
Journal of Environmental Chemical Engineering 12 (2024) 113820

Available online 13 August 2024
2213-3437/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Surfactant-enhanced mobilization of polycyclic aromatic hydrocarbons 
from an historically contaminated marine sediment: Study of surfactants’ 
concentration effect and continuous test for sediment flushing simulation

Berardino Barbati a,*, Gabriele Moscatelli a,b, Marco Bellagamba c, Laura Caiazzo b, Marco 
Petrangeli Papini a, Laura Lorini a

a Department of Chemistry, Sapienza University, P.le Aldo Moro 5, Rome 00185, Italy
b SSPT-PROTER Division, Enea Casaccia, Rome, Italy
c Chimec SpA, Via Ardeatina, Pomezia 0007, Italy

A R T I C L E  I N F O

Keywords:
Polycyclic aromatic hydrocarbons
Surfactant-enhanced remediation
Marine sediment
Flushing
Column experiments

A B S T R A C T

Contamination of marine sediments by polycyclic aromatic hydrocarbons (PAHs) poses a significant environ-
mental threat, necessitating effective remediation strategies. This paper investigates the application of surfac-
tants, both synthetic and natural, for the remediation of PAH-contaminated sediments, providing a systematic 
guideline for the preliminary selection of surfactants for flushing/washing operations, the optimal operative 
conditions, and the technical approach for PAH mobilization, especially in the context of a real aged contami-
nation scenario. The study included a batch configuration test to evaluate the effect of surfactant concentration 
on PAH mobilization. Subsequently, a continuous configuration column experiment was performed to simulate a 
flushing operation of contaminated sediment. The study of process conditions highlighted that the increase in 
surfactant concentration led to a significant increase in PAH removal from the sediment, reaching almost 30 % 
efficiency using a 5 % wt surfactant solution. The column test showed great efficiency of the investigated sur-
factants in PAH mobilization through the flushing process of the contaminated matrix, resulting in 30 times 
greater efficiency than water within a much smaller pore volume range.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) constitute a class of 
organic compounds characterized by the structural arrangement of two 
or more aromatic rings condensed together. Among the several hundred 
known PAHs, 28 were identified as hazardous for humans by the United 
States Environmental Protection Agency (US EPA) in 2008, and only 16 
are classified as priority pollutants due to their toxicity and adverse 
effects on human health [1–3].

Conventionally, PAHs are classified into light and heavy categories 
depending on whether the number of condensed aromatic rings is fewer 

than or greater than 3, respectively [4,5]. Lighter PAHs exhibit lower 
persistence in the environment due to mechanisms like dilution, evap-
oration, and bacterial degradation. In contrast, heavy PAHs are char-
acterized by poor water solubility and high hydrophobicity, leading to 
strong adsorption onto organic particles, making them much more 
recalcitrant and resistant to bacterial degradation [5,6].

Coastal areas, influenced by anthropogenic activities, serve as sig-
nificant sources of pollution. PAHs can accumulate in sediments through 
strong adsorption, compromising water and sediment quality, and can 
bioaccumulate in marine organisms, ultimately reaching humans 
through the food chain [7–12].
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Remediation of PAH-contaminated marine sediments is a significant 
environmental challenge due to their recalcitrance and persistence [6]. 
Various techniques, both ex-situ and in-situ, have been studied and 
developed over the years [13]. Ex-situ technologies involve the exca-
vation of polluted sediment and subsequent treatment at specific plants, 
although in most cases, the dredged sediment is sent to a landfill [14, 
15]. However, ex-situ technologies can be expensive due to dredging 
operations and sediment transport, especially in offshore scenarios. 
In-situ technologies, such as in-situ bioremediation (ISB) and in-situ 
capping (ISC), are more cost-effective as they do not require sediment 
excavation from the seabed [16,17]. Bioremediation has been proven to 
be an environmentally friendly and cost-effective method for polluted 
soils and sediment remediation [14]. However, it can be affected by 
several limitations: low conversion rate, low efficiency when PAHs are 
less bioavailable (especially for aged contamination sources), and the 
possibility of generating more toxic intermediates which can inhibit the 
microbial population [9,18]. Capping technology is typically used for 
the isolation of contaminants and the drastic reduction of their mass flux 
to water above by installing a physical barrier [19], but pollutants are 
not treated and remain in the environment [9]. In most cases, it is 
possible to implement capping with reactive layers containing sorbent 
materials (activated carbon, biochar, zeolites) that allow a better 
immobilization of contaminants as well as the development of bacterial 
communities for biodegradation [20]. Other possible treatments of 
contaminated sediments reported in the scientific literature are thermal 
desorption and electrochemical processes, but despite offering high ef-
ficiencies are characterized by very high costs and high energy demands 
[17,21].

Is well known that in-situ processes are preferred over ex-situ pro-
cesses, thanks to their lower costs, but in port areas sediment dredging is 
frequently required, for example to facilitate naval traffic. The dredged 
matrix can find several applications in various ways, including beach 
resurfacing, civil construction projects, and instances of land reclama-
tion [22,23]. Considering the reuse of dredged sediment, if contami-
nated, its remediation with ex-situ approaches becomes necessary to 
ensure environmental and healthy safety standards.

In recent years, surfactant-enhanced remediation (SER) has emerged 
as a promising approach, leveraging the properties of surfactants to 
enhance the mobilization and subsequent removal of PAHs from sedi-
ments. Surfactants, or surface-active agents, possess amphiphilic struc-
ture (hydrophobic tail group directly linked with a hydrophilic head) 
that allow them to interact with both water and organic phases, facili-
tating the solubilization of hydrophobic PAHs and increasing their re-
covery [24,25]. The rationale behind employing surfactants lies in their 
ability to reduce the interfacial tension between sediment particles and 
pore water and at the same time to increase the apparent solubility of 
insoluble compounds, thereby promoting the desorption of PAHs from 
sediment matrices [26,27]. Thus, the presence of surfactants can 
enhance hydrophobic pollutants’ mass transfer in the aqueous phase, 
offering several advantages over most common and most used tech-
nologies, including greater removal efficiency, which is reflected in 
shorter time of work, lower costs, and the possibility to treat aged 
sources, where pollutants are almost immobile under normal environ-
mental conditions, while overcoming any possible rebound effect [28, 
29].

Surfactants can be produced by chemical synthesis from both fossil 
and green raw materials or by microbial secondary metabolism [30,31]. 
Synthetic surfactants from fossil sources have notable environmental 
impacts, high levels of toxicity, and low biodegradability [31]. Conse-
quently, new technologies are focusing on 100 % bio-based surfactants 
[32], such as sugar-based nonionic surfactants, both synthetic from 
renewable sources (e.g., biomass containing sugars and fatty acid esters) 
or produced by the secondary metabolism of microorganisms (e.g., 
biosurfactants) [33].

In this context, the present work deeply investigates a novel meth-
odologic approach for the treatment of a PAHs-polluted marine 

sediment using green non-ionic surfactants, both synthetic and natural, 
as extracting agents.

More in detail, a systematic process study was conducted through a 
sequence of lab-scale experiments to evaluate the effectiveness of sur-
factants in solubilizing PAHs from contaminated sediment. After a pre-
liminary batch test conducted in a previous study [34] using a surfactant 
concentration of 5 times the critical micelle concentration (5x CMC), to 
evaluate the ability of the surfactants to solubilize PAHs in the aqueous 
phase, in this work additional batch tests were performed to explore the 
impact of surfactants concentration on PAHs mobilization. Then, by 
selecting the best surfactants in terms of mobilization efficiency and 
their optimal concentration, a continuous configuration column exper-
iment was finally carried out to investigate PAHs mobilization under 
conditions representative of a real continuous flushing process, consid-
ering it as an alternative and innovative process configuration to the 
more traditional surfactant-enhanced sediment washing in batch 
configuration reactors. Overall, this work aims to provide valuable in-
formation on the feasibility and effectiveness of surfactant-based ap-
proaches to addressing PAHs contamination in marine environments. 
The results of this research have the potential to inform future remedi-
ation practices, offering an innovative solution to facilitate the efficient 
and sustainable removal of organic contaminants from contaminated 
sediments.

2. Materials and methods

2.1. Materials

2.1.1. Contaminated marine sediment
The marine sediment used for this study came from the National 

Priority Site (NPS) of Bagnoli-Coroglio (Naples) located in the Campania 
region, in the south of Italy, and is affected by a historical contamination 
by polycyclic aromatic hydrocarbons (PAHs) due to the activity of local 
steel industries that began operations in the early 20th century and were 
decommissioned in the early 1990s [35,36]. Therefore, it is an aged 
contamination source under sea level for more than 30 years in which 
the contaminants represent the most residual and more recalcitrant 
fraction, exhibiting markedly reduced mobility under standard envi-
ronmental conditions [7,37]. Before starting any experimental activity, 
the sediment stock was well-dried. In this way, it was possible to work 
with a totally dry sediment without residual sea water which could 
provide significant content of dissolved ions. From the reference stock of 
the sediment, three different aliquots (100 mg each) were analyzed to 
determine the grade of contamination, extracting the interested analytes 
with n-hexane and acetone at 120◦C and 1500 psi, using an Accelerated 
Solvent Extractor (ASE 200 Dionex), after the addition of surrogate 
standards, in accordance with EPA 3545a method [38]. Successively, a 
silica gel clean-up technique was utilized, using 3 g of silica, activated at 
250◦C for 1 night, and eluting, firstly, with 10 mL of n-hexane, and then 
with 20 mL of n-hexane:dichloromethane 2:1, as described in EPA 3630 
procedure [39]. The analytical determination of PAHs was carried out as 
described in the analytical method section. Overall, 16 different PAHs 
were identified with a concentration range between 19.4 µg g− 1 and 
695 µg g− 1, determining a concentration of 3.51 mg g− 1 of total PAHs 
(
∑

PAHs). All identified PAHs and their concentration in the sediment 
are shown in Table 1.

2.1.2. Surfactants
Seven different non-ionic, eco-friendly, biodegradable surfactants, 

both synthetic and biological, have been selected for investigation. All 
surfactants were supplied by Chimec S.p.A. from Pomezia (Rome) in the 
form of high-concentration stock aqueous solutions. Specifically, five 
synthetic alkylpolyglucosides (APGs) were used, designated in the 
manuscript as APG 1, APG 2, APG 2a, APG 2b, and APG 2c. APG 2a, 2b, 
and 2c refer to three formulations of APG 2, characterized by the pres-
ence of small amounts of additives: C6 branched alcohol, C10 
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polyethoxylated co-surfactant (POECS), and C10 polyethoxylated- 
propoxylated co-surfactant (POEPCS), respectively. All APGs surfac-
tants used in the study were synthesized by the company using renew-
able raw materials, such as glucose from organic waste and fatty alcohol 
from vegetable oils [27,40], instead of fossil sources (typically used for 
synthetic surfactant production [31]) demonstrating their sustainability 
from both economic and environmental perspectives.

In addition, two biosurfactants were investigated: one rhamnolipid 
(named RL 2) and one sophorolipid (named SL), prepared in an alcoholic 
solution with 33 % glycerol and 33 % isopropyl alcohol.

Both RL 2 and SL were biosynthesized by microbial fermentation of 
an organic feedstock composed of vegetable oils and sugars. After 
biosynthesis, the biosurfactants were directly diluted with the glycerol- 
isopropyl alcohol mixture and were supplied by the producing company 
without any separation process for greater cost-effectiveness.

Looking at environmental implications, all investigated surfactants 
are recognized as readily biodegradable and non-toxic products for or-
ganisms and plants, as reported on the European Chemical Agency 
(ECHA) website [41–43].

These surfactants also exhibit low environmental persistence due to 
their non-ionic nature, which strongly reduces their adsorption on 
organic matter and prevents their precipitation by aggregation with 
counterions, unlike anionic and cationic surfactants. In addition, thanks 
to their non-ionic nature, all surfactants do not interact with dissolved 
ions (such as chloride), avoiding any interference that could cause an 
efficiency reduction in contaminants mobilization [44,45].

All surfactants have been characterized in previous works by several 
measurements of the liquid-air surface tension of surfactant solutions at 
different concentrations to experimentally determine the critical 
micellar concentrations (CMCs) [27,34]. The chemical structure, 
composition of all investigated surfactants and formulations, and their 
CMC values are detailed in Table 2.

2.2. Methods

2.2.1. Batch configuration experiment: surfactant concentration effect on 
PAHs mobilization

Several batch tests were performed to investigate the effect of sur-
factant concentration on the PAHs mobilization process. All batch tests 
were performed in duplicate at room temperature and pressure condi-
tions (25◦C and 1 atm) in 42 mL borosilicate glass vials. Each reactor 
was loaded with 1 g of sediment and completely filled with 42 mL of 
surfactant solution. All reactors were mechanically stirred on a rotary 
plate for 48 hours and then centrifuged for 10 minutes at 3000 rpm to 

allow the complete separation between the solid phase (washed sedi-
ment) and the liquid phase (surfactant solution containing mobilized 
PAHs). The supernatant was filtered with a 0.45 µm cellulose acetate 
syringe filter and then analyzed using a gas chromatograph equipped 
with a mass spectrometer detector (GC-MS) (Agilent 7890A-5975 C GC- 
MS).

For the experiments, three different surfactant concentrations were 
tested: 1 %, 3 %, and 5 % wt. In this way, for each condition, all solu-
tions were prepared with the same surfactant concentration in order to 
quantitatively compare the PAHs mobilization performance.

2.2.2. Continuous configuration column experiment: flushing simulation of 
the sediment

The next phase of the study involved a continuous configuration 
column test to simulate a lab-scale flushing process on the contaminated 
sediment. Simultaneously, a thorough investigation into the surfactants’ 
capacity to mobilize and enhance the solubility of PAHs was conducted.

Three column tests were performed, using three different flushing 
agents: i) distilled water as a control test; ii) the synthetic surfactant APG 
2; and iii) the biosurfactant SL after a pre-treatment with distilled water. 
Both synthetic and natural surfactants were chosen based on batch test 
results, where they resulted as the most promise in PAHs mobilization. A 
surfactant concentration of 1 % wt was utilized. All continuous experi-
ments lasted 14 days. The selection of these two surfactants allowed for 
a comparative assessment of the different performances and behaviors of 
synthetic and biological surfactants towards contaminants.

PMMA cylindrical 1D columns (H = 14 cm; Ø = 2.5 cm; volume =
68.7 cm3) were employed. Silica sand with a low adsorption capacity 
was used for the packing of 3 cm at the top and bottom of each column, 
while 8 cm of contaminated marine sediment from Bagnoli was packed 
in the middle. The columns were packed under mechanical stress to 
ensure a homogeneous liquid phase front and to prevent the formation 
of a preferential flow path of aqueous phase through the sediment. 
Before closing the columns, a non-woven fabric filter was applied at the 
top and bottom to avoid the obstruction of the tubes. Throughout the 
entire experiment, a peristaltic pump (Gilson Miniplus Evolution) was 
used to feed the column at a constant flow rate (Q) of 0.6 mL/min. At the 
exit, the tube was connected to a fraction collector (Gilson FC 204) to 
collect equal volumes of effluent every 16.5 minutes in different tubes. 
The effluent fractions were collected into 10 mL glass vials, hermetically 
closed with a Teflon butyl stopper (Wheaton, Millville, NJ), sealed with 
an aluminum cap, and then stored at − 18◦C until analysis. For PAHs 
quantification, 1 mL of solution from each vial was analyzed by GC-MS. 
A schematic representation of the experimental setup is shown in Fig. 1. 
Details of the continuous systems are summarized in Table 3.

2.2.3. Analytical methods
For PAHs quantification in liquid samples (both from the solvent 

extraction of sediment characterization and mobilization tests), 1 mL of 
the solution was collected using a Gilson pipette and transferred into a 
vial (Supelco, Bellefonte, Pennsylvania) where 1 mL of dichloromethane 
(DCM) and the selected internal standards (a mix of deuterated PAHs: 
Naphthalene d-8, Acenaphthene d-10, Anthracene d-10, Pyrene d-10, 
Chrysene d-12, Perylene d12 – ULTRA Scientific J.T. Baker, Deventer, 
Holland) were also added. Before the analysis, each sample was 
centrifuged at 2500 rpm for 10 minutes for the separation of DCM and 
water.

The analytical determination of PAHs was carried out using an 
Agilent 7890A-5975 C GC-MS system equipped with a DB 5MS capillary 
column (30 m × 0.25 mm i.d. × 0.25 µm thickness film). The internal 
standard method was used to plot the calibration curve using the 
reference material NIST 2260a. The quantitation limit was 0.1 µg kg− 1 

for each single compound. Helium (He) was used as the carrier gas at a 
flow rate of 0.5 mL min–1, the injection temperature was set at 210 ◦C. 
The analysis was performed in Selected Ion Monitoring (SIM) mode with 
two temperature ramps. Specifically, an initial oven temperature of 60 

Table 1 
List of 16 identified PAHs in the sediment and their concentration.

Contaminant Molecular Weight 
(g mol¡1)

Aromatic 
Rings

Concentration 
(µg g¡1)

Naphthalene 128.17 2 52.8
Acenaphthylene 152.20 2 19.4
Acenaphtene 154.21 3 43.7
Fluorene 166.22 3 51.4
Phenanthrene 178.23 3 238.7
Anthracene 178.23 3 70.4
Fluoranthene 202.26 4 695.0
Pyrene 202.26 4 427.9
Benzo(a)anthracene 228.29 4 282.2
Chrysene 228.29 4 145.6
Benzo(b+j)fluoranthene 252.32 5 332.6
Benzo(k)fluoranthene 252.32 5 92.6
Benzo(a)pyrene 252.32 5 636.3
Indeno(1,2,3-cd)pyrene 276.34 6 217.0
Dibenzo(a,h)anthracene 278.35 6 60.0
Benzo(g,h,i)perylene 276.34 6 142.1
∑

PAHs 3507.8
∑

LIGHT PAHs < 200 < 4 476.4
∑

HEAVY PAHs ≥ 200 ≥ 4 3031.4
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Table 2 
Chemical structure, composition and CMC values of investigated surfactants and formulations. POECS: polyethoxylated co-surfactant; POEP: poly-
ethoxylated – propoxylated co-surfactant. References: a Amanat et al [27]. b Moscatelli et al [34].

Name Surfactant Additive

APG 1 
Alkylpolyglycoside 
CMC a = 0.06 % wt

/

APG 2 
Alkylpolyglycoside 
CMC a = 0.007 % wt

/

APG 2a 
Alkylpolyglycoside 
CMC 6 = 0.065 % wt

APG 2b 
Alkylpolyglycoside 
CMC b = 0.035 % wt

APG 2c 
Alkylpolyglycoside 
CMC b = 0.037 % wt

SL 
Sophorilipid 
CMC a = 0.0125 % wt

/

(continued on next page) 

B. Barbati et al.                                                                                                                                                                                                                                 



Journal of Environmental Chemical Engineering 12 (2024) 113820

5

◦C is held for 1 minute. Then a first temperature ramp with a rate of 20 
◦C min− 1 is performed until 120 ◦C, held for 1 minute, and a second 
ramp is performed with a rate of 7 ◦C min− 1 up to 330 ◦C, held for 
2 minutes, for a total run time of 37 minutes.

2.2.4. Tracer test
Before starting the column experiments, a tracer test for each column 

was carried out by feeding a 1 g L− 1 KCl solution with a constant flow 
rate Q = 0.6 mL min− 1 (step signal) to calculate the fluid dynamic 
parameter of columns, such as the hydraulic retention time (HRT), the 
pores space’s volume (VP), and the porosity (ε). Since ion chloride (Cl-) 
does not interact with the stationary phase, its residence time is solely 
dependent on the fluid dynamics parameters of the column. The con-
ductivity of the outlet of the reactor was continuously monitored by a 
Handylab® 330 (SI-analytics, Weilheim, Germany) conductometer to 
monitor chloride concentration.

2.3. Calculation

For the tracer test, F-curves were built by plotting outlet Cl- con-
centration normalized by inlet Cl- concentration (C/C0) as a function of 
time. The approach of the first derivate method was used for the flex 
point determination of the F-curve, representing the experimental hy-
draulic retention time (HRT). The pores space’s volume (VP) was 
calculated with Eq. 1 by multiplying the HRT and the flow rate (Q). 
Then, the ratio between VP and the geometrical volume (VG) gives the 
porosity (ε) of the fixed bed, as reported by Eq. 2. 

VP [mL] = HRT [min] × Q [mL/min] (1) 

ε(%) = VP [mL] / VG [mL] × 100 (2) 

Data of batch concentration test were processed in order to calculate 
the percentage of mobilized PAHs by the ratio between the total mass of 
PAHs in the aqueous phase after 48 hours of washing and the total mass 
of PAHs in the sediment before the test, as shown by Eq. 3. 

%PAHs =
(
CPAHs,aq × Vaq)

/
(CPAHs,s × ms

)
× 100

=
(
mPAHs,aq

/
mPAHs,s

)
× 100 (3) 

Where, CPAHs, aq (mg mL− 1) and CPAHs, s (mg g− 1) are the concentrations 
of PAHs in in aqueous phase after the treatment and in the sediment at 
starting point (before the treatment), respectively; Vaq and ms are the 
volume of surfactant solution used for the washing (42 mL) and the mass 
of sediment in each batch reactor (1 g), respectively. The terms mPAHs, aq 

and mPAHs, aq indicate the masses (mg) of PAHs in aqueous phase after 
washing operation and in the sediment before the treatment, 

Table 2 (continued ) 

Name Surfactant Additive

RL 2 
Rhamnolipid 
CMC a = 0.0173 % wt

/

Fig. 1. Experimental set-up of continuous column tests.

Table 3 
Characteristics of set-up columns.

Column Flushing Agent Sediment amount 
(g)

Duration of treatment

#1 H2O 44 14 days
#2 APG 2 (1 % wt) 47.3 14 days
#3 H2O + SL (1 % 

wt)
47.7 7 days (H2O) + 7 days 

(SL)
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respectively.
For continuous column test, PAHs concentration data were plotted 

against the pores volume (PV) (volume of the solution passing through 
the column normalized by the total pore volume (VP) of the fixed bed to 
obtain the concentration profile of mobilized PAHs) [25].

Data processing of the column continuous test regarded the calcu-
lation of the total mass of mobilized PAHs and then the determination of 
a removal factor (in percentage) of each tested flushing agent, for a 
comparative assessment of the PAHs mobilization capacity. In the col-
umn tests, the PAHs concentration, the total mass of PAHs mobilized, 
and the percentage of mobilization have been calculated as follows:

• By the analysis in GC-MS, concentrations of PAHs (CPAHs) (mg L− 1) in 
the effluent samples are determined. Concentration data were 
plotted against the pores volume of fed solution to obtain the profile 
of PAHs concentration.

• The total amount of PAHs mobilized (mg) is calculated by integrating 
the under-curve area, which represents the concentration of total 
PAHs in each fraction per volume unit, as the sum of the areas of the 
rectangular strips.

• The percentage of mobilization is calculated from the ratio between 
the extracted mass of PAHs in aqueous phase and the initial mass of 
total PAHs in the sediment.

3. Results and discussion

3.1. Batch configuration experiment: surfactant concentration effect on 
PAHs mobilization

Fig. 2 shows the trend of total PAHs (
∑

PAHs) mobilization for all 
investigated surfactants at each tested concentration level. Qualita-
tively, the graph suggests that the ability of surfactants to mobilize PAHs 
increases almost linearly as the surfactant concentration rises above the 
CMC. This behavior is associated with the increased number of micelles 
in the solution, which enhances the pseudo-solubilization effect toward 
hydrophobic compounds, allowing for more efficient transfer into the 
aqueous phase [46].

At the lowest concentration (1 % wt), all surfactants showed a global 
PAHs removal efficiency ranging between 5 % and 14 %, except for the 
APG 2a formulation, which was the least promising with a total PAHs 
mobilization of 3.2 %. On the other hand, the SL biosurfactant and 
synthetic APG 2 gave the best results, with total PAHs mobilization of 
14.4 % and 14 %, respectively. They were followed by APG 1 with a 
13 % PAHs mobilization efficiency, then APG 2b and APG 2c with 
10.4 % and 8.5 %, respectively. Lastly, RL 2 biosurfactant and APG 2a 

had mobilization efficiencies of 5.6 % and 3.2 %, respectively.
From the trends shown in Fig. 2, it is evident that the different sur-

factants responded differently to the concentration increase. Indeed, 
from 1 % wt to 3 % wt and 5 % wt, differences in the increase of PAHs 
mobilization ability were observed. For example, alkylpolyglycosidic 
formulations (APG 2a, APG 2b, and APG 2c) showed significantly higher 
performance enhancement than non-additivated APGs (APG 1 and APG 
2). In particular, PAHs mobilization ability of the APG 2a formulation 
was four times higher, increasing from 3.5 % up to 12.6 % (a 295 % 
increase) when its concentration was raised to 3 % wt. With the subse-
quent concentration increase up to 5 % wt, the total PAHs mobilization 
further increased by about 34 % compared to the previous condition, 
reaching the value of 17 %.

For the APG 2b and APG 2c formulations, the improvement in PAHs 
mobilization ability was lower than for APG 2a. Specifically, with the 
concentration increase up to 3 % wt, total PAHs mobilization increased 
by 62 % (from 10.4 % to 16.8 %) and by 58 % (from 8.5 % to 13.5 %) 
for APG 2b and APG 2c, respectively. At a surfactant concentration of 
5 % wt, PAHs mobilization for APG 2b and APG 2c reached 18.7 % and 
19 %, respectively, with a corresponding increases of 11 % for APG 2b 
and 40 % for APG 2c. Considering the change in surfactant concentra-
tion from 1 % wt to 5 % wt, the global increases in PAHs mobilization 
were 430 %, 80 %, and 122 % for APG 2a, APG 2b, and APG 2c, 
respectively.

As previously mentioned, non-additivated APGs (APG 1 and APG 2) 
exhibited lower enhancement in PAHs mobilization ability than for-
mulations at the same concentration. In the presence of APG 1, total 
PAHs mobilization increased by 39 % (from 12.9 % to 18 %) and by a 
further 9 % (from 18 % to 19.7 %) when the concentration was 
increased to 3 % wt and 5 % wt, respectively. For APG 2, total PAHs 
mobilization increased by 24 % (from 14 % to 17.4 %) and by 34 % 
(from 17.4 % to 23.4 %) as the surfactant concentration increased to 
3 % wt and then to 5 % wt. Overall, with the increase in concentration 
from 1 % wt to 5 % wt, the mobilization of PAHs in the presence of APG 
1 and APG 2 increased by 52 % and 66 %, respectively.

In the context of biosurfactants SL and RL 2, the response to 
increased surfactant concentration in the washing solution was less 
intense than for alkylpolyglycosidic formulations and slightly greater 
than for non-additivated alkylpolyglucosides. Specifically, SL experi-
enced a performance increase of 35.2 % when its concentration was 
increased from 1 % wt (14.4 % mobilized total PAHs) to 3 % wt (19.5 % 
mobilized total PAHs). With the increase in concentration to 5 % wt, SL 
mobilizing capacity further increased by 41 %, reaching the value of 
27.6 %. Thus, with the increase in surfactant concentration from 1 % wt 
to 5 % wt, the mobilization of total PAHs from the sediment almost 
doubled, with an overall increase of 102 %.

A similar behavior was observed with the rhamnolipid RL 2. In this 
case, PAHs mobilization increased by 64 % (from 5.7 % to 9.4 %) and by 
21 % (from 9.4 % to 11.4 %) when surfactant concentration increased 
from 1 % wt to 3 % wt and from 3 % wt to 5 % wt, respectively.

Quantitatively, the biosurfactant SL and the synthetic APG 2, which 
have the lowest CMC values (see Table 2), provided the best perfor-
mances in terms of PAHs mobilization for both minimum (1 % wt) and 
maximum (5 % wt) concentration conditions.

A very interesting aspect of this investigation is shown in Fig. 3, 
which illustrates the variation of the heavy PAHs fraction in the total 
mobilized PAHs in the aqueous phase. The bars diagram in the figure 
highlights that the heavy PAHs fraction becomes progressively greater 
as the surfactant concentration increases. Specifically, using 5 % wt 
surfactant solutions, the heavy PAHs fraction in the total mobilized 
PAHs reached values greater than 83 %. In this context, the best per-
formances were obtained with both the sophorolipid SL and the alkyl-
polyglucoside APG 1, where the molar fraction of heavy PAHs was 88 % 
at a concentration of 5 % wt.

This behavior is particularly relevant because it demonstrates that 
increasing the concentration of surfactants not only enhances the total Fig. 2. PAHs mobilization (%) at different surfactant concentrations.
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mobilization of PAHs but also increases the amount of the heavy fraction 
of PAHs, which includes the less soluble, less mobile, and most recal-
citrant compounds.

3.2. Continuous configuration column experiment

3.2.1. Tracer tests
Step signal tracer tests were performed on all set-up columns for the 

experimental determination of fluid-dynamic parameters of the systems, 
such as hydraulic retention time (HRT), volume of the pores (Vp) and 
porosities (ε). These parameters are summarized in Table 4.

The difference of calculated parameters among the three columns is 
mainly due to the different packing of the sediment since the packing 
operations were made manually by mechanical percussions of reactors.

3.2.2. Flushing simulation of the sediment
Fig. 4 shows the concentration profile of total PAHs in the outlet for 

column #1, which was flushed with distilled water. For this system, total 
PAHs concentrations in the effluent were quite low, ranging from 45 to 
225 µg L⁻1, with an average value of 130 ± 6 µg L⁻1. This low concen-
tration is related to the low solubility of the pollutants, which represent 
the most residual and recalcitrant fraction over decades. A further 
characteristic aspect of H₂O flushing is that the mobilized total PAHs 
(grey circles) consisted almost exclusively of light PAHs (red circles), 
with only small traces of heavy PAHs (green circles).

By integrating the area under the flushing curve, it was possible to 
determine the total mobilized PAHs mass, which was equal to 1.6 mg of 
total PAHs. The related removal efficiency was 1.1 %.

For column #2, which was flushed with an APG 2 solution at 1 % wt 
(Fig. 5a), the first notable aspect is the immediate and rapid increase in 
PAHs concentration to a maximum value of 324.7 mg L⁻1, that is four 
orders of magnitude greater than the PAHs concentration measured in 
column #1 (reported in the graph as blue squares). Additionally, the 
surfactant led to the mobilization of a significant fraction of heavy PAHs. 

These results confirm the ability of surfactants to enhance the solubili-
zation and the mass transfer of pollutants, which were poorly mobile in 
the presence of water alone.

More specifically, Fig. 5b (with the x-axis scale zoomed in the range 
of 0–10 PV) shows that the PAHs mobilization process began within 1 
pore volume of fed solution (indicated by the first PAHs concentration 
increase in the outlet) and reached the maximum after just 1.2 pore 
volumes, corresponding to about 60 mL of feeding. Considering a con-
stant flow rate (Q = 0.6 mL min⁻1), the maximum PAHs mobilization 
was obtained in approximately 90 minutes of treatment. After reaching 
the maximum, the outlet concentration of PAHs decreased almost 
instantaneously, stabilizing at 1–2 mg L⁻1 after just 5.5 pore volumes. 
This stable concentration was maintained for the duration of the 
experiment (14 days, equivalent to 230 pore volumes of feeding).

From a quantitative perspective, by integrating the area under the 
curve, the mobilization of 46.3 mg of total PAHs was calculated, cor-
responding to a removal efficiency of 27.9 %.

Fig. 6a illustrates the outlet PAHs concentration profile after the 
complete flushing process conducted on column #3. This process was 
divided into three phases: i) pretreatment with distilled water for 7 days 
(125 pore volumes); ii) sediment flushing with SL biosurfactant for 7 

Fig. 3. Increase in heavy PAHs molar fraction in the total mobilized PAHs with the increase in surfactant concentration.

Table 4 
Fluid-dynamics parameters of columns.

Column Q (mL min¡1) HRT (min) Vp (mL) ε (%)

#1 0.57 90 51.3 74.7
#2 0.54 95 51.3 74.7
#3 0.60 85 51.0 74.2

Fig. 4. Outlet PAHs concentration profiles for column #1 treated with 
distilled water.
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days (125 pore volumes); and iii) a second treatment with distilled water 
for 2 days (approximately 20 pore volumes).

The water pretreatment phase was conducted to highlight the clear 
difference between H2O and surfactants and to better underline the 
interfacial properties of surfactants that significantly enhance 

contaminants’ mobility. As seen in the first step, the PAHs concentration 
profile was relatively flat compared to the profile obtained in the second 
phase of the process (Fig. 6a). Fig. 6b shows that the PAHs concentration 
profile during the water pretreatment was consistent with the results 
obtained for column #1 (Fig. 4), where only the light fraction of PAHs 

Fig. 5. Outlet PAHs concentration profile for column #2 treated with 1 % wt APG 2 solution. a) whole process; b) first 10 pores volumes.

Fig. 6. Outlet PAHs profile concentration for column #3 treated with 1 % wt SL solution. a) whole process; b) pretreatment with distilled water (0–130 pore 
volume); c) SL flushing in the range 130–150 pore volumes.
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was present, with concentrations ranging between 45 µg L⁻1 and 
225 µg L⁻1.

After 1 week of pretreatment, sediment flushing with SL bio-
surfactant was started. The effect of the surfactant is clearly visible, as 
indicated by the almost immediate formation of the characteristic PAHs 
concentration peak, due to the substantial increase in the apparent 
solubility of the contaminants. Due to the solubilising capacity of the 
biosurfactant, a significant fraction of heavy PAHs was found in the 
effluent samples, confirming the advantage that can be obtained from 
flushing with surfactant compared to treatment with H2O (similar to a 
P&T operation).

Fig. 6c (with the x-axis scale zoomed into the range of 130–150 pore 
volumes) gives a more detailed examination of the system’s behavior 
during the SL flushing process. PAHs mobilization began in 2 pore vol-
umes and reached the maximum in 4 pore volumes, with a PAHs con-
centration peak of 104.6 mg L⁻1. This indicates a notable enhancement 
in PAHs mobility compared to water, though less intense than APG 2. 
After reaching the maximum, the PAHs concentration exhibited a 
decreasing trend. The decrease in PAHs concentration was slower 
compared to the APG 2 flushing process, resulting in a smoother PAHs 
concentration profile. For this reason, with SL biosurfactant was ob-
tained a smooth PAHs concentration profile, that reaches after about 10 
pore volumes a long tailing in which the concentration of PAH decreases 
very slowly from 20 mg L− 1 to 7 mg L− 1 at the end of the treatment.

Despite the less intense PAHs solubilization compared to APG 2, the 
SL biosurfactant achieved a removal of 49.1 mg of total PAHs from the 
sediment, corresponding to an efficiency of 29.5 %. This performance 
was slightly better than that of synthetic APG 2. Additionally, when the 
flow rate was reduced to 0.3 mL min⁻1 after 80 pore volumes of SL 
treatment, a new increase in PAHs concentration up to around 13 mg L⁻1 

was observed. This increase can be attributed to the extended residence 
time of the surfactant solution in the system, which resulted in a longer 
surfactant-contaminant contact time and thus a local improvement in 
PAHs mobilization [47].

The bars diagram in Fig. 7 highlights the differences between the 

flushing solutions used in the column experiments. The graph shoes the 
removal efficiencies for each PAH using distilled water (grey bars), 
synthetic APG 2 (cyan bars), and SL biosurfactant (orange bars).

As noted previously, with distilled water only light PAHs were 
mobilized, with removal efficiencies lower than 12 %. Only trace 
amounts of fluoranthene and pyrene (< 0.2 %) were detected, which are 
the lightest among the heavy PAHs group. In contrast, the situation was 
markedly different with the surfactants. In his case, the mobilization 
efficiencies of light PAHs were significantly higher. For instance, 
phenanthrene removal reached 53 % and 83 % with APG 2 and SL, 
respectively (5 and 8 times higher than with water).

The most significant difference is observed in the mobilization of 
heavy PAHs, which are mobilized with efficiencies between 40 % and 
16 %, unlike the H2O treatment in which the heavy PAHs fraction is 
absent.

Table 5 summarizes the performances of each flushing agent used in 
continuous systems. For column #1 (H2O treatment), after flushing 225 
pore volumes, a total of 1.6 mg of PAHs were mobilized, corresponding 
to a global removal efficiency of 1.1 %. Of the total mobilized mass, 
97 % (1.55 mg) were light PAHs and the remaining 3 % (0.05 mg) were 
heavy PAHs, predominantly fluoranthene and pyrene.

In the case of column #2 (APG 2 flushing), a total of 46.3 mg PAHs 
were mobilized, resulting in 27.9 % of removal efficiency. Similarly, for 
column #3 (SL biosurfactant flushing) 48.9 mg of total PAHs were 
mobilized with a removal efficiency of 29.2 %, resulting slightly more 
efficient than APG 2. Notably, SL flushing was carried out for 7 days, 
compared to 14 days of APG 2 flushing. The data clearly show that 
surfactants significantly enhance the mobility and the mass transfer of 
PAHs, achieving up to 30 times greater efficiency than water with 
significantly smaller pore volume and operating time.

The data in the table also highlight the different behaviours of the 
two investigated surfactants towards the same contaminants. Although 
both surfactants achieved similar amounts of mobilized PAHs and 
removal efficiencies, APG 2 exhibited a higher concentration peak (three 
times higher than SL) and the complete mobilization of PHAs occurred 

Fig. 7. Mobilization of each PAH by water (grey), APG 2 (cyan) and SL (orange).
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in just 5.5 pore volumes of fed solution after which the concentration of 
PAHs in the effluent stabilized around 1–2 mg L− 1 until the end of the 
process. In contrast, with SL biosurfactant the concentration peak 
reached the maximum value of 105 mg L− 1, and the total mobilization 
of PAHs occurred with more than 50 pores volumes of fed solution, 
considering the long tailing of outlet PAHs concentration ranging from 
20 mg L− 1 to 7 mg L− 1. These observations agree with results already 
obtained by Barbati et. al [25] in their previous study about the appli-
cation of APGs and RLs in Toluene and Perchloroethylene (PCE) mobi-
lization, through a lab-scale soil flushing simulation in similar 
experimental conditions.

Considering these results, it is possible to conclude that synthetic 
APG 2 has a more intense and immediate mechanism of action on 
contamination, as mobilization occurred with the feeding of about 
230 mL of solution in a process time of less than 6 hours. On the con-
trary, SL demonstrates a less intense but continuous and steady mech-
anism of action throughout the treatment duration.

Another notable difference concerns the molar fraction of light and 
heavy PAHs in the total mobilized PAHs. With APG 2 flushing, the light 
PAH fraction was 18 %, while the heavy PAH fraction was 82 %. In the 
presence of SL, there was a slight reduction in the mobilization capacity 
of heavy PAHs. Specifically, the fractions were 23 % for light PAHs and 
77 % for heavy PAHs.

These calculated fractions align with the bars diagram shown in 
Fig. 7, which illustrates that APG 2 had a greater ability to mobilize most 
of the heavy PAHs compared to SL. On the contrary, SL biosurfactant 
proved more effective for mobilizing light PAHs, particularly phenan-
threne, whose mobilization with SL reached 83 % (almost double 
compared to synthetic APG 2). For other light PAHs, APG 2 and SL 
exhibited similar mobilization abilities.

4. Conclusions

In the context of surfactant-assisted environmental remediation, this 
study investigated the impact of surfactants’ concentration on PAHs 
mobilization mechanism through a series of batch tests. Then, the study 
was concluded with a direct evaluation of surfactant-enhanced mobili-
zation of PAHs by performing continuous column experiments for a lab- 
scale sediment flushing simulation, that can be considered an innovative 
process configuration for contaminated sediment remediation.

With the batch configuration test, it has been observed that the 
mobilization of pollutants became more efficient as the surfactant con-
centration increased, reaching values of 23.4 % and 27.6 % with the 
long chain alkylpolyglycoside (APG 2) and sophorolipid (SL), respec-
tively, both used at 5 % wt concentration. These two surfactants were 
found to be the most efficient also when used at the lowest concentration 
(1 % wt) giving about 14 % of total PAHs mobilization.

As a result, APG 2 and SL, both with concentrations equal to 1 % wt, 
were chosen for the continuous column test as flushing agents for 
mobilizing PAHs.

The results highlighted the significant mobilization of PAHs from 
marine sediments, with a removal efficiency equal to 27.9 % and 29.2 % 

of total PAHs in the presence of APG 2 and SL, respectively. In both 
cases, the mobilization of PAHs resulted about 30 times greater than 
water, that allowed to reach 1.1 % of PAHs mobilization.

Moreover, two different ways of mobilizing PAHs were observed: 
with APG 2 a high and very thin concentration peak was immediately 
obtained (in just 1.1 pores volume) indicating a direct and intense 
mobilization of PAHs, that finished after 5 pore volumes. On the con-
trary, SL gave a larger PAHs concentration profile with a lower con-
centration peak originated after 4 pores volumes, which allowed to 
hypothesize a less intense but time-prolonged and constant mechanism 
of action on contamination.

In addition, this laboratory investigation demonstrates that switch-
ing from a batch configuration washing to a continuous flushing in 
tubular reactors is possible to increase PAHs removal efficiency. 
Particularly, using 1 % wt of surfactant concentration, PAHs removal 
was increased from 14 % to 27.9 % and 29.2 % in the presence of APG 2 
and SL, respectively. Considering also the little pore volume range 
required for the achievement of those performances, these findings 
clearly underline the advantages of the continuous configuration pro-
cess with respect of traditional batch configuration sediment washing.

Between these two surfactants tested in the continuous process, SL 
resulted the most promising as it led to the greater mobilization of total 
PAHs. It is also noteworthy that SL flushing lasted only 7 days and then 
PAHs mobilization could be much higher in a larger operative time 
(considering the long tail after the peak in Fig. 6C). Moreover, since SL is 
produced through the secondary metabolism of numerous yeast species 
[48], it is totally biodegradable and eco-compatible [42], representing 
the possible promising future of a sustainable surfactant-enhanced 
remediation process.
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Table 5 
Summary of continuous test’s data. Light and heavy PAHs fractions* are calculated with respect to the total PAHs mobilized mass; PV** is referred to the pore volume 
needed for the mobilization of 95 % of total mobilized amount; SL*** data are related to surfactant flushing phase with a total duration of 7 days (water pretreatment is 
not included).

CONTAMINATION FLUSHING

Column Sediment 
amount 
(g)

Mass of 
PAHs 
(mg)

Flushing 
Agent

COUT 

max 

(mg 
L¡1)

Mobilized mass of 
PAHs 
(mg)

Light PAHs 
fraction* (%)

Heavy PAHs 
fraction* 
(%)

PV** Removal 
efficiency (%)

#1 44 133.2 H2O / 1.6 97 3 225 1.2
#2 47.3 165.9 APG 2 324.7 46.3 18 82 5.5 27.9
#3 47.7 167.3 SL *** 104.6 48.9 23 77 50 29.2
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