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Abstract
The present study determined the most effective surfactants to remediate gasoline and diesel-contaminated soil integrating
information from soil texture and soil organic matter. Different ranges for aliphatic and aromatic hydrocarbons (> C6–C8, >
C8–C10, > C10–C12, > C12–C16, > C16–C21, and > C21–C35) in gasoline and diesel fuel were analyzed. This type of analysis
has been investigated infrequently. Three types of soils (silty clay, silt loam, and loamy sand) and four surfactants (non-ionic: Brij
35 and Tween 80; anionic: SDBS and SDS) were used. The results indicated that the largest hydrocarbon desorption was 56% for
silty clay soil (SDS), 59% for silt loam soil (SDBS), and 69% for loamy sand soil (SDS). Soils with large amounts of small
particles showed the worst desorption efficiencies. Anionic surfactants removedmore hydrocarbons than non-ionic surfactants. It
was notable that preferential desorption on different hydrocarbon ranges was observed since aliphatic hydrocarbons and large
ranges were the most recalcitrant compounds of gasoline and diesel fuel components. Unlike soil texture, natural organic matter
concentration caused minor changes in the hydrocarbon removal rates. Based on these results, this study might be useful as a tool
to select the most cost-effective surfactant knowing the soil texture and the size and chemical structure of the hydrocarbons
present in a contaminated site.

Keywords Soil remediation . Petroleum-contaminated soil . Surfactant . Soil organic matter . Soil texture . Aliphatic
hydrocarbon . Aromatic hydrocarbon

Introduction

Petroleum hydrocarbons, such as gasoline and diesel fuel, are
massively used for transport and industry, causing accidental
spills into groundwater and soil (Chattopadhyay and Karthick
2017; Dhaka and Chattopadhyay 2021). Anthropogenic organic
compounds pollute a great number of soil environments with
negative effects on human health and ecosystems (Karthick
et al. 2019a). United States Environmental Protection Agency
USEPA (2013) has shown that petroleum hydrocarbons are

present in 70% of polluted soils in the USA. In addition, in
Europe, hydrocarbons are a common pollutants, and 15% of
contaminated places are caused by tank storage leaks in service
stations (Panagos et al. 2013). Gasoline and diesel fuel are com-
plex mixtures of hundreds of hydrocarbons which are clustered
into two groups according to chemical structure: aliphatic and
aromatic. Some of these hydrocarbons are toxic when exposed to
humans, and they can cause cancer and damage to the central
nervous system (Agency for Toxic Substances and Disease
Registry (ATSDR) 1999).

Surfactant soil flushing is a time-efficient and versatile in
situ remediation technology (Karthick et al. 2019b; Mao et al.
2015). Surfactant soil flushing depollutes the soil by making
use of a solution that increases the mobility and solubility of
petroleum hydrocarbons (Chattopadhyay and Karthick 2017).
Surfactants are delivered into the subsoil through the aqueous
phase using an infiltration or injection process to wash the
hydrophobic organic compounds from soil and move them
to the surfactant solution. Then, the contaminated groundwa-
ter and surfactant solution that contain contaminants are
pumped to the surface through pumping wells.
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Previous studies indicated that the washing of soil with
non-ionic surfactants was effective for treating polluted soils.
López et al. (2004) and Zhu et al. (2005) observed that the
total petroleum hydrocarbon (TPH) removal rate by non-ionic
surfactants was up to 60%. In addition, Baziar et al. (2013)
obtained the best removal efficiencies with Tween 80 and Brij
35 at 80 and 65%, respectively. On the other hand, the results
of Chevalier (2003) and Deshpande et al. (1999) suggest that
anionic surfactants are suitable for remediating petroleum
hydrocarbon-contaminated sites. Also, Khalladi et al. (2009)
removed 97% of diesel fuel with SDS in a column laboratory
study. Mineral surfaces and soil organic matter are mostly
negatively charged. Cationic surfactants are unsuitable for
surfactant soil flushing, due to the fact that they tend to adsorb
onto the negatively charged surfaces of soil by electrostatic
forces (Paria and Yuet 2006). This interaction causes surfac-
tant loss and demand higher concentrations in the solution for
micelle creation (Ishiguro and Koopal 2016). For this reason,
the best surfactants for hydrocarbon removal seem to be the
anionic and non-ionic.

Several soil components adsorb surfactant monomers be-
cause of their properties; thus, sorption of surfactant–soil is an
important parameter for surfactant soil flushing. Surfactant
efficiency for solubilizing petroleum hydrocarbons decreases
when the soil adsorbs a significant amount of it. The
surfactant–soil sorption depends on soil texture (Karthick
e t a l . 2019c ; Pa r i a 2008) , so i l o rgan ic ma t t e r
(Ussawarujikulchai 2008) and the type of surfactant used
(Paria 2008). Soil texture and soil organic matter influence
in surfactant soil flushing has been studied in polycyclic aro-
matic hydrocarbons (PAHs) (Ussawarujikulchai 2008; Zhou
and Zhu 2007) and chlorinated organic compounds (Lee et al.
2002). Nevertheless, little is known about gasoline and diesel
(Yan et al. 2016). In addition, previous works about petroleum
hydrocarbons analyzed the efficacy of surfactants only for
total petroleum hydrocarbon (TPH) removal (Baziar et al.
2013; Chevalier 2003; Deshpande et al. 1999; Karthick and
Chattopadhyay 2017; López et al. 2004; Vreysen and Maes
2005; Zhu et al. 2005) or for representative compounds such
as toluene, decane, or dodecane (Atteia et al. 2017; Jousse
et al. 2017; Pennell et al. 1993). Surfactant selection is an
important aspect to consider because each soil flushing pro-
cess is different since it depends on the soil and the contami-
nants as no two contaminant–soil combinations are the same.

The objective of the present work is to present novel guide-
lines in order to determine the best surfactants for remediating
gasoline and diesel-contaminated soil according to soil texture
and soil organic matter. Little is known about the effects of
soil organic matter and soil texture in a gasoline- and
diesel-polluted soil. In addition, not only TPH were analyzed
but also the need to study aromatic and aliphatic hydrocarbons
as well as different fraction ranges. Hydrocarbon fractions and
surfactant desorption have been scarcely investigated; few

authors have studied the preferential desorption of different
hydrocarbon fractions during soil washing with surfactants.
Besides TPH analysis, the effect of surfactant on the most
widely represented components found in gasoline and diesel
was determined during each laboratory test, in order to eluci-
date whether there is a preferential desorption of petroleum
hydrocarbon compounds. It is essential to investigate the de-
sorption rates of different types of hydrocarbons because gas-
oline and diesel fuel contain compounds that are both easily
removable and recalcitrant.

Materials and methods

Materials

Three natural soils from Andalusia, south of Spain (Los
Marines, Almonte, and La Puebla del Río) were collected
from uncontaminated sites at the depth of 10–40 cm. The soil
samples were selected to obtain a wide range in sand, silt, and
clay contents.

A detailed comparison of the removal of hydrocarbon frac-
tions that appear in gasoline and diesel fuel was carried out
with various surfactants in different soils. Brij 35 (purity >
99%) , Tween 80 (pu r i t y > 99%) , and sod ium
dodecylbenzenesulfonate (SDBS, purity > 99%) were sup-
plied by Sigma-Aldrich, and sodium dodecyl sulfate (SDS,
purity > 99%) was obtained from Panreac Applichem. They
were selected for this study because of their low toxicity
(Cheng et al. 2018; The Soap and Detergent Association
(SDA) 1994, 1991), high potential for biodegradation
(Cheng et al. 2018; Federle and Itrich 2006; Gustav et al.
2011; Tabor and Barber 1996), great solubilization capacity,
and high volume of production in industry. The characteristics
of the surfactants are listed in Table 1. The minimum surfac-
tant concentration at which micelles begin to form is called the
“critical micelle concentration (CMC)” and at supra-CMC
surfactant inclusion participates to the formation of additional
micelles. Surfactant solutions were prepared by dissolving
surfactants in Milli-Q water type II water.

The gasoline and diesel fuel used in this work were com-
mercially available and they were obtained from a petrol
station.

Soil preparation

Prior to using the soil, it was homogeneously mixed and air
dried. The samples were tapped to break aggregated soil and
passed through a 0.5-mm sieve. Then, the soil was artificially
contaminated by slowly adding a mixture gasoline and diesel
fuel (60–40%) with continuous mixing, due to the fact that in
many hydrocarbon-contaminated places, such as fuel stations,
it is usual to find a mixture of these fuels as pollutants. The
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polluted soil was kept out of light in a closed vessel for 14
days. Then, the initial concentration of soil contaminant hy-
drocarbons was analyzed by the gas chromatography/mass
spectrometry (GC-MS) method.

For elucidating the role of soil organic matter, Los Marines
soil was used. Different organic matter contents were re-
quired. The soil with lower amount of organic matter (0%)
was obtained after calcination of the collected soil for 24 h at
550 °C in a muffle furnace (Nabertherm, 19/12/S27). The soil
with the highest content of organic matter was Los Marines
soil without heat treatment (5%). Finally, a soil with an inter-
mediate amount of organic matter was made by a mixture of
untreated soil and calcined soil in a 1:1 ratio; in this way, a soil
with an organic matter of 2.5% was obtained.

Laboratory soil flushing experiments

Samples of 200 g of the spiked soil were placed in 2-L glass
bottles with screw Teflon® caps. The glass bottles were kept
out of light at 18–20 °C for 14 days. Afterwards, 1.6 L of
surfactant solution (soil/water ratio of 1:8) were added at a
concentration of 1.5%. The surfactant concentration and soil/
water ratio have been chosen according to previous studies.
Baziar et al. (2013) showed that a concentration around 1.5%
is the optimal surfactant concentration for the removal of hy-
drocarbons. Higher surfactant concentrations did not show a
significant hydrocarbon removal. A 1:8 soil/water ratio has
been chosen because Peng et al. (2011) indicated that the
optimal ratio was between 1:8 and 1:10 soil/water ratios for
surfactant washing. Desorption experiments were performed
with different types of surfactants. The soil–solution mixtures
in the capped glass bottles were shaken twice and then left to
rest for 24 h in the dark. To separate the aqueous and solid
phases in bench experiments, the samples were centrifuged at
3500 rpm for 15 min. Milli-Q type II water as washing solu-
tion was also prepared as a control experiment. Ten grams of
the soil was analyzed for hydrocarbons. The amount of hydro-
carbons removed was computed from the difference of the
initial and final concentrations. The removal rate of gasoline

and diesel fuel hydrocarbons from soil was determined from
Eq. 1:

Removal rate %ð Þ ¼ Ci�Cf Þ=Cf � 100ð ð1Þ
where Ci (mg/kg) is the initial hydrocarbon soil concentration
and Cf (mg/kg) is the final hydrocarbon concentration after
water or surfactant solution washing.

Analysis methods

All analyses were performed in triplicate. Soil textures were
determined by the pipette method (The Royal Netherlands
Standardization Institute (NEN) 2018). The amount of organic
carbon in the soil was determined by gravimetric analysis
(The Royal Netherlands Standardization Institute (NEN)
1992) and the pH of the soil was measured with a pH meter
Thermo 920A following a procedure similar to the one report-
ed by Fernández Linares et al. (2006).

The volatile hydrocarbon group (> C6–C10) was deter-
mined by gas chromatography/mass spectrometry (GC/MS)
according to USEPA 8260b (United States Environmental
Protection Agency USEPA 1996a) and USEPA 5021a
(United States Environmental Protection Agency USEPA
2014). The head space method consisted of heating at 80 °C
for 1 h 10 g of soil in a glass vial. Then, the gas phase was
injected into a GC. We used an Agilent Technologies 6890N
with a capillary column (3 m × 0.54 mm × 0.85 μm). Injector
and detector temperature was 250 °C and it was programmed
to increase from 70 to 115 °C at 5 °C min−1. The carrier gas
was helium and the flow rate was 3.9 mL min−1. Volatile
hydrocarbons analysis was run in 8.2 min. External standards
were used.

A gas chromatography equipped with a flame ionization
detector (GC/FID) was used for the detection of non-volatile
hydrocarbons (> C10–C35) (United States Environmental
Protection Agency USEPA 1996b). The following capillary
column were used: 30 m × 0.25 mm × 0.25 μm. The injector
and detector temperature was 280 °C. The furnace

Table 1 Properties of surfactants
Commercial
surfactant name

Chemical name Type Molecular weight
(g mol−1)

CMC (mM)

Brij 35 Polyoxyethylene lauryl ether Non-ionic 1200 0.09 (Baziar et al.
2013)

SDBS Sodium dodecyl
benzenesulfonate

Anionic 348 2.76 (Zhao et al.
2005)

SDS Sodium dodecyl sulfate Anionic 288 8.2 (Ceschia et al.
2014)

Tween 80 Polyoxyethylene (20)
sorbitanmonooleate

Non-ionic 1310 0.01 (Tsai and
Kao 2009)

CMC critical micelle concentration
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temperature was increased from 45 to 250 °C at 12 °C min−1

and held at this temperature for 15min. Heliumwas the carrier
gas at a flow rate of 10 mL min−1. External multilevel calibra-
tions were carried out for oil fractions. Previously, the samples
of hydrocarbons were introduced into the GC according to the
solvent extraction method, Soxhlet extraction (United States
Environmental Protection Agency USEPA 1996c, 1994).

Statistical analysis

Data obtained from the laboratory experiments were analyzed
by SPSS (version 21) and statistical significance was deter-
mined by either the t test or analysis of variance (ANOVA)
and Tukey test.

Results and discussion

Soil characteristics

The total hydrocarbon (C6–C35) content in the soil was
checked to be 8530 mg/kg (Table 2). Table 2 provides the
data about the hydrocarbon concentration for different frac-
tions in soil after the contamination in the laboratory. The
results show a high level of gasoline and diesel fuel hydrocar-
bon range. The properties of the soil samples are listed in
Table 3. The soils present heterogeneous characteristics.

Effect of soil texture on washing surfactant

Petroleum hydrocarbons in the soil were analyzed after wash-
ing three Andalusian soils using four surfactants. Figure 1
shows the removal rates of total petroleum hydrocarbons (>
C6–C35) achieved for batch experiments. La Puebla del Río,
Los Marines, and Almonte polluted soils were washed with
the selected surfactants. The results indicated that hydrocar-
bon removal was limited in the control sample (water as wash-
ing solution). Figure 1 illustrates that the water effect (control)
was lower than 40% for all of the soils: silty clay (27%), silt
loam (18%), and loamy sand (35%). These results are consis-
tent with Khalladi et al. (2009), who obtained similar petro-
leum hydrocarbon desorption rates using water in column
experiments.

The sequence in terms of the removal efficiency of petro-
leum hydrocarbons was as follows: La Puebla del Río (silty
clay) < Los Marines (silt loam) < Almonte (loamy sand). All
surfactants removed more contaminants from the Almonte
soil than from other soils. The surfactant removal rates from
loamy sand soil followed the following order: SDS > SBDS >
Brij 35 > Tween 80 (Fig. 1). The efficiency of all surfactants in
Almonte soil was above 60%, and the highest was SDS
(69%).

In the silt loam-type soil, Los Marines, the highest efficien-
cy among the surfactants was 59% (SDBS) and the lowest
efficiency was 45% (Tween 80), while the surfactants SDS
and Brij 35 obtained analogous results, at 47 and 50%, respec-
tively (Fig. 1).

Lastly, the surfactant efficiency for removing petroleum
hydrocarbons from the loamy sand-type soil, La Puebla del
Rio, was the lowest compared to the other two soils and
followed the following order: SDS > SDBS > Tween 80 >
Brij 35 (Fig. 1). Brij 35 was the least efficient surfactant and
achieved a hydrophobic organic compound desorption rate of
41%, which is slightly better than the control (27%). The best
surfactant for La Puebla del Rio soil samples was SDS, which
removed 56% of hydrocarbons. SDBS and Tween 80

Table 2 Initial hydrocarbon
concentration (mg hydrocarbon/
kg soil)

> C6–C8 > C8–C10 > C10–C12 > C12–C16 > C16–C21 > C21–C35 Total

Aliphatic hydrocarbon concentration (mg/kg soil)

820 610 580 1300 1410 640 5360

Aromatic hydrocarbon concentration (mg/kg soil)

690 870 570 390 510 140 3170

8530

Table 3 Soil properties

Soil Properties Value

La Puebla del Río Particle size distribution (%) Sand Silt Clay

3.8 53.5 42.7

Texture Silty clay

Organic matter (%) 7.2

pH 8.3

Los Marines Particle size distribution (%) Sand Silt Clay

20.6 58.2 21.2

Texture Silt loam

Organic matter (%) 5.1

pH 5.9

Almonte Particle size distribution (%) Sand Silt Clay

86.2 12.4 1.4

Texture Loamy sand

Organic matter (%) 1.5

pH 6.5
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surfactants reached intermediate desorption, at 49 and 45%,
respectively.

The results shown above indicate that soil texture must be
considered in surfactant soil flushing projects based on the
different hydrocarbon desorption rates observed in laboratory
experiments. Figure 1 suggests that as the size of the soil
particles decreases (the silt and clay content increases), the
desorption of the total hydrocarbons (> C6–C35) by means
of the washing with the four studied surfactants drops. These
results could be described mainly for two reasons: a greater
capillary force in soils with fine particles and the soil–
surfactant adsorption processes. The adsorption of surfactants
depends basically on the type of particles in the soil and on the
characteristics of the surfactant.

These results are not in line with those reported by Jousse
et al. (2017) because they suggested that soil texture is not an
important parameter. They resolved that grain size of soil do
not show clear effects when using Tween 80 for remediating a
hyd rophob i c o rgan i c compound -po l l u t ed so i l .
Notwithstanding, our data shown in Fig. 1 agree with other
previous literature such as Lee et al. (2002), who found that
the removal of hydrophobic aromatic compounds decreases
with high clay contents in soil. Other authors such as
Brownawell et al. (1997), Ou et al. (1996), Podoll et al.
(1987), Shen (2000), and Yang et al. (2007) demonstrated that
surfactant monomers are adsorbed by the clay’s surface.
These authors have used the same type of surfactant as us,
anionic and non-ionic. Ou et al. (1996) and Yang et al.
(2007) used SDBS (the same surfactant we used) and
Brownawell et al. (1997) and Podoll et al. (1987) used surfac-
tants from the same family as Brij 35, alcohol ethoxylates. The
surfactant adsorption is positively related to the clay content in
the soil. Rodríguez-Cruz et al. (2005) obtained a 79% corre-
lation between the amount of clay and the Triton X-100

(non-ionic surfactant) adsorption. Clay mineralogy plays an
important role in surfactant adsorption. Clay with high silica
content such as bentonite can adsorb more surfactants than
soils with large amounts of iron such as red soils (Shen
2000). For this reason, clay soils rich in clays with 2:1 silicate
structure are not recommended to carry out a successful sur-
factant treatment due to higher surfactant sorption. On the
other hand 1:1 clays such as kaolinite and gibbsite have lower
sorption; a 2:1 structure has a greater amount of Si/Al than 1:1
clays (Zhu et al. 2003). Shen (2000) proved that greater
non-ionic surfactant sorption ability was exhibited by soil with
a larger Si/(Al + Fe) ratio. Furthermore, small-sized grains
increase capillaries, resulting in a stronger bond between soil
particles and oil (Lake 1998). The higher surface area of the
small-sized grain increases the forces that trap the hydrocar-
bons into soil pores. This study suggests that sandy soils are
more available for surfactant soil flushing than soils with a
higher amount of clay because those soil components decrease
surfactant efficacy. Thus, in order to increase hydrocarbon
desorption from clay soils, a greater amount of surfactant must
be used. Surfactant soil flushing could be rejected as a reme-
diation method if large amounts of surfactants are necessary to
achieve high hydrocarbon desorption rates.

With respect to the comparison of the surfactants tested, the
data show that Brij 35 and Tween 80 significantly increased
hydrocarbon desorption in relation to the control experiment
(Fig. 1). In Almonte soil, they desorbed 62 and 57%, respec-
tively, more than in the control test, in Los Marines soil 177
and 150%, respectively, and in La Puebla del Río soil 52 and
66%, respectively. These results show that the surfactant treat-
ment notably increases petroleum hydrocarbon desorption,
especially in silt loam soil with respect to water washing.
Nonetheless, it was notable that anionic surfactants (SDS
and SDBS) removed more petroleum hydrocarbons than
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non-ionic surfactants (Brij 35 and Tween 80). SDBS and SDS
attained the best results for loamy sand soil (65 and 69% of
removal rates, respectively) and in silty clay soil (49 and 56%,
respectively). However, anionic surfactants achieved the first
(SDBS, 59%) and the third (SDS, 47%) best results in silt
loam soil, while Brij 35 attained the second best result, with
a 50% desorption rate. The considerably high concentration of
CMC used during these experiments increased the desorption
of organic pollutants through the mobilization and dissolution
mechanisms. The 1.5% of surfactant concentration used in
terms of CMC varied among the surfactants. 1.5% of Brij
35, SDBS, SDS, and Tween 80 correspond to 139 CMC, 16
CMC, 6 CMC, and 1145 CMC, respectively. These data in-
dicate that non-ionic surfactants should achieve better hydro-
carbon removals than anionic ones because in terms of CMC,
they show a concentration higher with the same amount of
surfactant (1.5%m/v). However, the results show that anionic
surfactants eliminate more hydrocarbons than non-ionic sur-
factants. The dissimilar removal rates observed between an-
ionic and non-ionic surfactants could be explained by
surfactant–soil sorption. This result supports the works of
Muherei et al. (2009) and Rodríguez-Cruz et al. (2005), who
observed less adsorption affinities of different soils to SDS
compared to TX100 (non-ionic surfactant). They suggested
that repulsive electrostatic interactions appear between anion-
ic surfactant and soil surfaces because the majority are nega-
tively charged, causing higher adsorption in the soil for
non-ionic surfactants than anionic surfactants. In the soil/
aqueous system, the solubilization of hydrocarbons occurs at
surfactant dosages greater than the water surfactant CMC (Liu
et al. 1992). The larger surfactant concentration at which sol-
ubilization starts in the presence of soil can be called “effec-
tive CMC” (Zheng and Obbard 2002). A high adsorption of
surfactant monomers by the soil reduces the amount of mi-
celles that can be formed, decreasing the removal of pollut-
ants. For this reason, despite the high concentrations in terms
of CMC of the non-ionic surfactant used, they did not show a
higher performance than anionic surfactants.

Desorption of different hydrocarbon compounds in
different soils

Figures 2 and 3 show the desorption of different pollutants on
the three soils tested. In addition, desorption data are grouped
into hydrocarbon ranges and into aliphatic and aromatic or-
ganic compounds.

Figure 2 indicates the hydrocarbon fraction desorption per-
centage for the three tested soils (Fig. 2a La Puebla del Rio
soil, Fig. 2b Los Marines soil, and Fig. 2c Almonte soil). The
results shown in Fig. 2 suggest that desorption decreases when
the size of hydrocarbon compounds rises because, in all sam-
ples, the removal rates are lower for higher-sized hydrocarbon
fractions compared to smaller ranges.

Hydrocarbon fraction desorption in the silty clay soil (Fig.
2a) showed a continuous decrease for surfactants SDS and
Tween 80 at the same time that the hydrocarbon size in-
creased. SDS and Tween 80 achieved 72 and 70% of > C6–
C8 hydrocarbon desorption, respectively, but their effective-
ness was reduced, only removing 39 and 23% of hydrocar-
bons with between 22 and 35 carbons. However, the hydro-
carbon removal in this soil for the rest of the surfactants in
ranges greater than > C10–C12 was stable, as approximately
the same percentages of these hydrocarbon fractions were
desorbed. Brij 35 and SDBS managed around 35 and 45%
removal rates for these hydrocarbon fractions (Fig. 2a). In
addition, for the ranges > C12–C16, > C16–C21, and >
C21–C35 in silty clay soil, the anionic surfactants obtained
better desorption rates than non-ionic ones. SDBS and SDS
removed 41 and 52% of fraction > C12–C16, 40 and 43% of
fraction > C16–C21, and 49 and 39% of fraction > C21–C35,
respectively, while Brij 35 and Tween 80 desorbed 33 and
34% of fraction > C12–C16, 31 and 26% of fraction > C16–
C21, and 32 and 23% of fraction > C21–C35, respectively
(Fig. 2a).

In the silt loam soil, the SDBS surfactant showed a pecu-
liarity in respect to the rest of the surfactants. In the manner
that SDBS removal efficiency on the organic compounds from
gasoline and diesel is not reduced as the hydrocarbon fraction
increases. This could be related to micelle sizes of the surfac-
tants used in this study. The micelle core radius reported in the
literature are 1.7 nm for Brij 35 (Preu et al. 1999), 2 nm for
SDBS (Palazzesi et al. 2011), 1.75 nm for SDS (Duplâtre et al.
1996), and 1.42 nm for Tween 80 (Karjiban et al. 2012). A
larger micelle core radius can solubilize the highest petroleum
hydrocarbons more effectively. The surfactant SDBS forms
the largest micelles; this may elucidate why SDBS has not
reduced the removal efficiency as the hydrocarbon range rises.
Thus, SDBS does not present preferential desorption based on
the size of the hydrocarbons on silt loam soil samples and
always shows a desorption rate around 60% of elimination
over the soil for all the analyzed fractions (Fig. 2b). In this
case, the results suggest that SDBS could be a suitable surfac-
tant for hydrophobic organic compound-polluted soils that
contain very different hydrocarbons, such as gasoline and die-
sel, because it achieves similar efficacy on all compounds
regardless of the size of the compounds. SDBS is the surfac-
tant with the least similarity between hydrocarbon size and
desorption rate. Nonetheless, in the other three surfactants in
silt loam soil, whenever the hydrocarbon size increases, their
desorption efficiencies are reduced; Brij 35, SDS, and Tween
80 attained 66, 56, and 67%, respectively, of > C6–C8 hydro-
carbon removal rates, whereas the largest hydrocarbons (>
C21–C35) were desorbed by 34, 28, and 15% by Brij 35,
SDS, and Tween 80, respectively (Fig. 2b).

The four surfactants clearly decreased the desorption rates
while increasing the hydrocarbon ranges in loamy sand soil.
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For > C6–C8 fraction, the maximum desorption rate was 88%
and the efficiency was reduced to around 50% in the > C21–
C35 fraction (Fig. 2c). This results are not in line with those
reported by Khalladi et al. (2009) that analyzed the SDS effect
on diesel n-alkane (C8–C26) contaminated sandy soil and
suggested that SDS did not sufficiently remove the
n-alkanes present in diesel fuel.

The largest desorption efficiency reduction, when increas-
ing the fraction size, was observed using Tween 80 on all soil
samples (Fig. 2). In the silty clay soil, Tween 80 desorbed
70% of > C6–C8 hydrocarbons, but only 23% of C21–C35
(a difference of 53%); 67% of > C6–C8 hydrocarbons, but
only 15% of C21–C35 (a difference of 52%); and 83% of >
C6–C8 hydrocarbons, but only 30% of C21–C35 (a difference
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of 47%) (Fig. 2a). Tween 80 is the surfactant that is most
sensitive to the variation in the size of hydrocarbons. It was
significant that the surfactant attained a lower effectiveness in
the reduction in larger compounds. These poorer desorption
rates were compared to other surfactants in the largest hydro-
carbon ranges (> C12–C16, > C16–C21, and > C21–C35).
The results for Tween 80 are consistent with Li et al. (2016),
who used Tween 20 (similar to Tween 80 but with less ethyl-
ene oxide in the tail to solubilize petroleum hydrocarbons.
They reported that Tween 20 was ineffective for treating
heavy petroleum hydrocarbons in different clays.

Figure 3 shows desorption rates for different hydrocarbon
fractions clustering aliphatic and aromatic hydrocarbons.
Figure 3 is focused on indicating the differences between al-
iphatic hydrocarbon soil removal compared to aromatic hy-
drocarbons. The aim is set on checking whether the four used
surfactants in soils with textural differences exert a preferen-
tial desorption over any of the groups of compounds that are
included in gasoline and diesel fuels.

On the one hand, surfactants achieved around 72% of aliphat-
ic hydrocarbon removal for the > C6–C8 range, but desorption
gradually decreased to 36% (> C21–C35) (Fig. 3a–c). On the
other hand, aromatic hydrocarbons managed a significant reduc-
tion. For example, in the loamy sand, the highest elimination
value was 91 and 83% for fractions > C6–C8 and > C8–C10,
respectively, and the lowest less than 55% for > C21–C35 (Fig.
3c). The reduction in desorption as the hydrocarbon size in-
creases is lower in aromatic hydrocarbons compared to aliphatic
ones. This could be explained based on chemical structure of
hydrocarbons. For the same range, aliphatic hydrocarbons have
a higher molecular mass than aromatic ones. For example, ali-
phatic hydrocarbons have a molecular mass in the ranges C10–
C12, C12–C16, C16–C21, and C21–C36 of 159,186, 242, and
338 g/mol, respectively. On the other hand, aromatic hydrocar-
bons have a molecular masses 130, 145, 173, and 216 g/mol for
the same fractions (Alaska Statement of Cooperation Working
Group 2006). The difference in molecular masses between aro-
matic and aliphatic hydrocarbons increases as their size rises.
This greater gap in molecular mass in the higher fractions may
explain the desorption reduction. For this reason, when the hy-
drocarbon size increases, the solubilization by surfactant micelles
of aliphatic compounds decreases because its molecular mass
increases faster as the fraction rises with respect to aromatic
hydrocarbon.

The analysis of aliphatic compounds indicates that, in gen-
eral, for each range of hydrocarbons, the removal efficiency is
similar in the three studied soils. Nevertheless, aromatic hy-
drocarbons showed differences, mainly on loamy sand soil
(Fig. 3). This soil attained the best desorption rates in relation
to silt loam and silty clay soil. Figure 3 shows desorption rates
for hydrocarbon fractions of between 19 and 28% higher.

In general, aromatic compounds were desorbedmore easily
than aliphatic compounds in the three tested soils. This trend is

especially evident in the compounds with more than ten car-
bons. For instance, the SDS surfactant in loamy sand soil (Fig.
3i) attained a desorption rate of 78% for > C10–C12 aromatic
hydrocarbons, while only 66% of aliphatic hydrocarbons were
removed (Fig. 3c). This difference between aliphatic and aro-
matic hydrocarbons was observed in all the ranges studied
(Fig. 3). These results are not in agreement with Urum et al.
(2006). They investigated SDS efficiency on crude
oil-contaminated soil and they determined that this anionic
surfactant desorbed more of the aliphatic than the aromatic
compounds. However, similar results to this work were re-
cently reported by Jousse et al. (2017), who achieved better
contaminant removal for toluene (aromatic hydrocarbon) than
n-decane (aliphatic hydrocarbon). This could be explained by
using the octanol–water partition coefficient (KOW). KOW is a
measure of the relative attraction of a compound from the
solid or organic liquid phase and water (a high KOW indicates
a high preference for the nonpolar material). In this case, KOW

quantifies the relative affinity of hydrocarbon clusters to soil
and surfactant solutions. Petroleum hydrocarbons are hydro-
phobic organic compounds with a high KOW, and for this
reason, they are strongly bound to some components in the
soil. Aromatic hydrocarbons have a smaller KOW value than
aliphatic ones (Table 4). The value shown in Table 4 indicates
that in the comparison between the compounds with the same
size (equal number of carbons), the octanol–water partition
coefficient in the aromatic compounds is lower than that of
the aliphatic ones. Because of this, aromatics are less sorbed in
the soil and are less recalcitrant than aliphatics for surfactant
remediation. In the same way, the number of carbons is pos-
itively correlated with KOW, and the results observed in this
study are consistent with the relation between the octanol–
water partition coefficient and hydrocarbon removal using
surfactant solutions. Hydrocarbons with a lower KOW value
are more soluble in water and more available to be solubilized
by the micellar phase of the surfactant solution. The results of
this test confirm the research of Zhou and Zhu (2005), who
suggested a model that correlates with the KOW of several
polycyclic aromatic hydrocarbons (phenanthrene, fluorine,
acenaphthene, and naphthalene) and hydrocarbon soil
desorption.

Figure 3 analyzes the initial behavior of the more abundant
fractions. The main hydrocarbon fractions were as follows
(Table 2): aliphatic > C16–C21 (1410 mg/kg), aliphatic >
C12–C16 (1.300 mg/kg), and aromatic > C8–C10 (870
mg/kg). For the most abundant hydrocarbon fraction, >
C16–C21, it can be observed that Tween 80 only managed
to eliminate around 20% of hydrocarbons from all the soil
samples. The other three surfactants desorbed more organic
compounds from this fraction, achieving a maximum of 51%
desorption rate with the SDS surfactant (Fig. 3c). In loamy
sand soil, Brij 35, SDBS, and SDS attained percentages of
removal higher than 40% (Fig. 3c), while in other soils, only
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SDBS exceeded this percentage, with desorption rates of 52
and 42% in silt loam soil and silty clay soil, respectively (Fig.
3a, b). Very similar results were observed for the aliphatic
fraction > C12–C16, with only a slightly higher hydrocarbon

removal since they are smaller hydrocarbons than aliphatic
ones > C16–C21. The third important range in terms of abun-
dance in the initial concentration of hydrocarbons in the treat-
ed contamination are aromatics > C8–C10. Figure 3c shows
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that these hydrocarbons in loamy sand soil were mostly re-
moved, around 75% (63%Brij 35, 74% SDBS, 83% SDS, and
76% Tween 80). These removal rates were greater than the
other two tested soils that achieved around 50% of removal
rates for silt loam soil (48% Brij 35, 61% SDBS, 38% SDS,
and 52% Tween 80) and silty clay soil (43% Brij 35, 46%
SDBS, 56% SDS, and 49% Tween 80). The difference in this
fraction is noticeable when compared to aliphatic hydrocar-
bons of the same size. In a loamy sand soil, aliphatic and
aromatic hydrocarbons are removed in the same order of mag-
nitude but, in silt loam soil, aromatic hydrocarbons reach a
higher elimination rate (between 20 and 40%) depending on
the type of surfactant studied. In the silty clay soil, for the
aromatic fraction > C8–C10, the surfactants presented poorer
results with respect to the other two soils. Only around 50%
(43% Brij 35, 46% SDBS, 56% SDS, and 49% Tween 80) of
the hydrocarbons that were initially present in the contaminat-
ed soil are desorbed (Fig. 3a).

Soil organic matter influence

Figure 4 shows the removal rates of petroleum hydrocarbons
(C6–C35) on soil samples with three different organic matter
concentrations (0%, 2.5%, and 5%). Four surfactants were
tested (Brij 35, SDS, SDBS, and Tween 80) in order to ana-
lyze the soil organic matter influence on surfactant soil

flushing. The results indicated that there are limited changes
in the removal percentages associated with the soil organic
matter variation. The hydrocarbon desorption rates were al-
ways between 40 and 60% of the initial soil hydrocarbon
concentration (Fig. 4). In the soil without organic matter,
41%, 55%, 42%, and 47% of hydrophobic organic com-
pounds are eliminated, with the surfactants Brij 35, SDBS,
SDS, and Tween 80, respectively. On the other hand, in the
soil with 2.5% of organic matter, 39% (Brij 35), 58% (SBDS),
58% (SDS), and 47% (Tween 80) of pollutants were desorbed.
Finally, in the soil with the higher content of organic matter
(5%), the surfactants Brij 35, SDBS, SDS, and Tween 80
achieved petroleum hydrocarbon removal rates of 50%,
59%, 47%, and 47%, respectively. Therefore, the concentra-
tion of soil organic matter, in the range tested (0–5%), is a
factor with slight relevance on the desorption of total petro-
leum hydrocarbons (C6–C35) of the polluted soil by surfac-
tant washing. The soil organic matter level in most natural
soils ranges from 1 to 3.5%. Since these values are lower than
the maximum concentration used in the present researchwork,
soil organic matter could be considered as a parameter without
relevance in most of the surfactant remediation process com-
pared to other factors such as the surfactant type or the soil
granulometry.

No previous research has been found exploring the effect
of organic matter on the desorption of gasoline and diesel

Table 4 Octanol–water partition
coefficient (log KOW) (The Risk
Assessment Information System
2015)

> C6–C8 > C8–C10 > C10–C12 > C12–C16 > C16–C21 > C21–C35

Aliphatic 3.78 4.76 5.74 7.22 9.18 13.6

Aromatic 2.43 3.15 3.72 4.46 5.61 7.28
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using soil samples with organic matter concentration in a nat-
ural range. Only in the case of a very high concentration
(50%) of organic matter artificially added to the soil has been
demonstrated, for the naphthalene hydrocarbon, that the soil
desorption depends on the soil organic matter content
(Ussawarujikulchai 2008). Furthermore, Yan et al. (2016)
remediated two diesel-contaminated soils with a solution of
the surfactant Tween 80. The soils had different soil organic
matter contents (1.1 and 2.7%). A greater elimination of diesel
fuel (67.5%) was achieved in the soil with a lower concentra-
tion of organic matter, and on the other hand, only 45.4% of
total petroleum hydrocarbons was removed from the soil with
a higher concentration of soil organic matter in the soil. Yan
et al. (2016) suggest that these results could be explained by
the difference in soil organic matter concentration, soil organ-
ic matter adsorb surfactants reducing their effectiveness to act
on organic pollutants. The results of Yan et al. (2016) differ
with our research; although in their study, the results may be
due to the different granulometry of the soils. The soil with a
finer grain size has shown the worst results; this soil had 70%
of silt and clay while the other soil only had 40%. Previous
studies (Lee et al. 2002; Li et al. 2016; Rodríguez-Cruz et al.
2005; Zhou and Zhu 2007) and this research indicated the
influence of soil texture on surfactant washing of organic pol-
lutants. The clays are a negative influence on surfactant per-
formance because they adsorb surfactant monomers,
inhibiting them from solubilizing hydrophobic organic
compounds.

Conclusions

The results provide useful information about surfactant selec-
tion based on soil texture and soil organic matter for removing
hydrocarbons from polluted soils. Summarizing the main
points, the hydrocarbon desorption percentage in soils indi-
cates that soils with higher clay content show less hydrocar-
bon compound desorption, that is, the hydrocarbon removal
efficiency decreases while the amount of small soil particles
increases. The surfactant comparison notes that anionic sur-
factants attained the best desorption rates; SDS is the best
surfactant for loamy sand and silty clay soil and SDBS for silt
loam soil. This study suggests that the concentration of soil
organic matter in the soil is an irrelevant factor or, in any case,
it has a lesser influence on the elimination of gasoline and
diesel hydrocarbons than other parameters as the type of sur-
factant, the texture of the soil, and the size and chemical struc-
ture of hydrocarbons. Highlighting the significance of the dif-
ferent hydrocarbon compounds in the gasoline and diesel, the
smallest hydrocarbons were desorbed in soil more than those
of the longest range. Also, the results indicate that aromatic
compounds are removed from soil slightly better than aliphat-
ic hydrocarbons. The detailed study carried out on the

different hydrocarbon groups that comprise of gasoline and
diesel fuels provides valuable information on how to remove
the most toxic and dangerous compounds present in these
abundant fuels from soil and groundwater. The optimization
of surfactant choice based on the characteristics of the polluted
place might reduce remediation time, save a quantity of chem-
ical reagents, and therefore make the remediation on a full
scale more cost-effective.
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