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Abstract
Purpose Millions of cubic meters of sediments are dredged
every year in the world. About 10–20% onweight basis of this
material is contaminated by organic and/or inorganic pollu-
tants. This work presents the laboratory tests performed to
study a system for the remediation and reuse of mercury-
contaminated sediments. The treatment is based on a cement-
based granulation step (solidification/stabilization (S/S)),
followed by a thermal process under vacuum during which
volatile and semi-volatile compounds are removed. The
experiments focused on: (1) cement hydration reactions; (2)
pollutant removal efficiencies; and (3) leaching behavior, in
relation to temperature and duration of the thermal process.
Mercury speciation was also investigated.
Materials and methods Dredged at the marine harbor of
Augusta (SR, Italy), the sediments used in the experiments

were highly polluted by mercury (200 mgkg−1dry weight
(d.w.)). The recipe applied in the S/S step was based on the
particle size distribution of the resulting granulates. An
indirectly–heated batch system operated under vacuum
(2.6±1.3 103 Pa) at: (1) 150°C for 16 h; (2) 200°C for
6 h; (3) 250°C for 4 h; or (4) 280°C for 4 h. X-ray
diffraction spectroscopy and scanning electron microscopy
were used to study cement hydration reactions. Total
mercury concentration and leaching tests were carried out
to assess the effects of the different treatment conditions.
Results and discussion The best results were obtained by
treating the granulate at 250°C for 4 h. Under these
conditions, mercury final concentration was 49 mgkg−1

d.w., resulting in a removal efficiency of 63% referred to
the granular material before thermal treatment, and 75%
referred to the sediment. The concentrations measured in
the leachate were compatible with the Italian requirements
for reuse, with some exceptions (pH, chlorides, nickel,
copper, and COD) ascribed to the specific nature of the
sediment. Mercury speciation analyses pointed out changes
after both the treatment steps.
Conclusions The final granulates accomplish most Italian
requirements for reuse, even though an improvement in the
S/S step or an additional washing step would help for the
exceptions mentioned above. Different reuse options in
civil engineering (e.g., filling material, road material,
concrete aggregates, etc.) will be evaluated also taking into
consideration the mechanical properties. Further studies
will be carried out to assess the long-term leaching behavior
and leaching under different pH conditions.
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1 Introduction

The management of sediments is a significant issue in the
industrialized countries. Millions of cubic meters are
dredged every year for the maintenance of canals and
harbors: 25 to 30 million m3 in The Netherlands,
approximately 46 million m3 in Germany, over 50 million
m3 in France, 200 to 300 million m3 in the USA. In Italy, 6
million m3 of sediments per year were dredged in the past,
but this quantity is expected to increase considerably due to
the water depth necessary in harbors to face the expanding
naval trades (Palumbo 2007; US EPA 2005). About
10–20% on weight basis of this dredged material is
contaminated (Palumbo 2007). Sediments are also dredged
for clean-up purposes whenever natural recovery, capping
or in situ remediation technologies are not feasible or
accepted by the local environmental protection agencies.
Fifty-seven National Priority Sites (NPSs) have been issued
in Italy, 29 of which require either sediment containment or
treatment over wide areas (e.g., 900 km2 in the Sulcis area,
100 km2 in Priolo, 80 km2 in Taranto, 75 km2 in the Venice
lagoon, 60 km2 in Brindisi, etc.) (ISPRA 2008a).

One of the most important key points in sediment
management is the final destination of the dredged material.
Relocation in water bodies is an option. However, disposal
to controlled sites could be necessary when the contamina-
tion levels are not compatible with relocation (Hamer et al.
2005). Treatment and reuse are valuable alternatives to
disposal. Some examples of beneficial reuse are described
in literature. In Hamburg (Germany) about 5 million of
bricks are produced yearly for commercial and industrial
buildings with approximately 30 000 t of silt from
maintenance dredging, replacing up to 70% of natural clay
(Hamer et al. 2005). Other reuse experiences consist in the
production of light-weight aggregates (Germany), artificial
basalt (The Netherlands), or cement (USA) (Hakstege
2007). Since 2008 relocation of non-dangerous dredged
materials into confined disposal facilities to extend water-
front has been permitted in Italy, provided that risk
assessment results in acceptable risks for human health
and seawater (MATT 2008).

Usually, a mix of different pollutants is present in the
contaminated sediments, so that a “treatment train” may be
necessary to reduce the concentrations below the target
values (Hakstege 2007; US EPA 2005). The remediation
technologies used for soils can be applied to sediments as
well, but unfortunately the sediment physical–chemical and
mechanical properties (high moisture content, large amount
of fine-grained particles, high organic matter content, salt
content, etc.) usually result in technical challenges or
significant increase of costs (CCMS 1997).

Mercury is a widespread pollutant in sediments; as an
example, it has been detected in about 20% of US

Superfund sediment sites (US EPA 2005). In the aquatic
systems mercury can be present as elemental mercury, or as
other inorganic or organic species (Wang et al. 2004).
Besides in situ containment or disposal, the management of
mercury-contaminated sediments includes ex situ remedia-
tion technologies such as stabilization/solidification (S/S),
thermal desorption, vitrification and soil washing (US EPA
2007a).

S/S aims at decreasing mobility of inorganic contami-
nants (stabilization) and encapsulating the polluted material
within a solid (solidification) (Bone et al. 2004; Paria and
Yuet 2006; US EPA 2007a). Common inorganic binders
include cement or lime (Batchelor 2006). Ex situ S/S
techniques often result in the production of reusable
materials, thanks to their physical–mechanical properties
and leaching behavior. The quality of the stabilized material
is related to the matrix porosity: the lower is the porosity,
the better are the mechanical resistance, the durability, and
the environmental compatibility (Paria and Yuet 2006). The
water to cement ratio (W/C) is the main factor affecting
porosity. In the concrete field, specific additives or minerals
(e.g., pozzolanic materials) are used for some applications
(high-performance concrete (HPC)) to reduce the amount of
water to use for cement hydration and to improve
mechanical strength and durability. S/S is very effective
on metals, but not on organic compounds. Moreover,
natural organic matter and organic pollutants can interfere
with cement hydration reactions and increase porosity
(Bone et al. 2004; Mulligan et al. 2001; Paria and Yuet
2006). S/S applicability and efficiency on mercury-
contaminated sediments depends on the chemical species
present. Pretreatments might be necessary to convert the
soluble species into less soluble forms (i.e., mercuric
sulfide) (US EPA 2007a). During the periods 1982–2005,
23% of the US superfund remedial actions were based on
S/S (US EPA 2007b).

Thermal desorption is an ex situ treatment used to remove
volatile and semi-volatile organic compounds (VOCs and
SVOCs, respectively), but also volatile metals such as
elemental mercury. The process operates at a maximum
temperature below 600°C, according to the pollutant boiling
point; the maximum temperature can be lowered if the system
can work at low pressure. Post-treatment steps are required for
the abatement of pollutants, potential by-products and dust in
the gaseous stream. This technology has been widely applied
for the treatment of contaminated soils and sediments, and
many full-scale plants are available in Europe and USA
(Hakstege 2007; Hall et al. 1997; US EPA 2007a). However,
the application to fine-grained materials is challenging due to
their plasticity and the large amount of dust released in the
off-gas (Feeney et al. 1998). High removal efficiencies
(40% to 99%) are reported in literature for total mercury
(Navarro et al. 2009; US EPA 2007a). However, the
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abatement of this pollutant in the treated material depends on
the specific species present, so that speciation analyses are
recommended.

This paper presents the lab-scale tests performed to study
an ex situ process (patent number: WO20066097272,
EP1914017) for the treatment of contaminated sediments.
The process is developed in two sequential steps: (1) a S/S
step, aimed at producing a cementitious granular material
based on the theory of HPC; (2) a thermal treatment step
under vacuum to remove pollutants. One of the key points
of the treatment is the use of S/S before thermal desorption.
This is done to overcome the problems mentioned above,
occurring when treating fine-grained materials with thermal
desorption. With reference to soils contaminated by heavy
metals, the first part of the process has been already
described in Scanferla et al. (2009). In the present paper, the
whole treatment remedial capability is assessed on marine
sediments, focusing on the effects of thermal desorption on
mercury concentration, leachability and speciation.

2 Materials and methods

2.1 Sediments

The sediments were dredged in the Augusta bay, which
is part of Priolo NPS (SR, Italy). From the 1950s,
several chemical and petrochemicals factories and oil
refineries have settled in along the coast. Poor industrial
waste management and accidental spills have caused
pollution of sediments. The characterization of the area
showed that contamination is mainly due to mercury (up
to 300 mgkg−1dry weight (d.w.)) and high molecular
weight (C12–C40) petroleum hydrocarbons (up to
25,000 mgkg−1d.w.). The geological characterization of
the area pointed out a carbonatic substrate with lava
intrusions (ISPRA 2008b).

The sediments used in the experiments were sampled,
air-dried, mechanically crushed, and homogenized. This
pre-treatment was carried out to get a homogeneous
sediment sample with constant characteristics throughout
the research duration. A sample of 42 kg of nearly dry
matter was obtained. This material was characterized from
the mineralogical and physical–chemical points of view;
mercury speciation and leaching tests were also performed.
Table 1 reports the results of chemical analyses as mean on
duplicates (±half difference between values). The Italian
regulatory limits for commercial and industrial soils are
also shown, as usually used as the reference values for
sediments as well. The amount of chlorides and sulfur
species are high due to the sediment marine origin. Mercury
and high molecular weight petroleum hydrocarbon concen-
trations exceed the Italian regulatory limits. Compared with

the limit values used in Europe (France, Germany, The
Netherlands) (Palumbo 2007) and the NOOA screening
values used in the USA (Buchman 1999), the total PCB
concentration is quite high. According to Nota classifica-
tion (Nota 1958), the sediments are sandy pelite, with more
than 50% on dry weight basis of silt. From the mineralog-
ical point of view, carbonates (mainly calcite) and quartz
are the principal crystalline structures identified. A small
amount of amorphous silica is also present.

2.2 S/S—production of the cementitious granular material

The first step of the process is based on the production
of the cementitious granular material (Scanferla et al.
2009). The lab-scale granular production was developed
as follows (Bonomo et al. 2009): (1) 2 min dry mixing (by
a mechanical mixer Eirich R02) of the sediment and
Portland cement; (2) addition of water, followed by 2 min
mixing; (3) addition of additives (Mapeplast ECO 1-A,
Mapeplast ECO 1-B) to decrease water demand for
granulation and 6 min mixing with additional water; (4)
transfer to a pelletizing plate (Eirich TR04), rotating at
180 rpm for 5 min, followed by cement addition; (5)
20 min rotation to increase the granulate grain size. The
resulting dosages were: 1,000 g sediment; 520 g Portland
cement (440 g at the first addition, 80 g at the second one);
3.3 g Mapeplast ECO 1-A and 16.2 g Mapeplast ECO 1-B;
420 g water (390 g at the first addition, 30 g at the second
one). A few tests were performed to select the dosage of
chemicals and the duration of each step based on the
particle size distribution of the resulting granulates. The
optimal recipe should also consider the leaching behavior
and the mechanical properties of granulate. The granulates
produced were ripened for 28 day in wet air (20°C, 95%
atmospheric relative moisture content).

The cementitious granular material was analyzed to
quantify organic and inorganic pollutants, as well as
sulfates and chlorides, which could negatively affect
cement hydration reactions (Paria and Yuet 2006). Mercury
speciation and leaching tests on grains crushed below 4 mm
were also performed. X-ray diffraction spectroscopy (XRD)
and Environmental Scanning Electronic Microscope
(ESEM) were applied to characterize the granulate after
24 h, 7 d, 28 d and 120 d, and compared with a
cementitious granular material produced with a traditional
inert filler (quartz sand).

2.3 Thermal treatment under vacuum

Thermal treatment focused on removing mercury from the
granular material. No particulate matter is released in the
off-gas when applied after the S/S step. Thermal treatment
was performed using an indirectly–heated batch system
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(autoclave Brignole AUS5), operating under vacuum
(2.6±1.3 103 Pa) to reduce the pollutant boiling tempera-
ture. The rotary vacuum pump (Edwards) and the autoclave
were connected through a cooled condenser (Bonomo et al.
2009). Tests were carried out in duplicate under the
following conditions: (1) 150°C for 16 h, (2) 200°C for
6 h, (3) 250°C for 4 h, (4) 280°C for 4 h. The condensed
phase was collected and weighed. Chemical and mineral-
ogical analyses were performed on the desorbed material.
Leaching tests were also performed on grains crushed
below 4 mm. Mercury speciation was performed on the
granular material desorbed at 250°C for 4 h.

A further test was performed to assess the influence of
the granulate size on mercury residual concentration. The
granular material was sieved in order to recover particles
below 8 mm. Thermal treatment was carried out at 250°C
under vacuum conditions (2.6 103 Pa) for 4 h.

2.4 Chemicals and analytical methods

Portland cement CEM I 52.5 (Rossi Cementi), additives
Mapeplast ECO 1-A (50% solid matter; MAPEI),
Mapeplast ECO 1-B (32% solid matter; MAPEI), and tap
water were added during the granulation step. Mapeplast
ECO 1-A is a hydrophobic additive used to decrease
concrete water adsorption. Mapeplast ECO 1-B is an acrylic-
based superplasticizer used to disperse cement particles. Tap

water analyses showed that it was adequate for concrete
production according to EN 1008:2002 (BSI 2002a).

The following analytical methods were applied to solid
samples: (1) ASTM D 2216-05 (coefficient of variance
(CV) ±10%) for moisture content (ASTM 2008); (2)
Springer–Klee method (CV=±5%) for total organic carbon
(Springer and Klee 1954); (3) EPA 8015D (CV=±20%) for
C>12 petroleum hydrocarbons (US EPA 2007c); (4) EPA
8270 C (CV=±20%) for PAHs by HRGC/LRMS (US EPA
2007c); (5) EPA 1668A (CV=±25%) for PCBs and
hexachlorobenzene by HRGC/HRMS (US EPA 2007c);
(6) EPA 3052 and EPA 6020A (CV=±10%) for metals by
ICP/MS, except Hg and Cr(VI) (US EPA 2007c); (7) EPA
3052 and EPA 6020A (CV=±30%) for Hg by ICP/MS (US
EPA 2007c); (8) EPA 3060A and EPA 7196A (CV=±5%)
for Cr(VI) by spectrophotometry (US EPA 2007c); (9)
thermogravimetric analysis/differential scanning calorime-
try (TGA/DSC) for carbonates; (10) XRF for silica and
total sulfur; (11) HPLC for sulfates and chlorides; (12) EPA
9030B and EPA 9034 (CV=±10%) for sulfides (US EPA
2007c).

XRD spectroscopy was carried out by X’PertPRO
(PANalytical) at a constant 2θ interval (5–80°) and a
counting time of 25 s/step. Operative conditions were:
40 kV, 40 mA, Cukα source (wavelength 1.54178 Å). TGA/
DSC was performed by using STA409 (Netzsch) on 45 mg
specimen, with 40°Cmin−1 (20 to 1,100°C) as the heating

Parameter Unit Value Italian regulatory limit

Carbonates % (w. d.w.) 48 (±10) –

Silica % (w./d.w.) 29 (±6) –

Fe % (w./d.w.) 2.2 (±0.2) –

Cl− % (w./d.w.) 7 (±1) –

S (total) % (w./d.w.) 2.5 (±0.5) –

SO4
2− % (w./d.w.) 0.85 (±0.2) –

Organic matter content % (w./d.w.) 6.8 (±0.3) –

As mgkg−1d.w. 24 (±1) 750

Cd mgkg−1d.w. 1.8 (±0.2) 50

Cr (total) mgkg−1d.w. 77 (±8) 800

Cr (VI) mgkg−1d.w. <1 15

Hg mgkg−1d.w. 200 (±60) 5

Ni mgkg−1d.w. 49 (±5) 500

Pb mgkg−1d.w. 69 (±7) 1,000

Cu mgkg−1d.w. 235 (±23) 600

Sn mgkg−1d.w. 28 (±3) 350

V mgkg−1d.w. 74 (±7) 250

Zn mgkg−1d.w. 280 (±28) 1,500

C12–C40 petroleum hydrocarbons mgkg−1d.w. 5,000 (±1,000) 750

Hexachlorobenzene mgkg−1d.w. 3.4 (±0.8) 5

PAHs mgkg−1d.w. 4.6 (±0.9) 100

PCBs mgkg−1d.w. 1.9 (±0.5) 5

Table 1 Chemical characteris-
tics of the sediments (mean on
duplicates ± half difference
between values)

Values in italics exceed the
regulatory limits
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ramp rate in static air. A XL30 series ESEM-FEG (Philips)
was used as ESEM on gold covered specimens under high
vacuum conditions using secondary electrons. XRF analy-
ses were performed using a Philips Venus 200 Minilab; the
samples were prepared using fused pearl 1:1 of lithium
metaborate and lithium tetraborate. HPLC analyses were
carried out with Dionex DX 600 Ion Chromatograph using
a solution of sodium carbonate (12 mM) and sodium
bicarbonate (5 mM) at flow rate of 1 mlmin−1; the internal
standard method was used to quantify compounds.

For the cementitious granular material, particle size
distribution was carried out according to UNI EN 933-1
(UNI 2009); for the sediments, a laser diffraction particle
size analyzer (Coulter LS230) was used.

Leaching tests were performed according to EN 12457-2
(BSI 2002b), as required by the Italian legislation for reuse.
The following analytical methods were applied to the
leachate: (1) ASTM D 1293-99 (CV=±0.1 pH unit) for
pH (ASTM 2008); (2) ISO 15705 (CV=±10%) for
Chemical Oxygen Demand - COD (ISO 2002); (3) APHA
4500-CN O for cyanides (CV=±10%) (APHA 2005); (4)
ASTM D 4327-03 (CV=±10%) for NO3

–, F–, SO4
– and Cl–

(CV=±10%) (ASTM 2008); (5) EPA 6020A for metals
except Hg (CV=±10%) (US EPA 2007c); (6) EPA 6020A
for Hg (CV=±30%) (US EPA 2007c).

Mercury speciation analyses were performed according
to the sequential extraction method described in Lechler
(1999), which separates elemental, highly bound, organic,
exchangeable, sulfide, and residual mercury.

3 Results and discussion

Figure 1 shows the particle size distribution of the granular
material obtained. Most grains (57% by weight) follow in
the size range 4–12.5 mm, the remaining part being larger.
S/S has a dilution effect on pollutant concentrations due to
cement addition. As expected, a dilution factor of about 1.6
resulted in the granulate compared with the sediment. The
ESEM scans suggested a very compact structure of the

sediment-based granulate compared with the traditional
one, probably due to the sediment small particle size and its
interaction with the products of the cement hydration
reactions. XRD analyses on the sediment-based granulate
at different times proved the clinker phase (C3S and C2S)
content to decrease and ettringite (AFt) to increase until
day 28, due to the reactions among the cement aluminous
phases, gypsum, and water. No variations were observed
after day 28. Comparison between the sediment-based
granulate (Fig. 2a) and the inert filling-based granulate
(see Fig. 2b) at day 28 pointed out the difference in
carbonate and silica content, ascribable to the different
mineralogical composition of the sediment compared with
the inert filler. The sediment-based granular material
exhibited a low content of portlandite Ca(OH)2, which
could have been partially consumed in pozzolanic reac-
tions. However, portlandite could have also reacted with the
cement aluminous phases and sediment calcium carbonate,
resulting in monocarboaluminate hydrocalumite (AFm)
(Matschei et al. 2007). The reduction of Ca(OH)2 is a
positive aspect, because the solubilization of Ca(OH)2 in
water increases matrix porosity. This, in turn, negatively
affects the mechanical properties and the leaching behavior
of the granular material. Moreover, some anionic groups in
AFt and AFm could be replaced by CrO4, AsO4, etc.,
reducing the leachability of these metallic species
(Bhatnagar and Johnson 2004; Gougar et al. 1996).

A significant reduction in mercury concentration resulted
in the granulate by operating thermal treatment at 250°C
and 280°C (Fig. 3, TD3 and TD5, respectively). About
81% removal efficiency, referred to the concentration in the
granular material before thermal desorption, resulted oper-
ating at the highest temperature, even though Hg final
concentration (24±7 mgkg−1d.w.) was still higher than the
concentration limit reported in Table 1 (5 mgkg−1d.w.).
Mercury final concentration in the sieved granulates
desorbed at 250°C (see Fig. 3, TD4) was 34 (±10) mg
kg−1d.w., not significantly different from TD3 (49±10 mg
kg−1d.w.).

For the organic compounds, removal efficiencies increased
with temperature. Referring to the concentrations in the
granulate before thermal desorption, values over 96% were
attained. Operating at 200°C or more, petroleum hydrocarbon
concentration decreased below 750 mgkg−1d.w.

Table 2 reports the concentrations measured in the
leachate, compared with the Italian limits for reuse. These
limits are similar to those applied in the European
Community for landfilling inert wastes, but higher than
those applied in France for reuse (Fiore et al. 2008). The
leachate of granulates was strongly alkaline and exceeded
the pH regulatory limit. Nickel and copper were leached
more from the granulate than from the sediment. This
behavior could be explained by the changes occurred in the

Fig. 1 Mean particle size distribution (n=5) of the granulate. Error
bars represent the standard deviation (SD) of replicates
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pH value with S/S, as more soluble species of these metals
prevail under strong alkaline conditions (Dijkstra et al.
2004; van der Sloot and Dijkstra 2004). Moreover, sulfide-
compounds oxidation due to cement could increase their
solubility (Sparrevik et al. 2009). On the other hand,

Amoroso et al. (2009) reported that the S/S step applied
in this study to the sediments from the Venice lagoon (VE,
Italy) resulted in granulates which were fully complying
with the regulatory limits, even though Ni and Cu
concentrations in those sediments were quite high. The
Venice lagoon is a transition area with completely different
geological characteristics from those of the Augusta bay;
different sediments usually have different buffer and/or
ionic exchange capacity which, in turn, control the pH and
the leaching rate of metals (Cappunyns and Swennen 2008;
Loser et al. 2006). The concentrations of copper and nickel
in the leachate decreased as the temperature in thermal
treatment increased. The reduction of nickel leachability
with temperature has been already reported in Obrador et al.
(2001) for sewage sludge; this behavior could also occur to
other metals due to thermal destruction of soluble com-
plexes that bind metallic ions in the cement matrix. After
thermal desorption, the COD increased in the leachate; this
might be caused by thermal degradation of heavy organic
molecules (e.g., humic acids), with the production of
soluble compounds. Mercury leaching was far below the

Fig. 3 Mercury concentration in: sediment (SED); granulate before
thermal desorption (GRA); granulate desorbed at 150°C for 16 h
(TD1); granulate desorbed at 200°C for 6 h (TD2); granulate desorbed
at 250°C for 4 h (TD3); sieved granulate desorbed at 250°C for 4 h
(TD4); granulates desorbed at 280°C for 4 h (TD5). The error bars are
half the difference between values on duplicates

Fig. 2 XRD patterns of the
traditional cementitious system
(a) and the sediment-based sys-
tem (b) 28 days after granulation

J Soils Sediments (2010) 10:1646–1656 1651



limit for all the granulates, except for the experiment at the
highest temperature (280°C). At this temperature the
cement hydration microstructure could degrade, resulting
in Hg release in the leachate. Selenium leachability
decreased with S/S but increased after thermal treatment.
Selenium is poorly adsorbed onto hydration cement
products and its chemical forms (selenite and selenate) are
highly soluble under alkaline conditions (Rudin 1996). The
low matrix porosity of the granular material was effective in
trapping selenium, but the cementitious matrix was partially
degraded during the thermal treatment. An optimization of
the thermal step would also improve selenium stabilization.
Because of the marine origin of the sediment, sulfate and
chloride concentrations in the sediment leachate were very
high; the concentrations of these parameters were strongly
reduced by the S/S step, so as to fulfill the regulatory limit
for SO4

2–. The concentration in the leachate for the other
parameters (cyanides, nitrate, arsenic, barium, beryllium,
cadmium, cobalt, chromium, fluoride, mercury, lead,
vanadium, zinc) was always below the detection limit or
the regulatory limit.

Mercury speciation is shown in Fig. 4. In order to
compare sediments and granulates, the S/S dilution factor
was taken into account. Negligible concentrations of
organic, exchangeable and highly bound mercury were

identified in all samples (sediment, granulates before
thermal desorption, granulates desorbed at 250°C for 4 h).
Sulfide mercury was the predominant species in the
sediment, followed by residual and elemental mercury.
These results agree with Hg behavior described in literature
(Gabriel and Williamson 2004; Taube et al. 2008) for
sediments with high organic matter content and under
reductive conditions. A drastic change in the relative

Table 2 Leaching test results as mean on duplicatess (±half difference between values), compared with Italian regulation limits for reuse

Parameter Sediment Granulate Granulate
desorbed
at 150°C for 16h

Granulate
desorbed
at 200°C for 6h

Granulate
desorbed
at 250°Cfor 4h

Sieved granulate
desorbed
at 250°C for 4h

Granulate
desorbed
at 280°C for 4h

Regulatory
limit

COD (mgL−1) 119 (±12) 143 (±14) 589 (±8) 743 (±34) 752 (±6) 468 (±47) 853 (±85) 30

NO3
−(mgL−1) 1.3 (±0.1) <1 <1 1.1a <1 <1 <1 1.5

SO4
2− (mgL−1) 802 (±80) 30 (±3) 116 (±17) 113 (±11) 115 (±11) 67 (±7) 70 (±7) 250

Cl (mgL−1) 2643 (±264) 538 (±54) 662 (±52) 570 (±53) 627.5 (±9) 477 (±48) 635 (±64) 100

Cyanides (μgL−1) <2 3.0 (±0.3) 6.5 (±0.5) 7.0 (±0.0) 6.0 (±2.0) 5.0 (±0.5) 4.0 (±0.4) 50

As (μgL−1) <5 <5 7.5 (±0.5) 8.5 (±0.5) 6.0 (±0.0) <5 <5 50

Ba (mgL−1) 0.0048 (±0.0005) 1.0 (±0.1) 0.28 (±0.03) 0.28 (±0.04) 0.27 (±0.01) 0.28 (±0.03) 0.36 (±0.04) 1

Be (μgL−1) <1 <1 <1 <1 <1 <1 <1 10

Cd (μgL−1) 0.55 (±0.06) <0.5 <0.5 <0.5 <0.5 <0.5 0.5 (±0.05) 5

Co (μgL−1) 23 (±2) 22 (±2) 17.5 (±2.5) 12.5 (±0.5) 5.0 (±0.0) 4.0 (±0.4) 2.0 (±0.2) 250

Cr (μgL−1) <5 <5 <5 <5 <5 <5 <5 50

Cu (mgL−1) 0.040 (±0.004) 0.20 (±0.02) 0.18 (±0.08) 0.09 (±0.01) 0.01 (±0.00) 0.009a <0.005 0.05

F (mgL−1) <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 50

Hg (μgL−1) 1.1 (±0.1) 0.20 (±0.06) <0.1 0.20a <0.1 <0.1 2.0 (±0.6) 1

Ni (μgL−1) 6 (±1) 49 (±5) 44 (±4) 38.0 (±0.5) 11 (±1) 13 (±1) 15 (±2) 10

Pb (μgL−1) <5 5.0 (±0.5) 5.0a <5 5.0a <5 <5 50

Se (μgL−1) 14.5 (±1.5) 10 (±1) 20 (±1) 22 (±3) 21 (±1) 17 (±2) 15 (±2) 10

V (μgL−1) <5 <5 <5 <5 <5 <5 <5 250

Zn (mgL−1) 0.007a 0.005a 0.0065 (±0.0015) 0.005 (±0.000) <0.005 <0.005 0.005a 3

pH (−) 8.3 (±0.5) 13.0 (±0.5) 13.0 (±0.0) 13.0 (±0.0) 13.0 (±0.0) 12.0 (±0.5) 13.0 (±0.5) 12

Values in italics exceed the regulatory limit
a One value below the analytical detection limit

Fig. 4 Mercury speciation in sediment, granulate before thermal
desorption, and granulate desorbed at 250°C for 4 h. Percentage are
referred to total Hg concentration. Values over the columns are the
measured concentrations (mgkg−1d.w.). Exchangeable Hg, organic
Hg, and highly bound Hg could be neglected
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abundance of the chemical species occurred with S/S,
probably due to the alkalinity of the cementitious matrix.
Data show a strong decrease of sulfide and residual
mercury and the increase of elemental mercury. The strong
decrease of sulfide mercury supports what previously
suggested for nickel and copper. Thermal treatment removed
mercury by 63%, but also resulted in further changes in
mercury speciation. Residual and elemental mercury were the
predominant species (about 50% each) at the end of the
treatment; possible transitions among species during thermal
treatment cannot be excluded (Taube et al. 2008).

Figure 5a, b show the XRD patterns of granulates before
and after thermal desorption (250°C, 4 h). The amount of
AFt and AFm decreased after thermal treatment, whereas
the opposite trend was observed for portlandite. This
suggests that a loss of bound-water occurred during the
thermal treatment. Based on a qualitative comparison
between ESEM scans (Fig. 6), a long residence time in
the thermal treatment step might negatively affect the
physical and the morphological structure of the granular
material. The porosity of the cementitious matrix seemed to
increase more at 150°C for 16 h than at a higher temperature
for a shorter time.

4 Conclusions

The laboratory experiments showed that thermal treatment at
250°C for 4 h (2.6 103 Pa) was able to reduce mercury
concentration in the granulate from 130 to 49 mgkg−1d.w.
This value is still higher than the table value usually applied
in Italy for commercial/industrial soils (5 mgkg−1d.w.), so
that site-specific risk assessment would be required to
guarantee human health and water protection. Beside
pollutant total concentration, in risk assessment the chemical
species in the material play an important role in terms of

toxicity and mobility, so that speciation and leaching tests
help address the procedure. Moreover, the leaching test EN
12457-2 (BSI 2002b) is specifically required by the Italian
legislation for reuse. As far as mercury is concerned, the

Fig. 5 XRD patterns of granu-
lates: a before thermal desorp-
tion, b after thermal desorption
(T=250°C, 4 h)

Fig. 6 ESEM scans (zoom: 5,000×) of granulates after thermal
desorption at 150°C for 16 h (a) and 250°C for 4 h (b)
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concentration in the leachate after thermal treatment at
250°C for 4 h was ten times lower than the regulatory limit
(1 μgl−1). For the other options investigated, worse results
were obtained in mercury total concentration (granulate
before thermal desorption; granulate desorbed at 150°C for
16 h; granulate desorbed at 200°C for 6 h) or mercury
leaching behavior (granulate before thermal desorption;
granulate desorbed at 200°C for 6 h; granulate desorbed at
280°C for 4 h). Thermal treatment on sieved granulate did
not result in a significant difference from the unsieved
material in both mercury concentration and leaching.

The Augusta bay sediment was also affected by C12-
C40 petroleum hydrocarbons (5,000 mgkg−1d.w.). Even
though this work focused on mercury, it is worth
mentioning that operating thermal treatment at 200°C or
more, petroleum hydrocarbon concentration decreased
below the Italian table value for commercial/industrial soils
(750 mgkg−1d.w.), so that risk assessment would not be
required for this parameter. According to the leaching test
EN 12457-2 (BSI 2002b), organic compounds are not
measured in the leachate and no regulatory limits have been
issued for them.

Treating the granulate at 250°C for 4 h, the leachate
concentrations were compatible with law requirements
for reuse (EN 12457-2) except for chlorides, pH, nickel,
selenium and COD. For chlorides, pH and nickel, this
result was ascribed to the specific characteristics of the
Augusta bay sediment (marine origin, buffer and/or
ionic exchange capacity). Selenium leachability was
ascribed to the alkaline conditions in the granulate.
Thermal degradation of heavy organic molecules (e.g.,
humic acids) might have produced soluble compounds
released in the leachate and measured as COD. Most of
the not-fulfilling parameters could be brought within the
regulatory limits by optimizing the S/S step for the
specific sediment used in this study or by implementing
a washing step in the treatment train to lower the pH
value. In order to avoid the degradation of cement
caused by long residence times and high temperatures in
the thermal process, lab-scale studies are going on with
a “steam distillation system” developed to operate for
short times (<1 h) at low temperatures (<200°C) (Ferrari
et al. 2009).

5 Recommendations and perspectives

Several applications of the granular material obtained with
the treatment studied could be suggested in civil engineer-
ing (e.g., filling material, road material, concrete aggre-
gates, etc.), as long as its properties were compatible with
environmental laws and technical regulation for construc-
tion materials. Results suggest mercury was properly

stabilized, but further laboratory experiments will have to
assess:

& the leaching behavior of the granular material under a wide
range of pH values according to CEN/TS 14429 (CEN
2005) and the long-term leaching according to a column
test such as CEN/TS 14405 (CEN 2004). For this point,
however, the mentioned technical specification could be
properly modified by testing the granular material with its
own particle size distribution, without crushing granules
>10 mm as reported in the technical specification;

& resistance to fragmentation of the granular material (Los
Angeles test) according to EN 1097-2:1998 (BSI 1998),
crushing properties (Aggregate Crushing Value) accord-
ing to BS 812-110:1990 (BSI 1990), freeze-thaw
resistance according to EN 1367-1:2000 (BSI 2000a),
sulfate resistance according to UNI 8981-2:1999 (UNI
1999) and water absorption test according to EN 1097-
6:2000 (BSI 2000b).

The sustainability of the treatment system should be
evaluated using a “green remediation” approach, considering
all the environmental effects at the local, regional and global
scales. US EPA (2008) suggests the evaluation be based on
six core elements: energy requirements, air emissions, water
requirements and impacts on water resources, land and
ecosystem impacts, material consumption and waste gener-
ation, long-term stewardship actions. For the treatment train
studied in this work, optimization would be advisable to
reduce reagents in S/S and energy consumption for thermal
desorption. However, the green remediation approach is not
only aimed at achieving environmental benefits, but also
economic benefits (reduction of disposal fees and construc-
tion costs, increase of property value) and social benefits
(reduction of constructions, traffic, noise and dust, improve-
ment of aesthetic and public safety) (Germiniani et al. 2009;
US EPA 2008). The treatment tested could be particularly
suitable for the remediation of sediments heavily contami-
nated by organic or inorganic compounds, for which
beneficial reuse instead of disposal could partially reward
the treatment costs. Pilot scale tests will be conducted to
evaluate potential problems due to scale-up, and to estimate
the treatment costs in the optimized configuration. Site-
specific impacts and benefits will be estimated comparing
different remediation scenarios in the preliminary project.
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