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Abstract
Aqueous solutions of humic acid (HA) derivatized by a catalyzed O-alkylation reaction with methyl, pentyl, and benzyl 
groups at 40, 60, and 80% of total HA acidity were used to wash off polycyclic aromatic hydrocarbons (PAHs) from two 
contaminated soils. The enhanced surfactant properties enabled the alkylated HA to remove phenanthrene, anthracene, 
fluoranthene, and pyrene from both soils more extensively than the original unmodified HA, the 60% benzylation generally 
showing the greatest soil washing efficiency. For both soils, all alkylated HA revealed greater PAH removals than Triton 
X-100 nonionic surfactant, while the benzylated and methylated HA nearly and fully matched pollutants release by the anionic 
SDS in the coarse- and fine-textured soils, respectively. A consecutive second washing with 60% benzylated HA removed 
additional PAHs, in respect to the first washing, from the coarser-textured soil, except for fluoranthene, while removal 
from the finer-textured soil incremented even more for all PAHs. These findings indicate that the enhanced hydrophobicity 
obtained by a simple and unexpensive chemical derivatization of a natural humic surfactant can be usefully exploited in the 
washing of polluted soils, without being toxic to the soil biota and by potentially promoting the subsequent bio-attenuation 
of organic pollutants.

Keywords  Humic acid · Polycyclic aromatic hydrocarbon · Phase transfer alkylation · Soil washing · Synthetic surfactants · 
Consecutive washings

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are major contam-
inants of polluted soils and represent a considerable health 
and environmental hazard due not only to their carcinogenic, 
mutagenic, and teratogenic properties but also to their great 
persistence in soils conferred by a high hydrophobicity (Lau 
et al. 2014). While PAHs are largely produced during incom-
plete combustion of hydrocarbon-containing fuels, primary 
anthropogenic sources are open fires, domestic heating 

systems, and manufactured gas plants (Sakshi Singh and 
Haritash 2019). In the latter sites, PAH concentration in 
soil may be significant and ranging from 724 to 7700 ppm 
(Gong et al. 2006).

Since toxicity and hydrophobicity of PAHs show a paral-
lel increase with the number of rings, a strategy for detoxi-
fication of contaminated soils should address the alteration 
of the hydrophobic interactions which stabilize adsorption 
of such highly hydrophobic pollutants on surfaces of soil 
particles. Several techniques were developed based on this 
principle, such as electrokinetic remediation, solvent extrac-
tion, and washing with surfactants (Vidal and Báez 2023). 
In the case of soil washing, both anionic and nonionic syn-
thetic surfactants with amphiphilic properties are used as 
additives to water to enhance the extraction efficiency of 
PAHs from soil (dos Santos et al. 2023). However, the use 
of synthetic surfactants to remediate contaminated sites is 
limited by their intrinsic toxicity towards soil microorgan-
isms that hinders further biodegradation of pollutants and a 
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balanced biological activity in the washed soils (Deschênes 
et al. 1995; Sandbacka et al. 2000).

In alternative, the use of biosurfactants in washings of 
polluted soils have been increasingly proposed in recent 
years (Bezza and Chirwa 2017; Vijayakuma and Saravanan 
2015), offering the advantage over chemical surfactants to be 
easily biodegradable and biologically safe (Mulligan 2005). 
Moreover, biosurfactants may enhance the bioavailability 
of the residual molecules remaining sorbed on soil particles 
after washing (Whang et al. 2008). The combination of soil 
washing followed by biodegradation induced by biosur-
factants may thus represent an effective means of soil reme-
diation from PAH pollution (Chebbi et al. 2017; Lamichhane 
et al. 2017). Among biosurfactants, humic substances (HS) 
of different origin have been recognized to be capable of 
incorporating PAHs (Conte et al. 2001), increasing aerobic 
degradation of recalcitrant soil contaminants (Berselli et al. 
2004; Fava and Piccolo 2002; Fava et al. 2004) and effec-
tively washing away pollutants from soils (Conte et al. 2005; 
Piccolo et al. 2019a, 2021; Wei et al. 2023).

End products of the biotic degradation of animal and 
vegetal biomasses, HS are supramolecular associations of 
a multitude of heterogeneous molecules of relatively small 
mass held together by weak interactions such as dispersive 
forces and hydrogen bonds (Nebbioso and Piccolo 2011; 
Piccolo 2002; Piccolo et al. 2019b; Wells 2019). The self-
assembling of hydrophilic and hydrophobic molecules into 
pseudo-micellar superstructures confers to HS the surfactant 
properties that enable the thermodynamically favorable 
repartition of PAHs from soil adsorption sites into the humic 
hydrophobic domains and efficiently wash such apolar pol-
lutants from soils (Balasubramanian et al. 1989; Smejkalova 
and Piccolo 2008; Tschapek et al. 1981).

However, the capacity of HS as biosurfactants in clean-
ing-up contaminated sites may depend on soil texture. In 
fact, soils rich in fine-sized particles (silt and clay) may 
reduce substantially the washing efficiency of surfactants 
(Kuhlman and Greenfield 1999; Lee et al. 2002). This limita-
tion may be overcome by increasing the hydrophobicity of 
HS through a chemical modification of humic molecules. 
Different derivatization reactions of HS have been previ-
ously performed with various aims: (i) solubility increase 
in water (Terashima et al. 2007); (ii) soil aggregates stabili-
zation (Kulikova et al. 2021); (iii) redox properties change 
(Volikov et al. 2021); (iv) alteration of conformational struc-
ture (Nebbioso and Piccolo 2015). Recently, a phase-transfer 
catalyzed O-alkylation reaction was reported to vary the 
hydrophobicity of HS by covalently linking methyl, pentyl, 
and benzyl residues to the oxygen-containing humic func-
tional groups (Piccolo et al. 2023).

In this study, we employed O-alkylated HS as soil wash-
ing biosurfactants on two soils of different texture, which 
were spiked with four PAHs of varying polycondensation, 

such as anthracene, phenanthrene, fluoranthene, and pyr-
ene. The aim was to verify whether the enhanced affinity of 
the chemically modified humic matter towards hydrophobic 
PAHs improved the washing of the two soils in comparison 
to the original HS and two different synthetic surfactants.

Materials and methods

Soils and humic matter

Soils were collected from the surface layers (0–20 cm) of (1) 
a sandy-clay-loam Typic Haploxeralf (Soil 1) with 8.9% OC 
and 47.0, 20.1, and 32.9% of sand, silt, and clay, respectively, 
and (2) a clay-loam Vertic Xerofluvent with 1.05% OC and 
36.6, 33.75, and 29.65% of sand, silt, and clay, respectively. 
Soils were sampled at the University of Napoli Federico II 
experimental stations of Torre Lama, near Salerno (Soil 1), 
and Castel Volturno near Caserta (Soil 2). Soil samples were 
air-dried and sieved at 2.00 mm before use.

The humic acid (HA) used in this study was extracted 
from a Leonardite source (TEMA, Tecnología Especializada 
en el Medio Ambiente, https://​www.​temam​exico.​mx/), and 
details on HA isolation and characterization are reported 
elsewhere (Piccolo et  al. 2023). An automatic titrator 
(TIM840 Titration Manager, Radiometer Analytical, France) 
was used to measure total acidity. A suspension of 0.5 mg 
mL−1 of HA in deionized water was titrated to pH 9.0 with 
0.5 M NaOH under a N2 stream under stirring. The calcu-
lated HA total acidity was 6.05 meq H+ g−1.

Phase‑transfer O‑alkylation reaction

Details on the derivatization reaction to modify the hydro-
phobicity of humic materials were previously reported 
(Piccolo et al. 2023). Briefly, HA were dissolved in deion-
ized water, the pH was adjusted to 9.0 with a 1.5 M NaOH 
solution, and the phase-transfer catalyst TBAH (tetrabu-
tylammonium hydroxide) (Bu4N+OH−) was added to the 
solution. After 2 h stirring at room temperature, specific 
volumes of each alkyl halide (methyl iodide; pentyl bro-
mide; benzyl bromide) were added to the humic solution 
in amounts corresponding to 40, 60, and 80% of HA total 
acidity, in order to partially and progressively saturate the 
nucleophilic humic sites, and concomitantly maintain the 
aqueous solubility of the modified humic matter. The reac-
tion mixture was stirred for 2 h at room temperature. Then, 
the pH was adjusted to 1.0 with a 10% HCl solution to pre-
cipitate the reaction products. The excessive alkylating agent 
was removed under reduced pressure at 50–70 °C, while the 
residual tetrabutylammonium salts were removed from the 
reaction products by washing the residue with hot (45 °C) 
deionized water. Finally, the residue was dialyzed against 

https://www.temamexico.mx/


16997Environmental Science and Pollution Research (2024) 31:16995–17004	

deionized water and freeze dried. All reagents 98–99% pure 
were purchased from Aldrich (Milano, Italy) and used with-
out further purification.

Soil spiking

Soils were spiked according to the method reported by 
Sawada et al. (2004) with each selected polycyclic aromatic 
hydrocarbon (PAH): phenanthrene (PHE), anthracene 
(ANT), fluoranthene (FLA), and pyrene (PYR). Briefly, 250 
g of dry soil and 1 L of acetone containing 2500 mg L−1 of 
PHE, ANT, and PYR and 1250 mg L−1 of FLA were mixed 
in a 2000-mL round-bottomed flask and shaken for 4 h in a 
rotary shaker at 50 rpm. The acetone was evaporated with a 
rotary evaporator at 30–35 °C, and the soils were then air-
dried for 2 days under dark conditions in a fume hood. The 
content of PHE, ANT, FLA, and PYR was revealed to be, 
respectively, 9.1, 10.0, 4.8, and 9.9 g kg−1 for the dry soil 1, 
and 9.8, 10.2, 5.1, and 10.6 g kg−1 for the dry soil 2, with a 
standard deviation never exceeding ± 0.2.

Soil washing

Each soil was subjected to soil washing by a water solution 
(control), a solution of original unmodified HA, and solu-
tions of methylated, pentylated, and benzylated HA at 40, 
60, or 80% of humic acid total acidity. The solution con-
centration of original and modified HA was 4 g L−1. Other 
washings of spiked soils were also conducted with synthetic 
surfactants, such as 4% (w/v) of the anionic sodium dode-
cyl sulfate (SDS), and 4% (v/v) of the nonionic polyethyl-
ene glycol tert-octylphenyl ether (Triton X-100) solutions. 
Triplicates of both soils spiked with PAHs (10 g each) were 
placed in Erlenmeyer flasks and suspended in 200 mL of dif-
ferent soil washing solutions and shaken for 24 h in a rotary 
shaker at 50 rpm. All suspensions were centrifuged in Teflon 
tubes at 10,000 rpm for 10 min to separate soil residues from 
washing solutions. The soil residues were oven dried at 35 
°C and stored in a desiccator before further treatments.

Triplicates (10 g) of both soils underwent two consecu-
tive washings with the aqueous solution of benzylated HA 
at 60% of total acidity by first washing with the benzylated 
HA solution (4 g L−1) as by the above procedure. The result-
ing dried residue was again subjected to a second washing 
with the 60% benzylated HA solution. This second residue 
of both soils was again oven-dried and stored in a desiccator 
for further analyses.

Ultrasonic extraction

Ultrasonication had been previously proved as the most effi-
cient method to solvate organic pollutants from contami-
nated soils (Conte et al. 2005). Both unwashed and washed 

spiked soils (10 g) were suspended in 100 mL of an acetone/
dichloromethane (1:1) mixture and sonicated with a Misonix 
XL2020 sonicator, as by the procedure outlined in USEPA 
Test Method 3550 B. A power of 55 W was applied for 12 min 
to the soil suspensions to obtain a total energy of 39.6 kJ. After 
sonication, the suspension was centrifuged in Teflon tubes at 
10,000 rpm for 10 min to separate the soil residue from the 
supernatant, whose PAH content was analyzed by GC–MS. 
The removed percentage of PAHs was calculated based on the 
content of initial PAHs spiked on soils and final content left in 
soils after the washings.

GC–MS analysis

A Perkinelmer autosystem™ XL gas-chromatograph, 
equipped with a Programmed-Temperature Split/Splitless 
injector with programmable pneumatic control kept at a con-
stant temperature of 250 °C, a 30-m-long, 0.25-mm ID, Restek 
Rtxc-5MS capillary column (5% diphenyl-95% dimethylpo-
lysiloxane), and a Perkin-Elmer TurboMass Gold mass-spec-
trometer were used for qualitative and quantitative analysis of 
contaminants in the soil extracts. The conditions used for GC 
analyses were the following: (1) initial temperature of 40 °C 
for 4 min; (2) to 270 °C at a 10 °C/min rate; (3) isothermal for 
3 min. The total GC run time was 30 min. Helium was the car-
rier gas at 1.5 mL min−1 with a split-flow of 30 mL min−1. The 
inlet-line temperature of the GC–MS system was set at 250 °C, 
while that of the MS source at 300 °C. A solvent delay time 
of 5 min was applied before acquisition of the mass spectra to 
prevent filament injuries. Low and high m/z limits of the mass 
spectrometer were 50, and 400 µm, respectively. A NIST mass 
spectral library version 1.7 was used for peak identification.

Data treatment and statistical analysis

Sonication extractions were performed in triplicate for each 
soil before and after soil washings. Each organic extract 
was analyzed in triplicate by GC–MS analysis. Quantitative 
results by GC–MS analyses were weight-averaged to provide 
experimental error. The least significant difference (LSD) 
test was used to determine the statistical significance of PAH 
removal. Data were significantly different among values if 
p(F) < 0.05. Version 8.0 of Design expert was used for all 
statistical analyses, including multiple comparisons test of 
Duncan, Fisher (LSD) and Tukey–Kramer (P < 0.05).

Results and discussion

Soil washing with HA and alkylated HA

The efficiency in the soil washing treatments by water and 
aqueous solutions of either unmodified or various alkylated 
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HA was evaluated as percent removal of the four different 
PAHs (PHE, ANT, FLA, and PYR) from the two soils of 
this study (Table 1). The aqueous solution of the original 
unmodified HA washed more PAHs than just water, being 
the removal the largest for ANT and the least for FLA in 
both soils (Table 1). Under this treatment, the sandy-clay-
loam soil 1 generally released more pollutants than the clay-
loam soil 2, except for FLA that was hardly removed from 
both soils.

The washing of the two soils with aqueous solutions of 
methylated HA resulted in much larger removal of PAHs 
than for the unmodified HA (Table 1; Fig. S1). Again, and 
regardless of the soil type, anthracene was the most removed 
pollutant, while fluoranthene was the least one. For soil 1, 
the modified HA enhanced the efficiency of PAHs removal 
when the methylation satisfied both 40 and 60% of the 
HA total acidity, but it was somewhat decreased at 80% of 
methylation (Table 1; Fig. S1). In particular, the percent 
increase of PAH removal at 40/60% of methylation over 
that of the original HA passed from 57.9/63.2, 31.6/26.7, 
1720/1660, 135.1/141.7% to 34.1, 26.2, 1160, 111.3% at 
80% of methylation for PHE, ANT, FLA, and PYR, respec-
tively (Table S1). For soil 2, the washing of PAHs with 
HA methylated at 40% of total acidity was significantly 
less efficient than for 60 and 80% of methylation (Table 1; 
Fig. S1). In fact, the percent increase in PHE, ANT, FLA, 
and PYR removal at 40% of methylation in respect to that 
of the unmodified HA, resulted, respectively, 118.3, 32.9, 
516.7, 202.7%, whereas that found for 60/80% of methyla-
tion raised to 138.3/136.7, 57.7/57.1, 1683.3/1616.7, and 
275.7/273% (Table S1).

A similar trend of efficiency was observed when soils 
were washed with solutions of pentylated HA, although the 
percent removal of PAHs was more extensive for soil 1 than 
for soil 2 (Table 1; Fig. S3 and S4). For soil 1, the greatest 
removal of anthracene and pyrene, in respect to the origi-
nal HA, occurred by washing with 40% of HA pentylation, 
whereas PHE and FLA were mostly released by the action 
of the pentylated HA at 60% of total acidity (Table 1 and S1; 
Fig. S3 and S4). In the case of soil 2, the soil washing with 
pentylated HA was generally less efficient than for soil 1 and 
the most extensive release of pollutants, as compared to the 
original HA, was generally obtained by the 60% pentylated 
HA, that succeeded to solvate 35, 41, 1.9, and 26.4% of 
PHE, ANT, FLA, and PYR, respectively (Table 1).

The covalent insertion of benzyl groups into the HA 
molecular system provided a similar soil washing efficiency 
as the methylated and pentylated HA, except for a gener-
ally greater FLA solubilization (Table 1; Fig. S5 and S6). 
For soil 1, the percent increase of pollutant extraction by 
washing with the 60% benzylated HA resulted generally the 
largest, in respect to either the original HA or both methyl-
ated and pentylated HA at the same percent of total acidity, 

except for ANT (Table S1). In particular, the affinity of the 
benzylated HA to FLA was the largest of all modified HA 
and capable to solvate the greatest amount of this pollutant at 
60% of benzylation (Table 1; Fig. S5 and S6), with a percent 
increase as large as 3880%, in comparison to the unmodi-
fied HA (Table S1). For soil 2, benzylation of HA at 60% 
of total acidity washed a larger percentage of PAHs than 

Table 1   Percent of PAH removal (± SD) from soil 1 and soil 2 by 
washings with water, aqueous solutions of unmodified original HA, 
and aqueous solutions of alkylated HA at 40, 60, and 80% of total 
acidity

Phenanthrene Anthracene Fluoranthene Pyrene

Soil 1
Methylated HA

Water 16.0 ± 1.8 17.2 ± 0.3 0.6 ± 0.6 0.5 ± 0.6
Unmodified 

HA
26.1 ± 0.1 43.1 ± 0.8 0.5 ± 0.3 16.8 ± 2.2

  40 41.2 ± 2.2 56.7 ± 0.6 9.1 ± 2.0 39.5 ± 2.0
  60 42.6 ± 0.3 54.6 ± 0.2 8.8 ± 2.3 40.6 ± 0.1
  80 35.0 ± 2.6 54.4 ± 1.4 6.3 ± 2.9 35.5 ± 2.8

Pentylated HA
Unmodified 

HA
26.1 ± 0.1 43.1 ± 0.8 0.5 ± 0.3 16.8 ± 2.2

  40 44.6 ± 1.3 53.3 ± 0.1 8.9 ± 1.0 39.9 ± 1.3
  60 42.6 ± 0.2 53.5 ± 0.9 13.1 ± 0.3 36.6 ± 0.4
  80 41.2 ± 0.7 52.4 ± 0.1 4.8 ± 0.8 34.9 ± 0.9

Benzylated HA
Unmodified 

HA
26.1 ± 0.1 43.1 ± 0.8 0.5 ± 0.3 16.8 ± 2.2

  40 39.4 ± 0.1 45.7 ± 0.3 9.4 ± 3.6 30.7 ± 1.5
  60 49.8 ± 0.4 49.4 ± 1.1 19.9 ± 1.5 48.9 ± 0.1
  80 45.4 ± 1.4 45.6 ± 1.0 13.0 ± 1.5 39.9 ± 0.7

Soil 2
Methylated HA

Water 18.7 ± 0.6 17.9 ± 2.4 0.5 ± 0.3 6.5 ± 0.8
Unmodified 

HA
18.0 ± 0.4 35.0 ± 1.6 0.6 ± 0.5 11.1 ± 0.2

  40 39.3 ± 1.2 46.5 ± 0.1 3.7 ± 0.4 33.6 ± 0.8
  60 42.9 ± 0.7 55.2 ± 0.5 10.7 ± 0.3 41.7 ± 0.4
  80 42.6 ± 1.4 55.0 ± 1.1 10.3 ± 2.4 41.4 ± 0.8

Pentylated HA
Unmodified 

HA
18.0 ± 0.4 35.0 ± 1.6 0.6 ± 0.5 11.1 ± 0.2

  40 32.3 ± 0.5 40.3 ± 3.1 0.2 ± 0.2 25.9 ± 2.1
  60 35.0 ± 1.2 41.0 ± 0.7 1.9 ± 0.7 26.4 ± 0.1
  80 31.7 ± 1.2 41.1 ± 0.9 2.1 ± 2.1 25.4 ± 1.3

Benzylated HA
Unmodified 

HA
18.0 ± 0.4 35.0 ± 1.6 0.6 ± 0.5 11.1 ± 0.2

  40 30.6 ± 2.3 47.4 ± 0.6 0.4 ± 0.5 21.7 ± 2.6
  60 36.9 ± 0.1 48.0 ± 1.6 8.9 ± 0.3 33.4 ± 0.5
  80 30.7 ± 2.2 48.5 ± 0.3 3.0 ± 2.4 27.2 ± 1.5
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for benzylated HA at 40 and 80% (Table 1; Fig. S5 and S6), 
although, in comparison to the original HA, its efficiency 
in extracting pollutants from this soil remained greater and 
smaller than for the pentylated and methylated HA, respec-
tively, at the same percent of alkylation (Table S1).

Our findings indicate that the PAHs mobilized from soil 
by alkylated HA was either similar to previous soil washing 
results using different biosurfactants (Zhu et al. 2023) or 
even larger (Cazals et al. 2022). We also verified that the 
original unmodified HA washed less PAHs from the heavier 
texture soil 2 than the lighter textured soil 1, as expected 
from previous literature that reports a reduced efficiency 
of surfactants in soils with fine-sized particles (Lee et al. 
2002). In these soils, the adsorption of hydrophobic organic 
matter on the surface of fine colloidal particles favors the 
transition from micro into macroaggregates (Jastrow 1996; 
Piccolo et al. 2019a), thereby protecting the co-adsorbed 
PAHs from being reached by the humic washing solutions 
and limiting the pollutants removal, that was even less than 
1% in the case of the highly hydrophobic FLA (Table 1).

All alkylated derivatives at 40, 60, and 80% of HA total 
acidity increased removal of PAHs from soils in respect to 
the original HA, due to the greater hydrophobicity conferred 
to the humic surfactant by the insertion of alkyl groups (Pic-
colo et al. 2023). Such enhanced surfactant properties of 
modified HA may have induced a disruption of soil aggre-
gates and favored the release of apolar PAHs (Smejkalova 
and Piccolo 2008). Nevertheless, the repartition of PAHs 
from soil surfaces into the hydrophobic domains of alkylated 
HA was still dependent on the soil texture and was less effi-
cient for the finer-textured soil 2 than for the coarser soil 1.

The mechanism of increasing hydrophobicity appeared 
to be effective in solvating PAHs by HA derivatives at all 
rates of humic total acidity, although the most efficient pol-
lutant removal from both soils, as compared to the unmodi-
fied HA, generally occurred at 60% alkylation (Table S1). 
At this rate, the proton displacement by either methyl, pen-
tyl, or benzyl groups in the O-alkylation reaction of HA 
was found to be more extensive (Piccolo et al. 2023). This 
led to a more stable system, as it is proven by the general 
lesser standard deviation for the percent increase of PAH 
removal at 60% alkylation than for those at 40 and 80% 
(Table S1). In particular, the fact that the 60% benzylated 
HA promoted the largest removal of the highly recalcitrant 
fluoranthene from soil 1 and a significant release from soil 
2 (Table 1) implies that the mechanism of hydrophobic 
repartition driven by weak dispersive forces is also accom-
panied, for the benzylated derivative, by that of multiple π-π 
bindings between the FLA aromatic rings and the benzyl 
groups introduced in HA. The counterintuitive fact that HA 
alkylated at 80% of total acidity was generally less efficient 
than 60% alkylation in removing pollutants from both soils 
should be attributed to the conformational dynamics of the 

supramolecular structure of humic matter that becomes 
tighter with increasing hydrophobicity, thereby reducing 
PAH repartition into the HA apolar domains and sites avail-
ability to π-π interactions.

Original and alkylated HA versus synthetic 
surfactants

Despite their deleterious effects on soil microbial bioactivity 
and biodiversity, synthetic surfactants are still widely used 
in remediation of soils contaminated by PAHs since, like 
biosurfactants, they remove organic pollutants by repartition 
into the surfactant micellar phases formed in water (Chun 
et al. 2002; Cuypers et al. 2002; Trellu et al. 2018; Chen 
et al. 2021). For the two soils of this study, we compared 
the washing efficiency of synthetic surfactants (TX-100 and 
SDS) with that observed for original HA and for the more 
performing alkylated derivatives at 60% of total acidity 
(Figs. 1 and 2).

Anthracene was removed in greater amount by the 
unmodified HA than by TX-100 in both soils, while phen-
anthrene was released more in soil 1 and to a similar extent 
in soil 2. Conversely, fluoranthene and pyrene were solvated 
more in TX-100 than in the original HA for soil 1, whereas 
for soil 2, the unmodified HA was more effective on pyrene 
than TX-100 and fluoranthene was not significantly differ-
ent between the two (Figs. 1 and 2). Moreover, the SDS 
synthetic surfactant was capable to remove from both soils 
substantially more PAHs than the unmodified HA.

In respect to the original HA, the improvement in wash-
ing efficiency was dramatic for the alkylated HA, which 
showed for both soils a significant increase of PAH removal 
than for TX-100, except for fluoranthene in soil 1 that was 
solvated by the synthetic surfactant in similar amount as 
the benzylated HA (Figs. 1 and 2). In the case of SDS, its 
washing efficiency for soil 1 was invariable greater than all 
alkylated HA, among which the benzylated derivative was 
the most effective. For soil 2, SDS washed off more PHE 
than all alkylated HA, but the methylated HA removed more 
ANT and FLA than SDS, and both benzylated HA and SDS 
solvated equal amounts of FLA.

These results confirm that the modification of HA by 
O-alkylation reactions increases the heterogeneous hydro-
phobicity of humic micellar phases in aqueous solutions, 
thereby exerting a capacity to solvate from soil PAHs of 
different structures with an efficiency often similar to, if 
not as large as, the synthetic surfactants (Fava et al. 2004). 
However, it appears that repartition of PAHs into hydro-
phobic micellar domains was more effective for SDS than 
for Triton X-100, whose pollutant removing capacity was 
generally inferior to that of alkylated HA. This was par-
ticularly evident for methylated and benzylated HA which 
could account their washing effectiveness not only to the 
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cited mechanism of hydrophobic drive of contaminants into 
flexible HA apolar domains but also to the additional mech-
anism of π-π interactions between aromatic rings in both 
PAHs and humic matter. It has been previously suggested 
that humic materials enriched with aromatic groups are the 
most efficient detoxifying agents in respect to PAHs (Permi-
nova et al. 1999), since the latter bind humic substances by 
both specific affinity to aromatic moieties and nonspecific 
partitioning in hydrophobic domains (Kile and Chiou 1989; 
Chiou et al. 1998). The occurrence of both mechanisms was 
confirmed by experiments in which hydrophobic interac-
tions were found responsible for the removal of pyrene from 
soils (Chefetz et al. 2000), and an induced bleaching of HA 

proved that aromatic structures could not solely contribute 
to the sorption of hydrophobic compounds to HA (Simpson 
et al. 2003).

PAH removal by consecutive soil washings

The efficiency of soil remediation by washing with sur-
factants is often enhanced by subsequent soil washing cycles 
(Ishikawa and Oya 2008; Shen et al. 2021). Here, we sub-
jected the soil residue from the first washing with the aque-
ous solution of the most performing benzylated HA at 60% 
of total acidity to a second washing with the same modified 

Fig. 1   Percent removal of four 
PAHs from soil 1 by washing 
with water, aqueous solutions 
of unmodified original HA, of 
alkylated HA at 60% of total 
acidity and of X100 and SDS 
synthetic surfactants
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Fig. 2   Percent removal of four 
PAHs from soil 2 by washing 
with water, aqueous solutions 
of unmodified original HA, of 
alkylated HA at 60% of total 
acidity and of X100 and SDS 
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HA solution and the percent removal of PAHs by the two 
consecutive washings was calculated (Figs. 3 and 4).

The second washing for soil 1 removed a further amount, 
in respect to the first washing, of PHE, ANT, and PYR by 
15, 13, and 7%, respectively, while it slightly varied the 
release of FLA just by 0.5% (Fig. 3). In the case of soil 2, 
the second washing solubilized an additional share of the 
PHE, ANT, PYR, and FLA content by 22, 22, 10, and 37%, 
respectively (Fig. 4).

Previous experiments on pollutant removal from soil by 
consecutive washings had not been successful. Three con-
secutive cycles of soil washing by SDS failed to remove PHE 

by any significant improvement with cycles (Wang et al. 
2020). Similarly, the consecutive applications of different 
biosurfactants and synthetic Triton X-100 to wash PHE off 
a soil showed that a single soil wash was enough to remove 
most of the phenanthrene (Lima et al. 2011). Contrary to 
these reports, a humic material empowered by the inclusion 
of benzyl groups was found here to significantly enhance its 
surfactant properties and removed further amounts of PAHs 
in the second soil washing. Such a heightened functional-
ity of the benzylated HA in removing PAHs from soils is 
to be attributed to both the greater repartition of pollutants 
into the more abundant hydrophobic domains of this humic 

Fig. 3   Percent removal of 
four PAHs from soil 1 by first 
washing and percent increment 
obtained by a consecutive sec-
ond washing with alkylated HA 
at 60% of total acidity
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Fig. 4   Percent removal of 
four PAHs from soil 2 by first 
washing and percent increment 
obtained by a consecutive sec-
ond washing with alkylated HA 
at 60% of total acidity

Phenathrene Anthracene Fluoranthene Pyrene
0

10

20

30

40

50

60

+3
7%

+1
0%

+2
2%

+2
2%

SOIL 2

Pe
rc

en
t R

em
ov

al  1st Washing
 2nd Washing



17002	 Environmental Science and Pollution Research (2024) 31:16995–17004

derivative and to the increased potential to form π-π bonds 
between benzyl groups and PAH aromatic rings. Moreover, 
the greater pollutant removal in the second washing for soil 
2 than for soil 1 (Figs. 3 and 4) may be explained by the 
different textural characteristics of the two soils. In fact, it 
can be hypothesized that the first washing with the highly 
hydrophobic benzylated HA may have altered the aggre-
gates arrangement of the finer textured soil 2 more than the 
coarse soil 1 (Jastrow 1996), thereby favoring the disruption 
of some macroaggregates into microaggregates (Conte et al. 
2005). This process may then have exposed a larger share 
of microaggregate surfaces to the aqueous solution of the 
benzylated HA during the second soil washing and enhanced 
the repartition of adsorbed PAHs from soils into the hydro-
phobic phases of the modified HA.

Conclusions

The structural modification of a humic acid with the covalent 
insertion of methyl, pentyl, and benzyl groups was shown 
here to increase its surfactant capacity and improve signifi-
cantly its soil washing efficiency. This finding is attributed to 
the enhanced HA hydrophobicity that favored PAH reparti-
tion from soil particle surfaces into humic apolar domains. 
Removal of PAHs from a loamy-sandy-clay soil by wash-
ing with all O-alkylated derivatives at different rates of HA 
total acidity showed an invariable increase, with respect to 
the unmodified HA, that was up to 20-fold when fluoran-
thene was solvated by benzylated HA. A similar behavior 
was shown by the finer textured clay-loam soil, though to a 
lesser extent. For both soils, the best efficiency in soil wash-
ing was shown when O-alkylation was at 60% of the humic 
total acidity and the benzylated HA was generally the most 
performing among all derivatives. Such greater efficiency in 
removing PAHs from soils is attributed to the disruption of 
soil aggregation by the enhanced surfactant capacity of ben-
zylated HA and to the formation of π-π bonds between the 
pollutants’ aromatic rings and the newly introduced benzyl 
groups of the benzylated derivative. Alkylated HA showed 
better PAH removal capacity than the nonionic synthetic sur-
factant Triton X-100, whereas only the benzylated and meth-
ylated HA appeared to nearly and fully match, respectively, 
the soil washing efficiency of the SDS anionic surfactant. A 
significant increase in PAH release was observed when soils 
were washed consecutively by a second 60% benzylated HA 
solution, since it may have further induced the disruption of 
soil aggregates and the exposure of a greater surface of soil 
particle to the washing. Our findings indicate that a simple 
and low-cost O-alkylation reaction can significantly increase 
the potential of a natural surfactant, such as a humic acid, 
in washing PAHs from a contaminated soil by an efficiency 
comparable to that of synthetic surfactants. While the extent 

of pollutant removal appears still dependent on soil texture, 
this limitation may be overcome by efficiently applying ben-
zylated HA solutions in consecutive washings, without the 
risk of introducing excessive biological toxicity in the envi-
ronment, as it is the case for synthetic surfactants.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​024-​32292-3.

Author contribution  Alessandro Piccolo and Marios Drosos contrib-
uted to the study conception and design. Material preparation, data 
collection, and analysis were performed by Assunta Nuzzo, Antonio 
Scopa, and Vincenza Cozzolino. The first draft of the manuscript was 
written by Alessandro Piccolo and Marios Drosos, and all authors com-
mented on previous versions of the manuscript. All authors read and 
approved the final manuscript.

Funding  Open access funding provided by Università degli Studi di 
Napoli Federico II within the CRUI-CARE Agreement.

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Balasubramanian D, Scinivas V, Gaikar VG, Sharma MM (1989) 
Aggregation behavior of hydrotropic compounds in aqueous 
solution. J Phys Chem 93:3865–3870. https://​doi.​org/​10.​1021/​
j1003​46a098

Berselli S, Milone G, Canepa P, Di Gioia D, Fava F (2004) Effects 
of cyclodextrins, humic substances, and rhamnolipids on the 
washing of a historically contaminated soil and on the aerobic 
bioremediation of the resulting effluents. Biotechnol Bioeng 
88:111–120. https://​doi.​org/​10.​1002/​bit.​20225

Bezza FA, Chirwa EMN (2017) The role of lipopeptide biosurfactant 
on microbial remediation of aged polycyclic aromatic hydro-
carbons (PAHs)-contaminated soil. Chem Eng J 309:563–576. 
https://​doi.​org/​10.​1016/j.​cej.​2016.​10.​055

Cazals F, Colombano S, Huguenot D, Betelu S, Galopin N, Perrault 
A, Simonnot M-O, Ignatiadis I, Rossano S, Crampon M (2022) 
Polycyclic aromatic hydrocarbons remobilization from con-
taminated porous media by (bio)surfactants washing. J Contam 

https://doi.org/10.1007/s11356-024-32292-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/j100346a098
https://doi.org/10.1021/j100346a098
https://doi.org/10.1002/bit.20225
https://doi.org/10.1016/j.cej.2016.10.055


17003Environmental Science and Pollution Research (2024) 31:16995–17004	

Hydrol 251:104065. https://​doi.​org/​10.​1016/j.​jconh​yd.​2022.​
104065

Chebbi A, Hentati D, Zaghden H, Baccar N, Rezgui F, Chalbi M, 
Sayadi S, Chamkha M (2017) Polycyclic aromatic hydrocarbon 
degradation and biosurfactant production by a newly isolated 
Pseudomonas sp. strain from used motor oil-contaminated soil. 
Int Biodeterior Biodegrad 122:128–140. https://​doi.​org/​10.​1016/j.​
ibiod.​2017.​05.​006

Chefetz B, Deshmukh AP, Hatcher PG, Guthrie EA (2000) Pyrene 
sorption by natural organic matter. Environ Sci Technol 34:2925–
2930. https://​doi.​org/​10.​1021/​es991​2877

Chen WX, Zhang HY, Zhang M, Shen XF, Zhang XY, Wu F, Hu J, 
Wang B, Wang XL (2021) Removal of PAHs at high concentra-
tions in a soil washing solution containing TX-100 via simul-
taneous sorption and biodegradation processes by immobilized 
degrading bacteria in PVA-SA hydrogel beads. J Hazard Mater 
410:124533. https://​doi.​org/​10.​1016/j.​jhazm​at.​2020.​124533

Chiou CT, McGroddy SE, Kile DE (1998) Partition characteristics of 
polycyclic aromatic hydrocarbons on soils and sediments. Environ 
Sci Technol 32:264–269. https://​doi.​org/​10.​1021/​es970​614c

Chun CL, Lee J-J, Park J-W (2002) Solubilization of PAH mixtures 
by three different anionic surfactants. Environ Poll 118:307–313. 
https://​doi.​org/​10.​1016/​S0269-​7491(01)​00304-9

Conte P, Zena A, Pilidis G, Piccolo A (2001) Increased retention of 
polycyclic aromatic hydrocarbons in soil induced by soil treatment 
with humic substances. Environ Pollut 112:27–31. https://​doi.​org/​
10.​1016/​S0269-​7491(00)​00101-9

Conte P, Agretto A, Spaccini R, Piccolo A (2005) Soil remediation: 
humic acids as natural surfactants in the washings of highly con-
taminated soils. Environ Pollut 135:515–522. https://​doi.​org/​10.​
1016/j.​envpol.​2004.​10.​006

Cuypers C, Pancras T, Grotenhuis T, Rulkens W (2002) The estima-
tion of PAH bioavailability in contaminated sediments using 
hydroxypropyl-b-cyclodextrin and Triton X-100 extraction tech-
niques. Chemosphere 46:1235–1245. https://​doi.​org/​10.​1016/​
s0045-​6535(01)​00199-0

Deschênes L, Lafrance P, Villeneuve JP, Samson R (1995) The effect 
of an anionic surfactant on the mobilization and biodegradation of 
PAHs in a creosote-contaminated soil. Hydrol Sci J 40:471–484. 
https://​doi.​org/​10.​1080/​02626​66950​94914​33

dos Santos AV, Simonelli G, dos Santos LCL (2023) Review of the 
application of surfactants in microemulsion systems for reme-
diation of petroleum contaminated soil and sediments. Envi-
ron Sci Pollut Res 30:32168–32183. https://​doi.​org/​10.​1007/​
s11356-​023-​25622-4

Fava F, Piccolo A (2002) Effect of humic substances on the bioavail-
ability aerobic biodegradation of polychlorinated biphenyls in a 
model soil. Biothecnol Bioeng 77:204–211. https://​doi.​org/​10.​
1002/​bit.​10140

Fava F, Berselli S, Conte P, Piccolo A, Marchetti L (2004) Effects of 
humic substances and soya lecithin on the aerobic bioremediation 
of a soil historically contaminated by polycyclic aromatic hydro-
carbons (PAHs). Biotechnol Bioeng 88:214–223. https://​doi.​org/​
10.​1002/​bit.​20225

Gong Z, Wilke B-M, Alef K, Li P, Zhou Q (2006) Removal of polycy-
clic aromatic hydrocarbons from manufactured gas plant-contam-
inated soils using sunflower oil: laboratory column experiments. 
Chemosphere 62:780–787. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2005.​04.​078

Ishikawa Y, Oya M (2008) Application of statistical analysis to mixed 
soil detergency. J Oleo Sci 57:99–105. https://​doi.​org/​10.​5650/​
jos.​57.​99

Jastrow JD (1996) Soil aggregate formation and the accrual of particu-
late and mineral-associated organic matter. Soil Biol Biochem 
28:665–676. https://​doi.​org/​10.​1016/​0038-​0717(95)​00159-X

Kile DE, Chiou CT (1989) Water-solubility enhancement of nonionic 
organic contaminants. In: Suffet IH, MacCarthy P (eds) Aquatic 
Humic Substances. American Chemical Society, Washington DC, 
pp 131–157

Kuhlman MI, Greenfield TM (1999) Simplified soil washing processes 
for a variety of soils. J Haz Mat 66:31–45. https://​doi.​org/​10.​1016/​
s0304-​3894(98)​00212-x

Kulikova NA, Volikov AB, Filippova OI, Kholodov VA, Yaroslavtseva 
NV, Farkhodov YR, Yudin AV, Roznyatovsky VA, Grishin YK, 
Zhilkibayev OT, Perminova IV (2021) Modified humic substances 
as soil conditioners: laboratory and field trials. Agronomy 11:150. 
https://​doi.​org/​10.​3390/​agron​omy11​010150

Lamichhane S, Bal Krishna KC, Sarukkalige R (2017) Surfactant-
enhanced remediation of polycyclic aromatic hydrocarbons: A 
review. J Environ Manag 199:46–61. https://​doi.​org/​10.​1016/j.​
jenvm​an.​2017.​05.​037

Lau EV, Gan S, Ng HK, Poh PE (2014) Extraction agents for the 
removal of polycyclic aromatic hydrocarbons (PAHs) from soil 
in soil washing technologies. Environ Pollut 184:640–649. https://​
doi.​org/​10.​1016/j.​envpol.​2013.​09.​010

Lee D-H, Cody RD, Kim DJ, Choi S (2002) Effect of soil texture 
on surfactant-based Remediation of hydrophobic organic con-
taminated soil. Environ Int 27:681–688. https://​doi.​org/​10.​1016/​
S0160-​4120(01)​00130-1

Lima TMS, Procópio LC, Brandão FD, Carvalho AMX, Tótola MR, 
Borges AC (2011) Simultaneous phenanthrene and cadmium 
removal from contaminated soil by a ligand/biosurfactant solu-
tion. Biodegradation 22:1007–1015. https://​doi.​org/​10.​1007/​
s10532-​011-​9459-z

Mulligan CN (2005) Environmental applications for biosurfactants. 
Environ Pollut 133:183–198. https://​doi.​org/​10.​1016/j.​envpol.​
2004.​06.​009

Nebbioso A, Piccolo A (2011) Basis of a humeomics science: chemical 
fractionation and molecular characterization of humic biosupra-
structures. Biomacromol 12:1187–1199. https://​doi.​org/​10.​1021/​
bm101​488e

Nebbioso A, Piccolo A (2015) Modification of chemical and confor-
mational properties of natural organic matter by click chemistry as 
revealed by ESI-orbitrap mass spectrometry. Anal Bioanal Chem 
407:8515–8523. https://​doi.​org/​10.​1007/​s00216-​015-​9005-7

Perminova I, Grechishcheva N, Petrosyan V (1999) Relationships 
between structure and binding affinity of humic substances 
for polycyclic aromatic hydrocarbons: relevance of molecular 
descriptors. Environ Sci Technol 33:3781–3787. https://​doi.​org/​
10.​1021/​es990​056x

Piccolo A (2002) The supramolecular structure of humic substances: a 
novel understanding of humus chemistry and implications in soil 
science. Adv Agron 75:57–134. https://​doi.​org/​10.​1016/​S0065-​
2113(02)​75003-7

Piccolo A, Spaccini R, De Martino A, Scognamiglio F, di Meo V 
(2019a) Soil washing with solutions of humic substances from 
manure compost removes heavy metal contaminants as a func-
tion of humic molecular composition. Chemosphere 225:150–156. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2019.​03.​019

Piccolo A, Spaccini R, Savy D, Drosos M, Cozzolino V (2019b) The 
soil humeome: chemical structure, functions and technological 
perspectives. In: Vaz S (ed) Sustainable agrochemistry: a Com-
pendium of Technologies. Springer Nature, Heidelberg, pp 
183–222

Piccolo A, De Martino A, Scognamiglio F, Ricci R, Spaccini R (2021) 
Efficient simultaneous removal of heavy metals and polychlo-
robiphenyls from a polluted industrial site by washing the soil 
with natural humic surfactants. Environ Sci Pollut Res 28:25748–
25757. https://​doi.​org/​10.​1007/​s11356-​021-​12484-x

Piccolo A, García-Díaz C, Cozzolino V, Drosos M, Scopa A, Valen-
tini M (2023) Varying the hydrophobicity of humic matter by 

https://doi.org/10.1016/j.jconhyd.2022.104065
https://doi.org/10.1016/j.jconhyd.2022.104065
https://doi.org/10.1016/j.ibiod.2017.05.006
https://doi.org/10.1016/j.ibiod.2017.05.006
https://doi.org/10.1021/es9912877
https://doi.org/10.1016/j.jhazmat.2020.124533
https://doi.org/10.1021/es970614c
https://doi.org/10.1016/S0269-7491(01)00304-9
https://doi.org/10.1016/S0269-7491(00)00101-9
https://doi.org/10.1016/S0269-7491(00)00101-9
https://doi.org/10.1016/j.envpol.2004.10.006
https://doi.org/10.1016/j.envpol.2004.10.006
https://doi.org/10.1016/s0045-6535(01)00199-0
https://doi.org/10.1016/s0045-6535(01)00199-0
https://doi.org/10.1080/02626669509491433
https://doi.org/10.1007/s11356-023-25622-4
https://doi.org/10.1007/s11356-023-25622-4
https://doi.org/10.1002/bit.10140
https://doi.org/10.1002/bit.10140
https://doi.org/10.1002/bit.20225
https://doi.org/10.1002/bit.20225
https://doi.org/10.1016/j.chemosphere.2005.04.078
https://doi.org/10.1016/j.chemosphere.2005.04.078
https://doi.org/10.5650/jos.57.99
https://doi.org/10.5650/jos.57.99
https://doi.org/10.1016/0038-0717(95)00159-X
https://doi.org/10.1016/s0304-3894(98)00212-x
https://doi.org/10.1016/s0304-3894(98)00212-x
https://doi.org/10.3390/agronomy11010150
https://doi.org/10.1016/j.jenvman.2017.05.037
https://doi.org/10.1016/j.jenvman.2017.05.037
https://doi.org/10.1016/j.envpol.2013.09.010
https://doi.org/10.1016/j.envpol.2013.09.010
https://doi.org/10.1016/S0160-4120(01)00130-1
https://doi.org/10.1016/S0160-4120(01)00130-1
https://doi.org/10.1007/s10532-011-9459-z
https://doi.org/10.1007/s10532-011-9459-z
https://doi.org/10.1016/j.envpol.2004.06.009
https://doi.org/10.1016/j.envpol.2004.06.009
https://doi.org/10.1021/bm101488e
https://doi.org/10.1021/bm101488e
https://doi.org/10.1007/s00216-015-9005-7
https://doi.org/10.1021/es990056x
https://doi.org/10.1021/es990056x
https://doi.org/10.1016/S0065-2113(02)75003-7
https://doi.org/10.1016/S0065-2113(02)75003-7
https://doi.org/10.1016/j.chemosphere.2019.03.019
https://doi.org/10.1007/s11356-021-12484-x


17004	 Environmental Science and Pollution Research (2024) 31:16995–17004

a phase-transfer-catalyzed O-alkylation reaction. Chemosphere 
313:137599. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2022.​137599

Sakshi Singh SK, Haritash AK (2019) Polycyclic aromatic hydrocar-
bons: soil pollution and remediation. Int J Environ Sci Technol 
16:6489–6512. https://​doi.​org/​10.​1007/​s13762-​019-​02414-3

Sandbacka M, Christianson I, Isomaa B (2000) The acute toxicity of 
surfactants on fish cells, Daphnia magna and fish — a compara-
tive study. Tox Vitro 14:61–68. https://​doi.​org/​10.​1016/​S0887-​
2333(99)​00083-1

Sawada A, Kanai K, Fukushima M (2004) Preparation of artificial 
spiked soil with polycyclic aromatic hydrocarbons for soil pollu-
tion analysis. Anal Sci 20:239–241. https://​doi.​org/​10.​2116/​anals​
ci.​20.​239

Simpson MJ, Chefetz B, Hatcher PG (2003) Phenanthrene sorption to 
structurally modified humic acids. J Environ Qual 32:1750–1758. 
https://​doi.​org/​10.​2134/​jeq20​03.​1750

Shen W, Xu J, Zhu L (2021) Triton X-100 improves the reactivity and 
selectivity of sulfidized nanoscale zerovalent iron toward tetrabro-
mobisphenol A: implications for groundwater and soil remedia-
tion. J Hazard Mater 416:126119. https://​doi.​org/​10.​1016/j.​jhazm​
at.​2021.​126119

Smejkalova D, Piccolo A (2008) Aggregation and disaggregation of 
humic supramolecular assemblies by NMR diffusion ordered 
spectroscopy (DOSY-NMR). Environ Sci Technol 42:699–706. 
https://​doi.​org/​10.​1021/​es071​828p

Terashima M, Tanaka S, Fukushima M (2007) Coagulation character-
istics of humic acid modified with glucosamine or taurine. Che-
mosphere 69:240–246. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2007.​04.​012

Trellu C, Mousset E, Pechaud Y, Huguenot D, van Hullebusch ED, 
Esposito G, Oturan MA (2018) Removal of hydrophobic organic 
pollutants from soil washing/flushing solutions: a critical review. 
J Hazard Mater 306:149–174. https://​doi.​org/​10.​1016/j.​jhazm​at.​
2015.​12.​008

Tschapek M, Wasowski C, Torres-Sánchez RM (1981) Humic acid as 
a colloidal surfactant. Plant Soil 63:261–271. https://​doi.​org/​10.​
1007/​BF023​74604

Vidal J, Báez ME (2023) Behavior of chlorpyrifos and 3,5,6-trichloro-
2-pyridinol (TCP) in a sodium-dodecyl sulphate-electrokinetic 

soil washing system. Electrochim Acta 445:141936. https://​doi.​
org/​10.​1016/j.​elect​acta.​2023.​141936

Vijayakuma S, Saravanan V (2015) Biosurfactants-types, sources and 
applications. Res J Microbiol 10:181–192. https://​doi.​org/​10.​
3923/​jm.​2015.​181.​192

Volikov AB, Mareev NV, Konstantinov AI, Molodykh AA, Melnikova 
SV, Bazhanova AE, Gasanov ME, Nikolaev EN, Zherebker AY, 
Volkov DS, Zykova MV, Perminova IV (2021) Directed synthesis 
of humic and fulvic derivatives with enhanced antioxidant prop-
erties. Agronomy 11:2047. https://​doi.​org/​10.​3390/​agron​omy11​
102047

Wei J, Tu C, Xia F, Yang L, Chen Q, Chen Y, Deng S, Yuan G, Wang 
H, Jeyakumar P, Bhatnagar A (2023) Enhanced removal of arsenic 
and cadmium from contaminated soils using a soluble humic sub-
stance coupled with chemical reductant. Environ Res 220:115120. 
https://​doi.​org/​10.​1016/j.​envres.​2022.​115120

Whang L-M, Liu P-WG, Ma C-C, Cheng S-S (2008) Application of 
biosurfactants, rhamnolipid, and surfactin, for enhanced biodeg-
radation of diesel-contaminated water and soil. J Hazard Mater 
151:155–163. https://​doi.​org/​10.​1016/j.​jhazm​at.​2007.​05.​063

Wang Z, Sun T, Luo T, Shi X, Lin H, Zhang H (2020) Selective 
removal of phenanthrene for the recovery of sodium dodecyl sul-
fate by UV-C and UV-C/PDS processes: performance, mechanism 
and soil washing recycling. J Hazard Mater 400:123141. https://​
doi.​org/​10.​1016/j.​jhazm​at.​2020.​123141

Wells MJM (2019) Supramolecular answers to the organic matter con-
troversy. J Environ Qual 48:1644–1651. https://​doi.​org/​10.​2134/​
jeq20​19.​02.​0089

Zhu Y, Wang X, Zhang Y, Chio C, Qin W, Li H (2023) Surfactant-
containing foam effectively enhanced the removal of polycy-
clic aromatic hydrocarbons from heavily contaminated soil. 
Bull Environ Contam Toxicol 110:50. https://​doi.​org/​10.​1007/​
s00128-​022-​03672-7

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.chemosphere.2022.137599
https://doi.org/10.1007/s13762-019-02414-3
https://doi.org/10.1016/S0887-2333(99)00083-1
https://doi.org/10.1016/S0887-2333(99)00083-1
https://doi.org/10.2116/analsci.20.239
https://doi.org/10.2116/analsci.20.239
https://doi.org/10.2134/jeq2003.1750
https://doi.org/10.1016/j.jhazmat.2021.126119
https://doi.org/10.1016/j.jhazmat.2021.126119
https://doi.org/10.1021/es071828p
https://doi.org/10.1016/j.chemosphere.2007.04.012
https://doi.org/10.1016/j.chemosphere.2007.04.012
https://doi.org/10.1016/j.jhazmat.2015.12.008
https://doi.org/10.1016/j.jhazmat.2015.12.008
https://doi.org/10.1007/BF02374604
https://doi.org/10.1007/BF02374604
https://doi.org/10.1016/j.electacta.2023.141936
https://doi.org/10.1016/j.electacta.2023.141936
https://doi.org/10.3923/jm.2015.181.192
https://doi.org/10.3923/jm.2015.181.192
https://doi.org/10.3390/agronomy11102047
https://doi.org/10.3390/agronomy11102047
https://doi.org/10.1016/j.envres.2022.115120
https://doi.org/10.1016/j.jhazmat.2007.05.063
https://doi.org/10.1016/j.jhazmat.2020.123141
https://doi.org/10.1016/j.jhazmat.2020.123141
https://doi.org/10.2134/jeq2019.02.0089
https://doi.org/10.2134/jeq2019.02.0089
https://doi.org/10.1007/s00128-022-03672-7
https://doi.org/10.1007/s00128-022-03672-7

	Enhanced washing of polycyclic aromatic hydrocarbons from contaminated soils by the empowered surfactant properties of de novo O-alkylated humic matter
	Abstract
	Introduction
	Materials and methods
	Soils and humic matter
	Phase-transfer O-alkylation reaction
	Soil spiking
	Soil washing
	Ultrasonic extraction
	GC–MS analysis
	Data treatment and statistical analysis

	Results and discussion
	Soil washing with HA and alkylated HA
	Original and alkylated HA versus synthetic surfactants
	PAH removal by consecutive soil washings

	Conclusions
	References


