
1 23

Environmental Science and Pollution
Research
 
ISSN 0944-1344
Volume 23
Number 10
 
Environ Sci Pollut Res (2016)
23:10158-10164
DOI 10.1007/s11356-016-6242-z

Synergism in the desorption of polycyclic
aromatic hydrocarbons from soil models by
mixed surfactant solutions

Pablo S. Sales & Mariana A. Fernández



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer-

Verlag Berlin Heidelberg. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



RESEARCH ARTICLE

Synergism in the desorption of polycyclic aromatic hydrocarbons
from soil models by mixed surfactant solutions

Pablo S. Sales1 & Mariana A. Fernández1

Received: 23 October 2015 /Accepted: 2 February 2016 /Published online: 13 February 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract This study investigates the effect of a mixed surfac-
tant system on the desorption of polycyclic aromatic hydro-
carbons (PAHs) from soil model systems. The interaction of a
non-ionic surfactant, Tween 80, and an anionic one, sodium
laurate, forming mixed micelles, produces several beneficial
effects, including reduction of adsorption onto solid of the
non-ionic surfactant, decrease in the precipitation of the fatty
acid salt, and synergism to solubilize PAHs from solids com-
pared with individual surfactants.
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Introduction

The contamination of soils and sediments by polycyclic aro-
matic hydrocarbons (PAHs) is an environmental concern (Mc.
Entee and Ogneva-Himmelberger 2008; Wang et al. 2008)
due to the carcinogenic, mutagenic, and teratogenic properties
of PAHs. They are largely formed by natural and anthropo-
genic pyrolysis of organic matter during forest fires, fossil fuel
use, and chemical manufacture (Peters et al. 2008;
Tobiszewski and Namiesnik 2012). These compounds are also
resistant to natural degradation by their high hydrophobicity.

PAH concentrations in soils vary according to land use and
soil type. There are differences in the content of PAHs be-
tween agricultural, forest, and urban soils (Wilcke 1996;
Wilcke 2007). The last ones are found to be notoriously more
contaminated than the previous ones, due mainly to the con-
tribution of larger population, traffic density, and industrial
areas (Lau et al. 2014).

Several attempts, involving physical, chemical, biological,
and their combined technologies, have been made to remedy
PAH-contaminated soils and groundwater. Surfactant-
enhanced remediation (SER) has been suggested as a promis-
ing technology for the removal of hydrophobic pollutants
from soil and groundwater (Bernardez and Ghoshal 2004;
Zhu et al. 2004). Surfactant molecules above their critical
micelle concentration (CMC) form aggregates in water, which
are called micelles. These aggregates have a hydrophobic core
and a hydrophilic outer surface. Micelles are capable of dis-
solving hydrophobic PAHs in their hydrophobic core, which
results in an increased apparent aqueous solubility of the com-
pounds (Lakraa et al. 2014; Wei et al. 2011).

In a soil-water-surfactant system, molecules of hydropho-
bic organic compounds (PAHs for instance) exist mainly in
the following forms: solubilized in surfactant micelles, dis-
solved in the surrounding solution, sorbed directly on the soil
particles, or sorbed in association with sorbed surfactants
(Edwards et al. 1994). It was found that the efficiency of
surfactants in aiding PAH desorption was strongly dependent
on soil composition, surfactant structure, and PAH properties
(Gan et al. 2009; Rodriguez-Escales et al. 2012; Crampon
et al. 2014).

Cationic surfactants are not usually used in washing and
desorption hydrophobic compounds from soils due to their
strong adsorption on the soils that are mainly negatively
charged (Barvinchenko et al. 2013). Anionic surfactants are
more suitable; however, too hard subsurface water may be
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detrimental to the effectiveness of an anionic surfactant be-
cause these amphiphilic molecules may precipitate by the for-
mation of insoluble salts with calcium and magnesium cations
(Jafvert and Heath 1991). Non-ionic surfactants, instead, may
stay adsorbed on soils (Chong et al. 2014) and hydrophobic
compounds are associated to them, thus the global affinity of
the contaminants by the soil is increased (Edwards et al. 1994;
Zhang and Zhu 2012).

Mixtures of surfactants have received considerable atten-
tion in the last years because of their efficient solubilization,
suspension, dispersion, and transportation capabilities
(Yoshimura et al. 2004). In view of this, bi- and ternary com-
binations of ionic and non-ionic surfactants have been studied
in relation to their mixed micelle formation (Torres et al. 2010;
Liu et al. 2014,Wei et al. 2015) and adsorption at the air-water
interface (Alargova et al. 2001; Zhang et al. 2002; Bakshi et al.
2005). Several theories have been adopted to analyze experi-
mental results as well as to understand synergism in mixed
surfactant systems (Clint 1992).

Mixtures of surfactants can have better properties than in-
dividual surfactants due to the formation of mixed micelles
(Panda and Din 2013), so some attempts have been made to
improve the performance of SER of contaminated soils by
employing mixed surfactant systems (Zhou and Zhu 2007;
Nizri and Magdassi 2005).

Recently, we had study the mixture formed by Tween 80
with sodium fatty acid salts as sodium laurate (SL) or miristate
to modify the apparent solubility of some PAHs in water
(Sales et al. 2011). The mentioned surfactants formed mixed
micelles that were characterized, showing synergistic effect to
increase the solubilization in water of naphthalene but not of
phenanthrene. These differences could be attributed to differ-
ent solubilization sites of the substrates in the mixed micelles.

SER is based on two processes: (a) enhanced solubilization
of pollutants by micelles; (b) desorption of the contaminants
from the soil to the aqueous solution. Hence, it is important to
know whether the studied surfactant mixtures could be effi-
cient to desorb naphthalene or other PAHs form soils and
whether we could find synergism in this analysis.

Experiments involving soils require large amounts of solid
with an extensive previous treatment: it is necessary to sepa-
rate particle size and to characterize the content of salts, or-
ganic material, pH, surface area, etc. Silica gel possesses sim-
ilar characteristics to those of the inorganic portion of the soils;
it is granular and porous, and built of repetitive sequences of
orthosilicate groups. The union sites of pollutants in the inor-
ganic moiety of soils should be similar to the union sites of the
contaminants in silica, thus this solid can mimic the portion of
soil interacting with pollutants (Paria 2008). In addition, silica
is a reproducible matrix where it is possible to study only the
effect of changing different variables in the system, without
any modification in the solid. For that reason, we began to
work with silica gel as a soil model, trying different work

conditions in search of synergism. The final idea was to apply
the best washing conditions found in silica gel, working with
sediments obtained from San Roque Lake, Córdoba,
Argentina.

The objectives of this study were the following: (i) to in-
vestigate whether the presence of an anionic surfactant could
diminish the sorption of the non-ionic surfactant onto solids;
(ii) to analyze whether the presence of non-ionic surfactant
could diminish the precipitation of the anionic one; and (iii)
to evaluate whether a mixed surfactant system, efficient to
increase the apparent solubility of the PAHs in water, was
equally efficient to desorb the pollutants from a solid matrix.
Naphthalene and phenanthrene were chosen as representative
PAHs due to their different physical properties, mostly in mo-
lecular weight which discriminates the two PAHs in terms of
hydrophobicity, tendency for bioaccumulation, resistance to
degradation, and overall environment persistence. The exper-
imental results could be used to understand the performance of
this kind ofmixtures in the remediation of polluted soils and to
provide valuable information in the design of surfactant reme-
diation technologies. It is important to mention that the chosen
surfactants are environmentally safe compounds.

Experimental section

Materials

Aqueous solutions were made up of water purified in a
Millipore apparatus. Methanol HPLC grade (Sintorgan) was
used without purification.

The PAHs were obtained from Sigma-Aldrich and their
purity was greater than 98 %.

The surfactants, Tween 80 and sodium laurate, were ob-
tained from Sigma-Aldrich and used as received.

Silica gel 60 (Merck) has a particle diameter between 63
and 200 μm, pH=7, and a surface area of 500 m2/g.

The experiments with soils were conducted with a sample
of sediment of San Roque Lake, Córdoba, Argentina, previ-
ously characterized as consisting of 6.4 % of sand, 69.7 % of
silt, 23.9 % of clay, 12.61 % of organic material, pH=6.10,
and a specific surface area of 250 m2/g (Borgnino et al. 2010).
Previously to be used, the sample of soil was washed several
times with methanol and buffer solution to eliminate possible
interferences in the following determinations.

All the solutions in this work were prepared in buffer pH
9.155, (Na2B4O7 0.01 M, NaCl 0.02 M).

Preparation of PAH-contaminated solid matrices

Stock solutions of naphthalene (Naph) or phenanthrene
(Phen) were prepared in ethylic ether with adequate concen-
trations. Fifty milliliters of these stock solutions were added to
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20 g of dried silica gel or sediment. The mixtures were stirred
and mixed thoroughly. The solvent was left to evaporate in a
fume hood for 3 days and was afterwards completely elimi-
nated by a vacuum pump to get a constant weight. The quan-
tification of the PAH content was done by UV-visible spectro-
photometry (Multispec 1501) at 267 nm for Naph and 251 nm
for Phen from silica gel. The procedure consisted of vigorous-
ly shaking for 24 h a measured amount of contaminated silica
gel with methanol. After that, the mixture was filtered or cen-
trifuged and the amount of PAH was quantified. This proce-
dure was done in triplicate.

Determination of adsorption of Tween 80
and precipitation of SL in the presence of solid matrices

We studied the adsorption of Tween 80 and the precipitation
of SL in contact with the solid matrices with each surfactant
alone or in mixtures. A weighted amount of solid matrix was
placed into a capped borosilicate glass tube with a measured
volume of solution of one or both surfactants in buffer pH
9.155. These solutions were shacked for 48 h at 25 °C.
Afterwards, the supernatant was separated by centrifugation
or filtration and the amount of Tween 80 and SL was
quantified.

Tween 80 adsorbed on silica gel was quantified by UV-
visible spectrophotometry at 272 nm. The presence of SL
did not interfere with this quantification.

Tween 80 and SL adsorbed onto soil were measured by
difference with the supernatant by H1-NMR (Bruker Avance
II 400 MHz) using benzoic acid as an internal standard. We
used the signal at 3.73 ppm corresponding to the oxyethylene
groups in the molecule of Tween 80 for quantification. For SL,
the methylene signal was used at 2.18 ppm corresponding to
the methylene group nearest the carbonyl group. For benzoic
acid we used the signal at 7.9 ppm corresponding to protons 2
and 6 in the aromatic ring. The extract of the soil did not show
signals of interference.

Determination of recovery percentage of PAH
with surfactants from contaminated matrices

Batch tests were performed in capped borosilicate glass tubes
for solubilization of Naph and Phen in single and binary sur-
factant solutions with different total concentration from differ-
ent solid matrices. In these mixtures, the molar ratio of non-
ionic surfactant in relation to the ionic one was varied. In
addition, different solid matrices with different amounts of
PAH were assayed. Each solid-surfactant-PAH system in-
volved at least three batch tests in order to work out an aver-
age. Aweighted amount of contaminated matrix was added to
each tube in an amount considerably higher that the required
to saturate the solution with the PAH; the corresponding sur-
factant solution was then added. The mixtures were treated for

1 min in a vortex (TTS 3 digital). Afterwards, the samples
were left shaking for a period of 48 h in a thermostated shaker
bath maintained at 25 ° C. Finally, the samples were centri-
fuged to separate the solid phase. An adequate aliquot of the
supernatant was withdrawn to the necessary concentration
adding 50 % of methanol to carry out the quantification of
the sample by UV-visible absorption in a Shimadzu
Multispec 1501 spectrophotometer when silica gel was the
solid. To avoid Tween 80 interference, we performed the
quantification of PAHs by derivative absorbance measure-
ments. Naph was determined in the second derivative spec-
trum at 291.8 nm and Phen was determined in the first deriv-
ative spectrum at 295.5 nm. Tween 80 and SL did not present
signals at these wavelengths.

When the solid matrix consisted of sediments from San
Roque Lake, the quantification was done using HPLC
(Varian 5500). The conditions of quantification were as fol-
lows: Column C18, solvent methanol:water/80:20, flow
1 mL/min, λ=254 nm. In those conditions, the retention time
for naphthalene was 8 min.

Results and discussion

Effect of sodium laurate on the adsorption of Tween 80
on silica gel

The adsorption of nonionic surfactants onto a hydrophilic sur-
face is a known effect (Zheng et al. 2012), dependent in part
on surfactant concentration (Zhou and Zhu 2007). At low
surfactant concentration, the nonionic surfactants are sorbed
as monomers and lie parallel to the solid surface through sur-
face interactions with both types of surfactant moieties. With
the increase in surfactant concentration, adsorption increases
dramatically as the surface micelle (admicelle) (Lopata et al.
2010) or bilayers form on the adsorbent through association or
hydrophobic interaction between the hydrocarbon chains of
the surfactants; a plateau is reached corresponding to a max-
imum sorption amount with the surfactant concentration
aroundCMC. The effectiveness of surfactants decreases when
a significant amount of them is adsorbed by the soil, since the
amount of surfactant available for solubilizing the contami-
nant decreases, thus its mobility through the medium to which
it is applied is reduced. Additionally, adsorption of surfactant
increases the hydrophobicity of the soil. As a result, removed
solubilized organic compounds will be re-adsorbed on the soil
surface (Ahn et al. 2008).

Table 1 shows the effect of SL on the adsorption of Tween
80. In the absence of SL and in the presence of
[TW80]=5×10−3 M, the final [TW80] at the equilibrium in
the presence of silica gel is 0.42×10−3 M. The adsorption of
the surfactant on silica is high; yet in the presence of increas-
ing quantities of SL, it is notably reduced. It was previously
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described that TW80 and SL form mixed micelles with attrac-
tive interactions between both surfactants (Sales et al. 2011).
The formation of these mixed micelles could be the main
reason for the decrease observed in the adsorption of TW80
that, at XTW80=0.2, is ten times lower than in the initial situ-
ation, without the addition of SL. The remaining concentra-
tion of Tween 80 in the solution is still about 400 times higher
than the CMC of the surfactant.

The adsorption of the non-ionic surfactant onto silica gel is
also higher than that onto the soil. This is clear from the ad-
sorption density data and from the higher surface area of the
silica (500 m2/g) as compared to that of the soil (250 m2/g).

Effect of Tween 80 on the precipitation of sodium laurate
in the presence of soil

The solutions of SL in contact with silica gel or soil turn turbid
due to the precipitation of the surfactant in contact with the
solid. However, the addition of Tween 80 to these solutions
produces a marked decrease in turbidity, reducing the loss of
SL. A quantitative measurement of this reduction in the pres-
ence of soil is shown in Table 2. A similar tendency is ob-
served in the presence of silica gel.

The addition of a small amount of Tween 80 to SL
([TW80]=3×10−3 M, XTW80=0.13), reduces in a 43 % the
precipitation of SL; likewise, the addition of SL diminishes

the adsorption of Tween 80. The formation of mixed micelles
could explain these effects. As was previously determined
(Sales et al. 2011), this system presents strong attractive inter-
actions between both surfactants conferring high stability to
the mixed micelles. This behavior can be explained consider-
ing that the headgroups of ionic surfactants will cause electro-
static self-repulsion and that the bulky groups in the non-ionic
surfactants will cause steric self-repulsion in the micelles of
the pure compounds. In mixed systems, these two effects are
weakened by dilution effects after mixing, and the electrostat-
ic self-repulsion of the anionic surfactants is replaced by the
attractive ion-dipole interaction between the hydrophilic
groups of the both surfactants. That is the reason why the
formation of mixed micelles is favored in this kind of mixtures
(Zhou and Rosen 2003).

The observed results indicate that the mixtures of anionic/
non-ionic surfactants could have advantages as media to ex-
tract contaminants from solids, due to the increased surfactant
concentrations that it is possible to maintain in solution in the
mixed micelles, as compared to single surfactant solutions.

PAH desorption from silica gel studies

The ability of the mixtures Tween 80/LS to extract PAHs from
solids was evaluated by varying different experimental condi-
tions, including several concentrations and ratios of surfac-
tants and different amounts of contaminants in the solids.

Table 3 summarizes the experiments carried out. Rexp

means the percentage of recovery of PAH from solids with
respect to the original amount of pollutant, defined by Eq. 1

Rexp ¼ nw=nsð Þx100 ð1Þ

where nw are the mole in aqueous solution and ns the mole in
the solid.

Tween 80 enhances the solubilization of PAHs compared
with buffer, even though part of the surfactant is adsorbed into
the silica gel. SL, instead, is not a good system alone, resulting

Table 1 Adsorption of TW80
onto solids as a function of the
content of SL

Solid [SL], 10−2 M XTW80 Adsorption, 10−5 mol/gc Adsorption density, 10−8 mol m−2d

Silica gela 0.00 1.0 4.56 ± 0.05 9.1 ± 0.1

0.12 0.8 4.1 ± 0.4

0.33 0.6 2.8 ± 0.2

2.00 0.2 0.4 ± 0.2

Soilb 0.00 1.0 1.04 ± 0.05 4.2 ± 0.1

pH = 9.155 (Na2B4O7 0.01 M, NaCl 0.02 M), T = (25.0 ± 0.1) °C, contact time between surfactants and
solid = 48 h
a [Tween 80]initial = 5 × 10

−3 M
b [Tween 80]initial = 3 × 10

−3 M
cMol of Tween 80 adsorbed by gram of solid matrix. The error correspond to standard deviations of at least three
determinations
dMol of Tween 80 adsorbed by square meter of surface area of solid matrix

Table 2 Precipitation of SL in 5mL of a water solution of SL in contact
with 0.5 g of pre-treated soil in the absence or presence of Tween 80

[TW80], 10−3 M XTW80 Precipitation of SL, 10−5 mol/g soil

0.00 0.00 15.9 ± 0.3

3.00 0.13 8.97± 0.09

[LS] = 2 × 10−2 M, pH = 9.155 (Na2B4O7 0.01 M, NaCl 0.02 M),
T = (25.0 ± 0.1) °C, contact time between surfactants and soil = 48 h.
The error correspond to standard deviations of at least three
determinations
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almost as effective as buffer, probably due to the enormous
precipitation of the surfactant in contact with the solid matrix,
which reduces its concentration in solution at values lower
than the CMC.

However, when Tween 80 and SL are mixed, they exhibit
synergic effect. This is evidenced by parameter E (Table 3)
being higher than 1, defined in Eq. 2 corresponding to the ratio
between the experimental recovery percentage (Rexp) and the
theoretical percentage (Rtheor, Eq. 3). This last percentage was
calculated assuming that there is no interaction between sur-
factants, so each surfactant desorbed the same amount as if it
was alone.

E ¼ Rexp=Rtheor ð2Þ
Rtheor ¼ RTween80 þ RSLð Þ−Rbuffer ð3Þ
where RTween80, RSL, and Rbuffer are the values to the recovery
of the PAHs by Tween 80, SL, and buffer, respectively.

The observed effect is also dependent on the amount of
contaminant present in the silica gel. When the solid has a
smaller amount of contaminant (i.e., a more realistic situa-
tion), the synergic effect is more important. SL solubilizes
20 times more when there is less Naph (Rexp=11 % against
0.54 %, when Naph content in the solid diminishes 89 times).
Tween 80, instead, increases 7.6 times the desorption of Naph
at the same surfactant concentration in the least contaminated
solid (Table 3). In addition, when the composition of the mix-
ture is enriched in SL (XTW80 =0.13), the results are better.
This fact agrees with previous studies of solubilization of

PAHs in buffer solution, where the synergic effect on the
solubilization of Naph shows the maximum at molar ratio
0.13 (Sales et al. 2011). Figure 1 displays the enhanced de-
sorption of both PAHs due to the mixture of surfactants in the
better conditions.

The synergic effect may be attributed to the formation of
mixed micelles (Sales et al. 2011) that, in this case, reduces the
adsorption of Tween 80 into the solid, and reduces the precip-
itation of SL in contact with silica gel. Hence, there are more
surfactants in solution which can produce the enhanced

Table 3 Desorption of Naph
from 0.5 g of enriched silica gel
using different solutions of
surfactants

PAH content, 10−6

mol/g silica
[TW80], 10−3 M [LS], 10−3 M XTW80 Rexp (%)a Rtheor (%)b E

Naphthalene (211 ± 6) – – 0.97± 0.03

5.0 – 7.6 ± 0.4

– 3.30 0.68± 0.04

5.0 3.3 0.60 8.4 ± 0.4 7.3 ± 0.5 1.2

3.0 – 3.93± 0.04

– 20.0 0.54 ± 0.03

3.0 20.0 0.13 8.44± 0.02 3.5 ± 0.1 2.4

Naphthalene (2.36 ± 0.03) – – 8 ± 2

3.0 – 30± 2

– 20.0 11 ± 1

3.0 20.0 0.13 45± 2 33 ± 4 1.4

Phenanthrene (2.25 ± 0.08) – – 8 ± 4

3.0 – 41.9 ± 0.9

– 20.0 7.7 ± 0.1

3.0 20.0 0.13 51± 2 41 ± 4 1.2

pH = 9.155 (Na2B4O7 0.01 M, NaCl 0.02 M), T = (25.0 ± 0.1) °C, contact time between surfactants and
solid = 48 h
a The error correspond to standard deviations of at least three determinations
b The errors were obtained by error propagation

Naph Phen
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Fig. 1 Synergism in PAH desorption from silica gel by mixed surfactant
sys tem, (black bar ) R t h e o r, (grey bar ) R e xp . [Naph ] s i l i c a
gel = 2.36 × 10

−6 mol/g silica, [Phen]silica gel = 2.25 × 10
−6 mol/g silica,

XTW80 = 0.13, [Tween 80] = 3 × 10−3 M, [SL] = 2 × 10−2 M
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desorption of the pollutants. Additionally, the mixed micelle
has a better solubilization power for Naph than the micelles of
individual surfactants, as was demonstrated (Sales et al. 2011).

Similar results were previously described in desorption of
phenanthrene from contaminated soil by mixtures of Triton
X100 (TX100) with sodium dodecyl sulfate (SDS) (Zhou
and Zhu 2007). The sorption amount of TX100 onto soil from
the mixed solution was less than that of single TX100 solu-
tion, and decreased as the mole fraction of SDS in solution
increased. In addition, TX100-SDS mixed solution was more
effective for desorption of phenanthrene from the contaminat-
ed soil than the single TX100 solution, in a similar way to the
results described in this work.

Naphthalene desorption from sediments

Figure 2 shows the enhanced desorption of Naph from sedi-
ment due to the mixture of surfactants. The synergistic effect
can also be seen, probably ascribed to the decrease in the
adsorption of Tween 80 onto the soil and to the decrease in
the precipitation of SL in contact with sediment. Both effects
result from the formation of mixed micelles between the two
surfactants (Sales et al. 2011). Guo et al. found increased
desorption of p-nitrochlorobenzene and reduction of the sorp-
tion of the surfactants by the soil in mixtures of sodium
dodecylbenzenesulfonate and Tween 80, and they also attrib-
uted the observed results to the formation of mixed micelles
between both surfactants (Guo et al. 2009).

Our results from the studies in sediment are in concordance
with those obtained in silica gel, so this last solid matrix is a
good model of soils, that allows studying interaction of surfac-
tants, and pollutant desorption processes, in a more simple way.

Conclusions

The formation of mixed micelles produces a combination of
beneficial effects to desorb pollutants from solid matrices: (i)

in mixed micelles the sorption of Tween 80 onto solid is re-
duced; (ii) the interaction between Tween 80 with sodium
laurate in the micelles diminishes the precipitation of the last
surfactant in contact with solids; (iii) the concentrations of
both surfactants in the solution are larger in that way; (iv)
the capability of mixed micelles to solubilize PAHs is greater
than that of individual surfactants. All these effects contribute
to producing a synergic effect in desorption of PAHs from
solids.

These results afford new insights into encouraging the use
of mixtures of surfactants in soil remediation.
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