when selecting a surfactant
to enhance contaminant removal is the toxicity of the
surfactant system. Even though the diesel remains in the
soil after surfactant solution washing and after the 1st
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and 2nd cycle water washing process is not significantly
different in this study. The toxicity assay with local
vegetables showed a significant difference in seed ger-
mination and root elongation. This phenomenon result-
ed from the toxicity of the surfactant itself at higher
concentrations which affected seed germination. The
concentration of our selected surfactant washing solu-
tion was above the critical micelle concentration
(CMC). When concentration achieved the CMC, sur-
factant monomers naturally combined in complex mi-
celle form. The increasing of micelle size could enhance
the pollutant solubilization of pollutant and increase the
bioavailability for seed tissues (de Bruin et al. 2016; de
Bruin et al. 2017; Pele et al. 2019). Therefore, the water
washing process after washing with 1% (w/v) S20/LS9
can enhance diesel extraction, mobilize the residual
diesel, and also reduce toxicity to seed plants. Therefore,
the recommendation of using washed soil for plantation
after the surfactant solution process is following with the
water washing process at least twice times.

4 Conclusions

In this study, a fatty alcohol ethoxylate surfactant as
Dehydol LS which has lower IFT with diesel showed
higher ability to extract diesel from soil than a
polyethoxylated sorbitan surfactant or Tween on the
basis of mass weight concentration. The combination
of a polyethoxylated sorbitan surfactant with a fatty
alcohol ethoxylate surfactant at hydrophilic-lipophilic
balance (HLB) equal to 12 enhanced the reduction of
IFT and increased diesel removal from soil better than
individual surfactants and other formulations (S20 +
Tween) at different HLB. The reuse performance of
1% S20/LS9 surfactant solutions at two times showed
reduction of diesel extraction efficiency but efficiency
was higher than 40%. It was necessary to conduct the
process of water washing after the surfactant washing
process to ensure removal of residual diesel concentra-
tion and surfactant molecules that might be toxic to
plants.
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