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Abstract
This study proposes a comparison of different ex situ technologies aimed at the removal of polycyclic aromatic hydrocarbons
from marine sediments in terms of performances, costs and energy balance. In accordance with the principles of water-energy
nexus, anaerobic bioremediation, soil washing and thermal desorption were investigated under low liquid phase and temperature
conditions using phenanthrene (PHE) as model compound. After 42 days of anaerobic bioremediation, the highest PHE biodeg-
radation of 68 and 64% was observed under denitrifying and methanogenic conditions, respectively, accompanied by N2 and
CH4 production and volatile fatty acid accumulation. During soil washing, more than 97% of PHE was removed after 60 min
using a solid-to-liquid ratio of 1:3. Along the same treatment time, low-temperature thermal desorption (LTTD) allowed a PHE
removal of 88% at 200 °C. The economic analysis indicated that LTTD resulted in a higher cost (i.e. 1782 € m−3) than
bioremediation and soil washing (228 and 371 € m−3, respectively). The energy balance also suggested that bioremediation
and soil washing are more sustainable technologies as a lower required energy (i.e. 16 and 14 kWhm−3, respectively) than LTTD
(i.e. 417 kWh m−3) is needed.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of haz-
ardous compounds that pose risks to human and ecological
health (Muangchinda et al. 2017). Marine sediments are often
contaminated by PAHs due to oil spillage and atmospheric
deposition of particulate emissions produced by industrial ac-
tivities (Nam et al. 2008; Mat-Shayuti et al. 2019). Moreover,
PAHs could be generated by early diagenetic reactions when a

high abundance of perylene is detected in sediments
(Wakeham et al. 1980; Readman et al. 2002; Wakeham and
Canuel 2016). A high quantity of contaminated marine sedi-
ments usually results in waste management problems after
dredging (Sprovieri et al. 2007), due to the limited natural
attenuation of PAH pollution (Louati et al. 2014). For this
reason, PAH-contaminated sediments need to be remediated
prior to sediment disposal or reuse, in accordance with the
national regulation (Mattei et al. 2016). Bioremediation, soil
washing and thermal desorption are available ex situ technol-
ogies that can be used for contaminated sediment remediation
(Agarwal and Liu 2015; Kuppusamy et al. 2016).

Bioremediation is an eco-friendly process involving micro-
organisms to remove PAHs from contaminated sites (Yu et al.
2014; Cecotti et al. 2018). Bioremediation occurs through a
biostimulation when nutrients or extra-organic sources are
added to the soil to improve the metabolic activity of micro-
organisms (Oleszczuk and Baran 2005; Qiao et al. 2014;
Masy et al. 2016). An alternative to biostimulation is bioaug-
mentation, which consists in the supplementation of enriched
indigenous or exogenous microorganisms in the polluted soil
to speed up the remediation efficiency (Haleyur et al. 2019).
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Bioremediation may be applied under anaerobic conditions
employing methanogenic, sulfate-reducing and denitrifying
conditions (Agarry and Owabor 2011; Yang et al. 2018;
Bianco et al. 2020). However, the bioavailability of PAHs,
meant as the available part of the contaminant for biological
conversion (Guo et al. 2016), is often a limiting factor when
maintaining a bioprocess in sediments or soils (Yu et al. 2014).

Physical-chemical remediation processes overcome the
limiting factor of bioremediation, as they allow to also remove
contaminants that are recalcitrant to microbial degradation.
Among the physical-chemical techniques, soil washing is an
attractive technology due to its simplicity, low costs and high
removal efficiency (Lee and Hosomi 2000; Sun et al. 2009).
Soil washing consists in the use of solvents or reagents to
improve the mass transfer of hydrophobic pollutants from
the soil matrix to the liquid phase (Yap et al. 2012; Ferraro
et al. 2017). Previous studies have proven the efficiency of
different washing agents such as ethanol, 2-propanol, acetone
and 1-pentanol for PAH removal (Silva et al. 2005).

Thermal desorption is a remediation technology with sci-
entific and practical interest due to its high removal efficiency
and low gas emissions in the presence of gas purification units
(Smith et al. 2001). Controlling the temperature of the thermal
treatment enhances the desorption of organic pollutants from
different matrices such as soils, sludge and sediments (Pope
et al. 2000; Renoldi et al. 2003). At higher temperatures, the
removal efficiency of high-boiling point organic contaminant
increases (Bulmău et al. 2014).

For bioremediation, soil washing and thermal desorption,
the water content plays a major role during the treatment. Wet
conditions are widely applied during bioremediation to over-
come the mass transfer limitations and provide a better envi-
ronment for the microbial consortia involved (Sayara et al.
2010; Abbassi-Guendouz et al. 2012). However, a too high
water content lowers the amount of soil or sediment to be
treated in the unit of time. Regarding soil washing, the use
of a high solid-to-liquid ratio (e.g. 1:5 or 1:10) generally re-
sults in higher removal efficiencies but also a considerable
amount of spent washing solution that must be treated prior
to discharge (Chattopadhyay and Chattopadhyay 2015; Trellu
et al. 2016). During thermal desorption, an excessive presence
of water increases the energy input to evaporate the contami-
nants as water sequesters part of the heat provided (Zhao et al.
2019).

In this study, the use of dry conditions, a low solid-to-liquid
ratio and low temperature was proposed for anaerobic biore-
mediation, soil washing and thermal desorption, respectively.
Nowadays, emerging concerns such as the saving of water
resources, the production of energy in a sustainable way and
the control of pollution are receiving more and more attention
within a “water-energy nexus” perspective (Landa-Cansigno
et al. 2019; Meireles and Sousa 2019). In this line, a techno-
economic assessment of bioremediation, soil washing and

thermal desorption as ex situ processes for the remediation
of PAH-contaminated marine sediments as well as energy bal-
ance considerations were here provided. Phenanthrene (PHE),
one of the most present PAHs in environment, was selected as
representative pollutant due to its intermediate toxicity, hydro-
phobicity and environmental persistence (Louati et al. 2014).

In particular, the specific objectives of this study were to (1)
evaluate the efficiency of biostimulation/bioaugmentation,
soil washing and thermal desorption in removing PHE from
marine sediments; (2) implement the experimental data on a
commercial software in order to assess the remediation costs
and (3) consider a balance of required and possibly recovered
energy during each remediation approach to allow choosing
the most appropriate and sustainable technology.

Materials and methods

Chemicals

Phenanthrene (grade ≥ 98%), potassium nitrate (grade ≥
99%), sodium hydroxide (grade ≥ 97%) and sodium sulfate
(grade ≥ 99%) were all purchased from Sigma-Aldrich
(Germany). Acetone (grade 100%), acetonitrile (HPLC
grade), butanol (grade ≥ 96%), sodium acetate (grade ≥ 99%)
and sulfuric acid (grade ≥ 96%) were supplied by VWR
(Italy). Ethanol (≥ 99.9%) was purchased from Merck
(Germany). Deionized water with an electrical conductivity
lower than 0.3 μS cm−1 was used to prepare all solutions.

Sediment sampling and spiking

Marine sediments were collected from Formia seaside (Lazio
Region, Italy) and the physical-chemical properties are report-
ed in Table 1. No PAH was detected in the uncontaminated
sediment. After characterization, the sediment was dried and
passed through a 2-mm mesh to remove the coarse fraction.
PHE was used as model PAH due to its intermediate aqueous
solubility (i.e. 0.823 mg L−1) and hydrophobicity (i.e. log
KOW 4.57) (Smith et al. 2009; Yang et al. 2018). The uncon-
taminated sediment was spiked by dissolving PHE in acetone,
according to literature procedure (Mueller and Shann 2006;
Steffen et al. 2007). The selected value of initial PHE concen-
tration was about 200 mg kg−1 dry sediment, as reported by
Arienzo et al. (2017) for real PHE-contaminated marine sed-
iments. Subsequently, the contaminated sediment was mixed,
placed under a fume hood for 72 h to allow acetone evapora-
tion and stored in glass containers in the dark (Brinch et al.
2002). Afterwards, an aging protocol was conducted for
37 days at room temperature (Lukić et al. 2016) in order to
simulate an actual PHE-contaminated sediment.
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Experimental design

Bioremediation

Bioremediation was conducted treating the contaminated
sediment with combined biostimulation and bioaugmenta-
tion under denitrifying, methanogenic and sulfate-reducing
conditions (Chang et al. 2003; Sayara et al. 2011). The
selected sources of microorganisms were digestate and
sewage sludge (Table 1), collected from a full-scale anaer-
obic digester located in Capaccio (Campania Region, Italy)
and a wastewater treatment plant situated in Cassino (Lazio
Region, Italy), respectively. Five operative conditions, i.e.
contaminated sediment with (i) sewage sludge (S), (ii)
digestate (D), (iii) sewage sludge + 2000 mg L−1 of nitrate
(SN, with NO3

− supplied as potassium nitrate), (iv)
digestate + 2000 mg L−1 of sulfate (DS, with SO4

2− sup-
plied as sodium sulfate), (v) digestate + 2000 mg L−1 of
acetate (DA, with CH3COO

− supplied as sodium acetate),
were investigated. For each condition, 12 serum bottles
(100 mL) were loaded with a dry portion of sediment
(10 g) mixed with the inoculum at a ratio of 10:1 (dry w/
dry w) and filled with water to reach a total moisture con-
tent of 60% (Namkoong et al. 2002; Frutos et al. 2010).
Afterwards, all the bottles were flushed with argon to guar-
antee anaerobiosis, prior to being incubated in a water bath
under mesophilic conditions (i.e. at 37 ± 1 °C) (Sayara
et al. 2010) for 42 days and placed on a gyratory shaker
at 160 rpm (Gielnik et al. 2019) to simulate a mechanical
agitation. The samples were collected after 7, 14, 21 and
42 days by sacrificing three bottles at a time for each con-
dition. In SN, DS and DA, denitrifying, sulfate-reducing
and methanogenic conditions were ensured by restoring

the initial content of nitrate, sulfate and acetate, respective-
ly, when the observed NO3

−, SO4
2− and CH3COO

− con-
centrations were below 50 mg L−1.

Soil washing

Soil washing tests were performed in glass bottles (80 mL) at
room temperature (Fabbricino et al. 2018), with a 1:3, 1:5 and
1:10 solid-to-liquid (S/L) ratio. A solution with 50% of etha-
nol (ETOH) and water (w/w) was used as washing agent (Yap
et al. 2012). Sediment samples (6 g) were shaken at 200 rpm in
a horizontal shaker for 24 h (Lee and Hosomi 2000), and PHE
concentration was determined by sacrificing three bottles for
each S/L ratio after 1, 2, 5, 15, 30, 60, 180, 360, 720 and
1440 min.

Thermal desorption

Thermal desorption, testing low temperatures in 1 h of exper-
imentation (Smith et al. 2001), was carried out with ceramic
crucibles containing 10 g of sediment each (Renoldi et al.
2003) and introduced in a muffle furnace at 100, 150 and
200 °C. PHE concentrations were measured after 5, 15, 30
and 60 min sacrificing three crucibles per time for each
temperature.

Analytical methods

Total solids (TS) (Astm 1998), volatile solids (VS) (APHA,
AWWA, WEF. 2012), pH (Gurung et al. 2018), electrical con-
ductivity (EC) (Gupta and Hanks 2010), total organic carbon
(TOC) (Chen et al. 2015), alkalinity (A) and Kjeldahl nitrogen
(TKN) (APHA, AWWA, WEF 2005), sulfate and nitrate con-
centrations (Kiskira et al. 2017) weremeasured according to the
methods reported elsewhere. The samples were centrifuged at
4000 rpm for 30 min to separate the liquid fraction from the
solid phase (Sun et al. 2009). PHE was extracted from samples
by ultra-sonication (Sun et al. 1998) and was quantified using a
LC-20ADHPLC (Shimadzu, Japan) equippedwith a Kinetex®
3.5 μm PAH (150 × 4.6 mm) column (Phenomenex, USA) and
an SPD-20A UV detector (Shimadzu, Japan) set at 254 nm.
PHE bioavailability was predicted using a butanol extraction
(Ehlers and Luthy 2003; Yang et al. 2010). Biomethane, nitro-
gen gas (i.e. N2) and N2O production were measured with a
water displacement method with an alkaline trap (12% of sodi-
um hydroxide) to remove carbon dioxide and hydrogen sulfide
(Budiyono et al. 2010; Mancini et al. 2016). The gas composi-
tion (i.e. %CH4, %N2, %N2O) was determined with a 3400
GC-TCD/ECD gas chromatograph (Varian-Agilent, USA)
equipped with a Restek Packed column. Total VFAs, reported
as equivalent acetic acid concentration (mg HAc·L−1), were
analyzed according to Mancini et al. (2016), using the previ-
ously described HPLC equipped with a Rezex ROA-Organic

Table 1 Physical-chemical characterization of the uncontaminated
sediment, digestate and sewage sludge. TS [%]: total solids; VS [%]:
volatile solids; TOC [g·kg TS−1]: total organic carbon; TKN [g·kg
TS−1]: total Kjeldahl nitrogen; A [g CaCO3·L

−1]: alkalinity; EC
[mS·cm−1]: electrical conductivity. Average and relative standard
deviation (RSD) were calculated on n = 3 replicates

Parameter Sediment Digestate Sewage sludge

Average RSD Average RSD Average RSD

pH 7.85 0.05 8.59 0.10 7.88 0.7

TS (%) 79.82 0.09 6.55 0.44 12.06 0.25

VS (%) 1.35 0.06 4.40 0.35 9.87 0.11

TOC (g kg TS−1) 0.36 0.23 119.24 3.33 189.95 1.50

TKN (g kg TS−1) 0.01 0.01 21.07 0.47 1.99 0.18

A (g CaCO3·L
−1) 0.23 0.01 12.90 0.05 3.05 0.03

NO3
− (mg L−1) 19.24 3.15 34.55 1.30 72.16 0.89

SO4
2− (mg L−1) 518.82 8.36 50.65 5.65 123.70 2.08

EC (mS cm−1) 1.91 0.11 2.68 0.06 0.87 0.07

Environ Sci Pollut Res (2020) 27:19363–19374 19365



Acid H+ column (Phenomenex, USA) and a SPD-20A UV
detector set at 210 nm.

Economic analysis

The costs for sediment remediation (€ m−3) were estimated
considering the most performing operating conditions in terms
of PHE removal used during bioremediation, soil washing and
thermal desorption. The retention time and temperature were
implemented in the Remedial Action Cost Engineering and
Requirements (RACER) software (11.5 version, AECOM,
USA) as crucial operating parameters strongly affecting the
remediation efficiencies and costs. Indeed, a higher tempera-
ture can enhance the microbial metabolism rate (Mohan et al.
2006), PAH dissolution and vaporization (Haritash and
Kaushik 2009; Bulmău et al. 2014) as well as increase the
energy cost. In contrast, a lower retention time results in a
reduced capital cost (Bustillo-Lecompte et al. 2014) as smaller
reactors would be required. The contamination area, the safety
level of machining operation and mobilization distance were
assumed as 7646 m3 (i.e. 10,000 CY) (Federal Remediation
Technologies Roundtable n.d.), high (A) and 1.6 km (i.e.
1 mi), respectively. The assumption of a short mobilization
distance was done to minimize the percentage of this cost in
favor of the remediation cost. Moreover, the costs of dredging,
water removal by leaking drums and disposal were not con-
sidered because common for all the processes considered in
this study. Detailed information about input parameters in
RACER are reported in Table 2 and in the supporting infor-
mation accompanying the manuscript (S1. Parameter imple-
mentation on RACER). Note that the obtained costs were only
indicative of real values, since costs were modeled without
specific components of the site (e.g. treatment goals due to
national legislation). The RACER software contains the latest
assembly unit price information from the 2016 Government
Cost Book (USACE TRACES, Huntsville).

Energy balance

A rough estimate of the energy balance was performed for the
bioremediation, soil washing and thermal desorption experi-
mental conditions implemented in RACER. All energy re-
quests were reported as kWh m−3 of sediment.

The energy required for the maintenance of mesophilic con-
ditions during the bioremediation process was estimated as a
function of water heat exchanger, gas boiler and pump sug-
gested by RACER. The energy necessary for the water heat
exchanger was derived as follows (Esen and Yuksel 2013):

Q̇ ¼ ṁ � Cp;w � ΔT ð1Þ

where Q̇ is the amount of heat per time unit (kW); ṁ is the mass
flow rate of the water (kg s−1); Cp,w represents the heat capacity

of water (kJ·(kg K)−1) and ΔT is the temperature difference of
water between the outlet and inlet of the heat exchanger (i.e.
17 K). Hence, the energy consumption Ec (kWh) was obtained
bymultiplying the sum of Eq. (1), boiler and pump power (kW)
with the retention time of the biological process (h). Moreover,

the specific energy recovery Er (kWh kg VS−1) during the
bioremediation process was estimated from the obtained
biomethane yield, as reported by Mancini et al. (2016):

Er ¼ BMP � CHP
100

� �
� C f ð2Þ

where BMP is the final cumulative biomethane yield (m3 CH4·
kg VS−1); CHP represents a combined heat and power unit
(with a 50% conversion efficiency) and Cf is the conversion
factor (i.e. 10 kWhm−3). Hence, the energy recovered Er (kWh)
was obtained bymultiplying Eq. (2) and the content of VS (kg).
The energy balance for bioremediation process was calculated
by subtraction of Ec with Er.

The energy necessary for soil washing (kWh) was obtained
with RACER, whereas the energy needed for thermal desorp-
tion was estimated as follows:

Etd

¼ mw � Cp;w þ mPHE � Cp;PHE þ ms � Cp;s
� � � ΔT þ mw � Cl;w þ mPHE � Cl;PHE

3600

ð3Þ
where Etd is the amount of energy per time unit (kWh); mw,
mPHE and ms are the mass of water, PHE and sediment (kg),
respectively; Cp,PHE and Cp,s are the heat capacity values of
PHE (Steele et al. 1990) and sediment, respectively (kJ·
(kg K)−1);Cl,w and Cl,PHE are the heat of vaporization of water
and PHE (Roux et al. 2008) (kJ kg−1), respectively; and ΔT is
the temperature difference between the desorption chamber
and inlet (i.e. 180 K).

Statistical analyses

Data were analyzed by one-way analysis of variance
(ANOVA) followed by the post hoc Tukey test to evaluate
significant differences (p < 0.05) among the operating condi-
tions investigated. All statistical analyses were performedwith
Minitab 19 Statistical Software (Minitab LLC, USA).

Results and discussion

Bioremediation

PHE biodegradation

The remaining PHE (%) after 0, 7, 14, 21 and 42 days of
bioremediation under all the operating conditions (i.e. SN, S,
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DS, DA and D) is shown in Fig. 1a. PHE removal slowly
proceeded during the initial 7 days as PHE (%) at “t7” was
not significantly different than PHE at “t0” (p > 0.05), except
for D where a 17% PHE removal was observed at “t7”
(p < 0.05). The low, common PHE removal was probably
due to an initial acclimation period of the microbial consortia
involved, whereas the difference between the D, DS and DA
conditions was associated with the higher sulfate and acetate
concentration, which likely resulted in a slight inhibition of
the bacteria in digestate.

A significant PHE degradation (p < 0.05) of 59, 47, 41, 58
and 54% was observed after 14 days in SN, S, DS, DA and D
(Fig. 1a), respectively. Moreover, the observed pH values
among the experimental conditions (i.e. 7.3 ÷ 8.1, Table S1)
were consistent with those shown as optimal for PAH degra-
dation (i.e. 6 ÷ 8) (Tawari-Fufeyin et al. 2015). Considering
sulfate, dioxide carbon and nitrate as major electron acceptors
in PAH biodegradation (Maletić et al. 2018), and assuming
that 1 μmol of CO2 may be used to produce 1 μmol of CH4, a
reduction of 43 μmol of SO4

2−, 81 μmol of CO2 and 86 μmol
of NO3

− was obtained per μmol of PHE under sulfate-reduc-
ing, methanogenic and denitrifying conditions (Table S1), re-
spectively. These results suggest that sulfate was a more effi-
cient electron acceptor, as also reported by Chang et al.
(2003). Nonetheless, after 14 days, PHE removal in DS was
lower (p < 0.05) than that achieved in SN and DA, probably

due to the presence of other forms of electron donors instead
of PHE. A continuous reduction of sulfate (i.e. about
200 μmol of SO4

2− per week, Table S1), a significant con-
sumption of acetic acid (p < 0.05) after 21 days (Fig. 1c) and
no significant difference (p > 0.05) in biomethane yield after
7 days (Fig. 1b) were observed in DS, suggesting that acetate
was presumably coupled to sulfate reduction. Similarly,
Zhang and Lo (2015) observed that acetate may be preferen-
tially used by bacteria to facilitate sulfate reduction in the
absence of methane production.

During the conversion to methane by methanogens, acetate
may donate electrons in favor to PAH degradation (Ambrosoli
et al. 2005). However, no statistically differences (p > 0.05) in
PHE removal between S, DA and D were observed after
14 days, despite a higher acetate reduction (p < 0.05) observed
in S (Fig. 1a and c). Ebihara and Bishop (2003) reported that
acetate supplementation for the biodegradation of recalcitrant
organic contaminants may inhibit or have no effect. This sug-
gests that in this study, only a small fraction of acetate was
likely coupled to PHE considering an initial concentration of
2000 mg acetate·kg−1 TS (i.e. 199 μmol of acetate for each
μmol of PHE), and a higher contamination would have in-
stead been necessary to see a significant effect.

In the time lapse between 14 and 42 days, PHE degradation
considerably slowed down and reached 68, 53, 45, 64 and
64% in SN, S, DS, DA and D, respectively, being only

Table 2 Parameters implemented
in the RACER software for
bioremediation, soil washing and
thermal desorption, as ex situ
remediation technologies used in
this study. Bioremediation = SN
and S; soil washing = S/L ratio of
1:3; thermal desorption = 200 °C

Remediation parameters Bioremediation Soil washing Thermal desorption

Contamination (VOCsa, SVOCs,
fuels)

SVOC SVOC SVOC

Distance off-site facilities (km) 1.6 1.6 1.6

Place of treatment (on-site, off-site) Off-site Off-site Off-site

Retention time (h) 336 1 –c

Safety level (Ab, B, C, D, E) A A A

Soil type (soil, sediment, sludge) Hazardous
sediment

Hazardous sediment Hazardous sediment

Temperature (°C) 35 20 < 320

Volume of solid (m3) 7646 7646 7646

Main components Bioreactor Pump LTTD equipmentd

Gas boiler Soil washing system Process gas
purification

Nitratee Structural slab Structural slab

Pump Surfactant

Structural slab Wastewater holding
tanks

Water heat
exchanger

Wheel loader

a Volatile and semi-volatile organic compounds
bHigh to low
cNot required
d Low temperature thermal desorption
e Under SN

Environ Sci Pollut Res (2020) 27:19363–19374 19367



enhanced under denitrifying and methanogenic conditions
(p < 0.05) probably because the predicted biodegradation
(i.e. 58%) was achieved (Fig. 1a). The predicted biodegrada-
tion is representative of the bioavailable PAH amount
(Cuypers et al. 2002), which is the bioaccessible fraction to
microorganisms (Ortega-Calvo et al. 2013), and the observed
value (Fig. 1a) was comparable to those observed in other
PHE-contaminated marine sediments (i.e. 44 ÷ 70%) (Du
et al. 2012; Ghosal et al. 2016). It is well known that limita-
tions in the bioremediation of PAH-contaminated soils exist
due to the low bioavailability of PAHs, as shown in the final

phase of the process. On the other hand, a reduced bioavail-
ability may be a positive aspect because it would lead to a
reduced amount of highly accessible PAHs (Andersson et al.
2009), consequently mitigating the environmental risk.

Biogas composition and VFA evolution during PHE
biodegradation

The cumulative biomethane yield obtained during 42 days of
bioremediation under all the operating conditions (i.e. SD, S,
DS, DA and D) is shown in Fig. 1b. After 7 days, a
biomethane production of 40, 65, 11, 14 and 13 mL CH4·g
VS−1 was observed in SN, S, DS, DA and D, respectively. The
recorded pH values (Table S1) were optimal for methanogen
growth (Ogejo and Li 2010) and, thus, did not represent a
limiting factor for biomethane production.

Between 7 and 14 days, the biomethane yield significantly
raised (p < 0.05) by about 50% in S reaching a cumulative
production of 142 mL CH4·g VS−1 (Fig. 1b), accompanied
by a significant consumption of acetate (Fig. 1c). In SN, a
lower cumulative biomethane production (i.e. 80 mL CH4·g
VS−1) than that obtained in S (p < 0.05) was achieved proba-
bly because of the occurrence of heterotrophic denitrification
(Zou et al. 2014). Indeed, the observed N2 percentage in the
gas phase raised from 15 to 69% in SN after 14 days (Fig. S1).
N2O was below the detection limit (i.e. 0.1%) during denitri-
fication likely due to the large availability of biodegradable
organic carbon (Kampschreur et al. 2009). N2O is a green-
house gas with a stronger impact than carbon dioxide. The
absence of N2O formation confirms the sustainability of bio-
logical PHE removal under denitrifying conditions, not lead-
ing to the release of high-impact gas streams.

After 21 days (Fig. 1b), the cumulative biomethane pro-
duction was lower (p < 0.05) in DS (i.e. 23 mL CH4·g VS−1)
than DA and D (i.e. 61 and 39 mL CH4·g VS

−1, respectively).
The observed sulfate reduction of approximately 1000 mg
SO4

2−·L−1 in DS (Table S1) suggests that sulfate-reducing
bacteria likely outcompeted other anaerobic microorganisms,
such as methanogenic archaea (Chen et al. 2008; Papirio et al.
2013). Therefore, the limited biomethane yield in DS coupled
to the low PHE removal (Fig. 1a, b) probably indicated that
methanogenesis promoted the anaerobic PAH degradation, as
also reported by Chang et al. (2006).

After 42 days (Fig. 1b), S resulted in a higher (p < 0.05)
cumulative biomethane yield (i.e. 273 mL CH4·g VS−1, re-
spectively) than SN, DS, DA and D (i.e. 103, 29, 103 and
73 mL CH4·g VS−1, respectively), indicating a higher
biomethane potential of sewage sludge than the digestate most
likely due to a lower organic stability.

The total VFA evolution during 42 days of bioremediation
under all operating conditions (i.e. SN, S, DS, DA and D) is
shown in Fig. 1c, with the highest VFA concentrations being
observed after 7 days. S showed a significantly higher

Fig. 1 Ratio [%] between the PHE concentration at time “t” and that at
time “t0” in the contaminated sediment (a); cumulative, specific
biomethane yield [mL CH4·g VS−1] (b); and total VFA concentrations
[mg HAc·L−1] during 42 days of anaerobic biostimulation/
bioaugmentation (c). S = contaminated sediment + sewage sludge; D =
contaminated sediment + digestate; SN = contaminated sediment + sew-
age sludge + 2000 mg L−1 of nitrate; DS = contaminated sediment +
digestate + 2000 mg L−1 of sulfate; DA = contaminated sediment +
digestate + 2000 mg L−1 of acetate; predicted = predicted biodegradabil-
ity of PHE. The same letter (Tukey test) represents no significant differ-
ences (p > 0.05) among different treatments. Error bars indicate deviation
standard values of analyses in triplicate
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(p < 0.05) VFA accumulation (i.e. 6173 mg HAc·L−1) than
SN, DS, DA and D (i.e. 2467, 879, 3181 and 1064 mg HAc·
L−1, respectively). The sewage sludge resulted in a higher
VFA yield (i.e. 113 mg HAc·g VS−1) than digestate (i.e.
22 mg HAc·g VS−1), again demonstrating a higher
biodegradability.

VFA concentrations significantly decreased (p < 0.05)
from day 14 onwards (Fig. 1c) due to the activity of
methanogens inoculated with both sewage sludge and
digestate (Fig. 1b). In SN and DS, acetate consumption was
probably also coupled to nitrate or sulfate reduction, as
discussed above. Further information about specific VFAs
are reported in the supporting information accompanying the
manuscript (Table S2).

Soil washing

PHE removal after 1, 2, 5, 15, 30 and 60 min with ETOH
washing at S/L ratios of 1:3, 1:5 and 1:10 is shown in Fig. 2.
The removal of PHE from the contaminated sediment was
regulated by the partition coefficient in the solution phase, in
agreement with the general behavior of hydrophobic com-
pounds (Kan et al. 1998; Thiele-Bruhn and Brümmer 2004).
Hence, the partitioning process may be summarized in two
phases (Fig. 2): (a) a first phase (the initial 5 min), where the
labile fraction of PHE (i.e. about 70%) was readily desorbed;
(b) a second phase (between 5 and 60min), where the residual
PHE fraction (i.e. about 30%) was slowly extracted due to the
equilibrium between solid and liquid phase.

After 60 min (Fig. 2), no statistical differences (p > 0.05)
were observed among the different S/L ratios and more than
97% of PHE was removed, suggesting that 1.5 g of ETOH
was sufficient to treat efficiently 1 g of sediment, as observed
for an S/L ratio of 1:3. These findings are highly important
because the reduction of contact time and S/L ratio (i.e. 60min
and 1:3, respectively) during soil washing may involve a less

capacity of soil washing plant. Moreover, one washing time
was sufficient to extract more than 90% of PHE from the
sediment, decreasing the operational costs (Lee and Hosomi
2000) and allowing ethanol to be recovered by distillation
with a loss of about 10% (Silva et al. 2005).

In this study, the obtained PHE extraction (Fig. 2) was
probably enhanced by a low organic matter content in the
sediment (Table 1) being PAH lipophilic compounds. Sun
et al. (2009), indeed, showed that PHE removal increased
(i.e. 94, 71, 38 and 24%) with the decreasing of organic car-
bon in soil (i.e. 0.79, 1.36 1.88 and 2.33%, respectively).
Similarly, Yap et al. (2012) obtained a soil washing efficiency
of 80% with a co-solvent volumetric fraction and an S/L ratio
of 0.8 and 1:2, respectively. In this work, the used co-solvent
volumetric fraction (i.e. 0.6) enhanced PHE extraction be-
cause the micro-emulsion effect of alcohol molecules on the
water structure was presumably improved, as also reported by
Dougan et al. (2004) in a methanol/water system.

Thermal desorption

The residual PHE (%) during 60 min of thermal desorption at
100, 150 and 200 °C is illustrated in Fig. 3. After 5 min, no
significant PHE removal (p > 0.05) was observed as PHE pre-
sumably remained in the sediment as melted (Smith et al.
2001). Thermal desorption started after 15 min (Fig. 3) and
PHE removal was higher (p < 0.05) at 200 °C (i.e. 47%) than
at 150 °C (i.e. 12%). At 100 °C, PHE was not desorbed
(p > 0.05) probably because a higher temperature than the
PHE melting point (i.e. 101 °C) was necessary to promote
desorption (Bulmău et al. 2014). The desorption mechanism
followed the thermodynamic principle, with the desorption of
PHE increasing at higher temperatures, which allowed the
breakdown of benzene rings (Pakpahan et al. 2009). After
60 min (Fig. 3), PHE was desorbed by 32 and 88%

Fig. 3 Ratio [%] between the PHE concentration at time “t” and that at
time “t0” in the contaminated sediment during 1 h of thermal desorption.
The lines are referred to an exponential kinetic model with a R2 of 0.97.
Error bars indicate deviation standard values of analyses in triplicate

Fig. 2 PHE removed [%] from contaminated sediment at different time
points by an ETOH/water washing agent (50/50%, w/w) using different
solid-to-liquid (S/L) ratios (i.e. 1:3, 1:5 and 1:10). Error bars indicate
deviation standard values of analyses in triplicate
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(p < 0.05) at 150 and 200 °C, respectively, following an expo-
nential kinetics with a correlation coefficient of 0.97, as also
reported by Smith et al. (2001).

The results obtained showed that PHE removal was effi-
ciently accomplished at 200 °C, suggesting that the operating
temperature and PHE vapor pressure (i.e. 10−2 Pa) positively
influenced PHE desorption (Kim et al. 2016). A higher PHE
desorption to nearly 100% could be obtained increasing the
temperature to 250 °C, as reported by Renoldi et al. (2003).
However, too high temperatures can result in the PAH isom-
erization, i.e. the transformation of a specific PAH into more
reactive PAHs (Pope et al. 2000). PHE isomerization did not
probably occur in this work since the chromatographic analy-
sis did not show any other peak than PHE.

Techno-economic feasibility

The experimental conditions resulting in the highest PHE re-
moval, which were SN (i.e. 68%), S/L ratio of 1:3 (i.e. 97%)
and low temperature thermal desorption (i.e. LTTD) at 200 °C
(i.e. 88%) for bioremediation, soil washing and thermal de-
sorption, respectively, were selected for the economic analy-
sis. The costs of remediation obtained by using in RACER the
input data (Table 2) for each ex situ treatment investigated are
reported in Table 3. Bioremediation had the lowest total cost
(i.e. 274 €m−3), followed by soil washing and LTTD (i.e. 371
and 1782 € m−3, respectively).

Using bioremediation, the main costs (Table S3) were as-
sociated with the structural slab and bioreactor (i.e. 33 and
28% of the total cost, respectively). The highest costs of soil
washing (Table S4) were related to the washing system and
operation labor (i.e. 37 and 20% of the total cost, respective-
ly), while the cost for LTTD (Table S5) was mostly due to the
thermal desorption equipment and heating (i.e. 95%). The
mobilization of the contaminated sediment accounted for less
than 3% of total cost for all the remediation technologies due
to the short selected distance (i.e. 1.6 km) between the treat-
ment plants and the contaminated site. Moreover, the cost for
liquid treatment prior to disposal/demobilization must not be

neglected during soil washing (i.e. 2%), although RACER
does not consider the distillation process for ETOH recovery
and cost saving, as discussed in “Soil washing”. Compared to
soil washing, bioremediation is more expensive in terms of
materials consumed for bioreactor construction due to a longer
retention time that requires the use of higher reaction volumes
(Inoue and Katayama 2011). On the other hand, the labor cost
is higher in soil washing likely due to more significant man-
power for a continuous load of sediments, admixture of
chemicals and plant maintenance. Regarding LTTD, the ener-
gy used for the heating furnace may justify the highest cost of
equipment, as reported in “The water-energy-nexus”.

These results (Table 3) suggest that the use of bioremedia-
tion provides an economic benefit (Beškoski et al. 2011).
Nevertheless, bioremediation is affected by PAH bioavailabil-
ity (“PHE biodegradation”) that does not allow a complete
PHE removal (Fig. 1a) and requires large bioreactor volumes
due to a long PAH biodegradation time (i.e. 14 days). Soil
washing leads to higher overall costs as a result of repeated
charging and discharging of the washing system (Table 3), but
also a higher PHE removal (Fig. 2). In each case, the reuse of
the remediated sediments (e.g. for coastal replenishment and
road-under surfaces) should be also taken into consideration in
order to provide a more in-depth techno-economic analysis of
the most suitable remediation technology. In contrast, the use
of thermal desorption is not recommended due to the lower
efficiency (Fig. 3) than soil washing at the same retention time
(i.e. 1 h) and the higher cost of remediation (Table 3) that must
be added to the costs of dredging (i.e. 1290 € m−3)
(Chattopadhyay and Chattopadhyay 2015), always accounted
for an ex-situ sediment treatment. For a further comprehension
of the differences between the investigated ex situ processes, a
list of advantages and disadvantages for each technology is
reported in Table S6.

The water-energy-nexus

This study shows that decreasing the operating temperature
(i.e. 200 °C or lower) and the amount of liquid phase used (i.e.

Table 3 Total cost [€ m−3], energy balance [kWh m−3] per unit of
volume of sediment treated, and PHE removal efficiency [%] obtained
with bioremediation, soil washing and thermal desorption. SN =

contaminated sediment + sewage sludge + 2000 mg L−1 of nitrate; S =
contaminated sediment + sewage sludge; soil washing = S/L ratio of
1:3; thermal desorption = 200 °C

Ex situ
remediation

Total cost
[€ m−3]

Required energy
[kWh m−3]

Recovered energy
[kWh m−3]

Energy balance
[kWh m−3]

PHE removal efficiency
[%]

Bioremediation* 274 48 21 − 27 68

Bioremediation** 228 48 32 − 16 53

Soil Washing 371 14 0 − 14 97

Thermal
desorption

1782 417 0 − 417 88

*SN

**S
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60%water content and S/L ratio of 1:3 for bioremediation and
soil washing, respectively) is a more efficient approach to
remediate PHE-contaminated sediments in terms of both re-
moval percentages and costs. On top of this, the energy bal-
ance should also be considered during the selection of the
most appropriate remediation technology. Indeed, the reduc-
tion of energy consumption and the rational use of water re-
sources are two of the objectives of the water-energy nexus
(Meireles and Sousa 2019).

The energy required for each remediation condition here
considered, i.e. SN, S/L ratio of 1:3 and LTTD at 200 °C, and
obtained by Eq. (1), RACER software and Eq. (3), respective-
ly, is reported in Table 3. LTTD resulted in the highest energy
consumption (i.e. 417 kWh m−3), followed by bioremediation
and soil washing (i.e. 48 and 14 kWh m−3, respectively). Soil
washing required a lower energy since the process was con-
ducted under milder conditions (i.e. ambient temperature).
The use of higher temperatures during bioremediation and
LTTD led to an increase of the energy consumption.
However, the biomethane produced during bioremediation
allowed the recovery of 21 kWh m−3, with an overall energy
balance of − 27 kWh m−3. For a further comparison, the con-
dition resulting in the highest (p < 0.05) biomethane yield and
similar (p > 0.05) PHE removal (i.e. S) was also considered.
The energy recovered by using biomethane in a CHP unit
raised to 32 kWh m−3 (net energy balance of − 16 kWh m−3,
similar to that obtained with soil washing), and the overall
costs decreased to 228 € m−3 as nitrate supplementation was
not necessary.

These results (Table 3) show that the energy consumption
was probably the main impact factor of total cost during ther-
mal desorption, as discussed above. Soil washing suggests
that the energy used for the process is not always a function
of the total cost (Inoue and Katayama 2011), and other param-
eters such as operation labor are also important. During anaer-
obic bioremediation of PHE-contaminated sediment, the
biomethane production may be an opportunity to heat the
anaerobic bioreactor leading to cost and energy savings and
a lower environmental impact (Esen and Yuksel 2013).
However, the cost of collecting biomethane and burning it
safely should be also considered for the scale up of the
technology.

Conclusions

PHE is particularly widespread in marine environment, and
the costs of common disposal methods for contaminated sed-
iments have induced to find more eco-friendly and sustainable
solutions. In this study, anaerobic bioremediation, soil wash-
ing and thermal desorption allowed to effectively remediate
PHE-contaminated sediments with low organic content (i.e.
0.36 g TOC·kg TS−1) decreasing the PHE amount by 68, 97

and 88%, respectively, using a low liquid phase (i.e. 60% and
S/L ratio of 1:3) and low temperature (i.e. 200 °C). A cost
assessment, conducted by implementing the retention time
and temperature of laboratory-scale experiments in the
RACER software and accompanied by an energy balance,
revealed that anaerobic bioremediation was the least demand-
ing technology in terms of costs (i.e. 228 €m−3) and required a
similar energy consumption (i.e. − 16 kWh m−3) to soil wash-
ing. On the other hand, soil washing was more effective in
PHE removal and, therefore, the choice of the most sustain-
able technologywould depend on the contamination threshold
values imposed by the national legislation.
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