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a b s t r a c t
Dredging operations produce considerable quantities of materials, to be managed and this opens an
opportunity forvalorizationincivilengineering.However,thecontaminationof thedredgedsediments
hasbecomeamajorproblemtosolve.Themajorcontaminantsareheavymetalsandorganiccompounds.
This study focuses on the use of phosphoric acid (H3PO4) tostabilize heavy metals fromsediments and
destroy organic matter by calcination at 650°C with a goal of using sediments in roadworks. Several
studies have been conducted in this ﬁeld. The stabilized materials obtained have been used in civil
engineering.Themainpurposeofthisworkistodiscusstheenvironmentalbehaviorofmarinesediment
treatedbyphosphatationandcalcination.Twotypesofphosphoricacidswereused.ThepHdependence
leachingtesthasbeenusedasthebasiccharacterizationtoevaluatetheeffectofthetypeofphosphoric
acid on the metals behavior in a valorization scenario. The standard leaching test and the Toxicity
CharacteristicLeachingProcedure(TCLP)wereconductedascompliancetests.Inregardsoftheobtained
results, the environmental assessment has also shown a reduction in the availability of targeted heavy
metals in alkaline environment whatever the type of acid used for treatment. This opens opportunities
for co-valorization.
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1. Introduction
Dredging operations generate around 50 million tons of sediments every year in France (Alzieu, 1999). About 90% concern the
maritime dredging. These materials could be used in civil engineering to address the limitations of available natural materials
and in line with the sustainable development approach. The civil
engineering sector uses more than 400 million tons of aggregates
each year and about half of this amount is consumed in road sector
(UNPG, 2013). However, in few situations, the pollution of sediments by industrials activities (Bartoli et al., 2012; Davutluoglu et
al., 2011) is a major obstacle that prevents their utilization. The
main pollutants in sediments are heavy metals (Darwish, 2013;
Sakan et al., 2013) and organic compounds such as polycyclic
aromatic hydrocarbons (PAHs) (Hursthouse, 2001; Miller et al.,
2004). In addition, the dredged sediments are not certiﬁed for use
n
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in building and public works. During the last two decades, several
studies have been conducted for the valorization of these materials in civil engineering with or without treatment (Achour et al.,
2014; Ali et al., 2014; Wang et al., 2013; Zentar et al., 2008, 2009a,
s
2009b, 2012). In this context, the Novosol process (Patent no
8246836, 2012) was developed by Solvay Company in order to
treat the polluted sediments. This process is divided into two
distinct phases. The ﬁrst step consists of phosphate treatment by
mixing raw sediment with phosphoric acid. This method is currently used to stabilize heavy metals by capturing them in a calcium phosphate matrix ([Ca10(PO4)6(OH)2) (Kribi et al., 2012). The
sediments are then dried to decrease water contents and allow
their maturation since well-crystallized calcium phosphates have a
more stable structure. The second step is a thermal treatment. It
consists of calcination of the phosphated sediment at 650 °C in
order to destroy the organic matter (PAHs and pesticides)
(Ramaroson et al., 2009, 2012). This reduces the volume of processed materials after treatment and allows better stabilization of
metal phosphates. Gas emission resulting from the treatment

process (essentially H2S and CO2, traces of heavy metals and dust)
are removed to comply with the European emission standards. A
number of studies have already been performed on the effect of
such treatment on the valorization of sediments in bricks (El
Fgaier et al., 2013; Lafhaj et al., 2007, 2008; Mezencevova et al.,
2012) mortar (Agostini et al., 2007), and road material (Duan et al.,
2011; Nguyen, 2008; Tribout et al., 2011). However, as mentioned
above, one type of phosphoric acid has been used in the studies. In
s
this paper, the ability of Novosol process to treat polluted sediments is applied using two types of phosphoric acid with various
composition and origin. To understand the mechanisms induced
s
by Novosol in the depollution process, the study has been carried
out on the raw sediment, the phosphated sediments (using the
two different types of acids) and phosphated calcined sediments.
In the ﬁrst part of this work, chemical characterizations have been
carried out to determine the main properties of the sediment. In
the second part, the environmental behaviour of metals has been
assessed by the pH dependence leaching test (XP CEN/TS 14429,
2006), the Toxicity Characteristic Leaching Procedure (TCLP) (EPA
METHOD 1311, 1998) and the standard leaching test using demineralized water (NF EN 12457-2, 2002).

2. Materials, methods and experimental program
2.1. Materials
The studied sediment was dredged from Dunkirk harbor (north
of France) in a region called Nord-Pas-de-Calais. The phosphatation has been done with two phosphoric acids. The ﬁrst, called in
the following A6, is a technical acid of Prayon. It contains 20% of
phosphoric acid (H3PO4) and proportion of sulfuric acid (H2SO4).
The A7 acid is a puriﬁed acid composed of 80% phosphoric acid. It
s
is used in the Novosol process presented in Fig. 1. The samples
treated with the different types of acids are calcined for two hours.
The environmental characterizations have been carried out on raw
sediment, phosphated sediment with A6 and A7 acids and
phosphated and calcined sediment. The studied samples according
to the different treatments are presented in Table 1.
2.2. Method and Experimental program
The preparation of samples for the environmental characterization was conducted according to the French test standard NF
ISO 114 64 (NF ISO 11464, 2006). It consists of drying the sediments at 40 °C until the water is completely evaporated and its
mass is stable. This is followed by grinding and sieving at 2 mm.
For the analyses requiring a mass lower than 2 g, the particle size
was reduced to 250 mm. For the characterizations of the described

Table 1
Designation of samples according to different treatments.
Designation
Acids (%H3PO4)

A6 (20)

A7 (80)

Raw sediment
Phosphated sediment
Phosphated and calcined sediments

DB
DA6P
DA6C

DA7P
DA7C

samples (Table 1), several tests were carried out. The crystalline
phases were identiﬁed by X-ray diffraction measurements (XRD)
with CuKα radiation generated at 40 mA, in the 3° o2θ o 60°
range and at a scanning speed of 5°/min. The total contents of
organic matter were determined via test standard NF EN 15169
(NF EN 15169, 2007) which consists in the measurement of loss on
ignition at 550 °C. Regarding the chemical characteristics, the tests
performed combine the measurement of the pH value in accordance with the test standard NF X 31-103 (NF X 31-103, 1988), the
Carbon, Hydrogen, Nitrogen and Sulphur were obtained by NA
2100 Protein analyzer (CE instrument) and the metal concentration was determined according to the total digestion as proposed
in the NF ISO 14869-1 (NF ISO 14869-1, 2001). A pretreatment is
necessary for the samples containing organic components. A mass
of 0.25 of the sample is introduced into a crucible and calcined at
450 °C for 3 h to reduce the risks associated with acid splashes due
to the violent oxidation of organic matter. The solid residue is
transferred to a PTFE tube then 5 ml of hydroﬂuoric acid (40%) and
1.5 ml of perchloric acid (75%) are added to the pretreated test
portion. The mixture is heated using a hot plate until the dense
fumes of perchloric acid cease. This step is followed by an addition
of 3.5 ml of hydrochloric acid (38%) and 1.25 ml of nitric acid (65%).
After heating to facilitate dissolution, the mixture is introduced
into a 50 ml graduated ﬂask and completed with demineralized
water and mixed. The samples are then ready for analysis.
The approach taken to assess the environmental behavior of
metals present in sediments is based on the prioritization deﬁned
by the CEN/TC 292 framework (Van der Sloot & Kosson, 2012) and
the previous studies (Tribout et al., 2011). Since the pH is a key
parameter to determine the mobility of pollutants, the pH
dependence test is chosen as a principal characterization test. This
test was used in several studies to assess the environmental
behavior of pollutants present in waste (Van der Sloot & Kosson,
2012), recycled concrete (Engelsen et al., 2012) and contaminated
soils and sediments (Cappuyns & Swennen, 2008). The test consists of maintaining the sample at a given pH by adding nitric acid
or sodium hydroxide at a liquid to solid ratio (L/S) of 10 (l/kg) for
48 h. The suspensions were ﬁltered throughout 0.45 mm and the
ﬁltrates were analyzed by ICP-AES. The acid neutralization

s

Fig. 1. Schematic representation of Novosol process.

capacity (ANC) and the basic neutralization capacity (BNC) can be
derived from the amount of acid or base used to reach a given pH.
The toxicity characteristic leaching procedure (TCLP) has been
chosen as the ﬁrst compliance test. This test uses the acid
CH3COOH. It is described in the United States Environmental
Protection Agency Publication SW-846 (U.S EPA, 1998). The
aggressive nature of acids will allow us to see the maximum
release from sediments in extreme conditions. The extraction
liquid depends on the alkalinity of the matrix studied. The pH of
the extraction liquid employed is 2.88 70.005. Following the
extraction, The sediments were extracted for 18 h 7 2 h at liquid
to solid ratio (L/S) of 20 (l/kg). Following the extraction, the liquid
extract was separated from the solid phase by ﬁltration throughout 0.45 mm and analyzed by ICP-AES.
French environmental characterization (NF EN 12457-2, 2002) has
been selected as the second compliance test. This test is frequently
used to assess the environmental impact of wastes by comparing the
release of heavy metals with predetermined thresholds values (JORF
no 0046, 2013). The test consists of contacting the waste material
with demineralized water on a vertical rotary shaker. The sediments
were subject to an agitation period of 48 h at room temperature at
liquid to solid ratio (L/S) of 10(l/kg). Then the suspension was ﬁltered
at 0.45 mm and analyzed by ICP-AES.

3. Results and discussion
3.1. Mineralogical composition
The crystalline phases identiﬁed by XRD are presented in
Figs. 2 and 3. For all sediments, the main minerals were Quartz
(SiO2) and Calcite (CaCO3). These crystallized phases are commonly found in dredged sediments (Veerasingam et al., 2014).
Some minor phases were detected such as:

!
!
!
!
!
!

Halite (NaCl),
Pyrite (FeS2),
Muscovite (Kal2(AlSi3O10)(F,OH)2),
Illite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)),
Kaolinite (Al2Si2O5(OH)4),
Montmorillonite ((Na, Ca)0.3(Al, Mg)2Si4O10(OH)2 " nH2O).

The clays such as Illite, Kaolinite and Montmorillonite were not
detected for the treated sediments. The treatment had certainly
changed the clay's structure. Phosphoric acid provokes

consolidation and stabilization of clay materials by agglomeration
of the clay particles (Ghazali et al., 1991). Moreover, the X-ray
diffraction has shown the presence of gypsum (CaSO4.2H2O) for
phosphated sediments with A6 Acid (DA6P). The A6 acid contains
proportions of sulfuric acid and it has probably reacted with the
calcium (from CaCO3) to produce gypsum. This form has changed
shape into Anhydrite (CaSO4) during calcination. The low quantity
of Anhydrite detected for the phosphated and calcined sediment
(DA7C) is certainly related to the sulfate initially present in raw
sediment (Nguyen, 2008).
3.2. Physicochemical characterizations
The results of organics, carbon, hydrogen, nitrogen and sulfur
content and the pH value are summarized in Table 2. The amount
of organic matter in the raw sediment is about 11%. For the
phosphated sediments (DA6P, DA7P), organics content is on the
same order of magnitude as the raw sediment. Hence, the phosphatation has no effect on the organics. After calcination, the
amount of organics is close to zero. This conﬁrms that the calcination has destroyed almost all organics. Indeed, it's known that
thermal treatment at temperatures between 550 °C and 600 °C is
sufﬁcient to destroy more than 99% of organics (Ramaroson et al.,
2008). For the total carbon hydrogen and nitrogen, the values are
in the same order of magnitude for raw and phopsphated sediments. These values are close to zero after calcination. This is
expected as these elements are related to the organics. However,
the sulfur content is higher for the sediments phosphated with the
A6 acid. After calcination, the pH of sediments increases to 11,
which is probably due to the decarbonation of calcite which produces lime. This is in accordance with previous studies (Piantone
et al., 2005; Tribout, 2010).
The major and minor elements determined by ICP-AES are
presented in Figs. 4 and 5. The average composition is on the same
order of magnitude for all materials except phosphorus and sulfur.
This was expected because the treatment was carried out with
phosphoric acid. The difference in sulfur content is in accordance
with the XRD results. It can be related to the presence of sulfur in
A6 Acid. After calcination, we can see a slight increase of the total
content of heavy metals. This is due to the loss of mass related to
the degradation of organics. The raw sediment is considered to be
polluted if the concentration of heavy metals such as As, Cu, Pb and
Zn, exceed the limits designated by French authorities (JORF no
0046, 2013). It should be noted that this analysis provides information on the pollution and not on the environmental behavior of

Fig. 2. X-ray diffractogram of raw sediment (DB), treated sediment with A6 acid (DA6P), and treated sediment with A6 acid then calcined (DA6C).

Fig. 3. X-ray diffractogram of raw sediment (DB), treated sediment with A7 acid (DA6P), and treated sediment with A7 acid then calcined (DA6C).

Table 2
Physicochemical properties of sediments.
Treatment

Sediments

O.M (%)

SD

C (%)

SD

H (%)

SD

N (%)

SD

S (%)

SD

pH

SD

Raw
Phosphatation

DB
DA6P
DA7P
DA6C
DA7C

11.13
11.58
11.38
0.13
0.22

0.67
0.22
0.20
0.06
0.02

5.94
5.29
5.62
0.00
0.37

0.20
0.17
0.25
0.00
0.01

0.68
1.04
0.77
0.21
0.22

0.13
0.24
0.02
0.19
0.04

0.38
0.46
0.35
0.00
0.00

0.08
0.10
0.03
0.00
0.00

1.33
2.68
1.30
3.26
1.25

0.18
0.33
0.09
0.27
0.17

8.06
7.08
7.07
10.56
10.94

0.28
0.70
0.25
0.35
0.19

Calcination

Fig. 4. Majors elements in the sediments.

sediments. N1 and N2 are thresholds ﬁxed by French authorities for
the immersion of dredged sediments. Below the N1 level, immersion is authorized while above these thresholds further study is
needed. Immersion above the N2 level is prohibited. The units used
in the graphs are in mg per kg of Dry Material (D.M.).

H þ (OH $ )/g of dried sediments. The positive and negative milliequivalents correspond to acid and base added respectively. The
presented curves reveal several phenomena. Firstly the interpretation of the acid-base neutralization curves will be carried out
on the raw sediment then a comparative analysis will be undertaken for treated sediment.

3.3. Environmental assessment
3.3.1. Acid-base neutralization capacity
The pH dependence test has been used to assess the behavior of
sediments and metals under various pH. Figs. 6 and 7 present the
curves of acid and base neutralization capacity of raw (DB) and
treated sediments (DA6P, DA7P, DA6C and DA7C). The added acid
or base are expressed in milliequivalents (meq) of the amount of

3.3.1.1. Raw sediment (DB). As seen in the acid-base neutralization
curve, the natural pH of the raw sediment (DB) determined in
demineralized water is about 7.4. This is in line with the value from
the pH measurement (see Table 2). Under this natural value, the
presence of a plateau is observed. This is due to the carbonate dissolution which neutralizes acid according to the Eq. (1) and Eq. (2).
The pH of the mixture is buffered until the carbonates are

Fig. 5. Comparison of minor elements with thresholds in use by French authorities.

Fig. 6. A N C (acid neutralization capacity) for the sediments DB, DA6P and DA6C.

Fig. 7. A N C (acid neutralization capacity) for sediments DB, DA7P and DA7C.

completely consumed. Then the hydrogen carbonate ions react with
the acid to form carbon dioxide which reduces the pH to 4 according
to the Eq. (3). The sharp decrease in pH was observed after adding 5
meq Hþ/g of raw sediment. This means that a tone of sediment can
neutralize 5 m3 of 1 mol/l acid. This corresponds to a high acid buffer
capacity (Brons-Laot, 2002). Concerning the base added, we can see
an increase in the alkaline values (pHC12) after adding 0.8 meq
OH-/g of raw sediment. This shows that raw sediment has a low base
neutralization capacity. This is beneﬁcial for the treatment with the
hydraulic binder.
CaCO3-Ca2 þ þCO32 $

(1)

CO32 $ þH þ -HCO3 $

(2)

HCO3 $ þ H þ -CO2

(3)

(aqueous) þ H2O

3.3.1.2. Raw sediment (DB) versus treated sediments (DA6P, DA7P,
DA6C, DA7C). By comparing the acid-base neutralization curve
obtained for the raw sediment with those obtained from treated
sediment with A6 Acid (DA6P, DA6C), we can see that the curves
are more or less similar. However, we can observe that the curves
are shifted along the y-axis. This shift is related to the difference
between the initial pH of the sediments. Phosphatation led to a
drop in pH due to the addition of acid while the calcination process increases the pH. This rise of the pH is due to the decarbonation of calcite which produces lime (Kribi, 2005). The pH
values are respectively 6.9 and 10.3 for the sediments DA6P and
DA6C. These values are close to those determined from the pH
measurement (see Table 2). It can be seen that the acid buffer
capacity of raw sediment is higher than that of treated sediments
with A6 acid (DA6P and DA6C). This could be due to A6 acid
reaction with the carbonates. This is conﬁrmed by X-ray diffraction
which revealed a small amount of calcite in the sediments DA6P
and DA6C. In addition, the basic buffer capacity of the calcined
sediment (DA6C) is even lower than that of the sediments DB and
DA6P. The sediments treated with the A7 Acid (DA7P, DA7C)
exhibit the same trend as the sediments treated with the A6 Acid
(DA6C and DA7C) in term of the global rate in curves. The difference lies in the acid buffer capacity. The plateau of the sediment
DA7P is between pH 7.6 and 4. Obviously, the A7 acid had consumed a part of carbonate but this reaction is susceptible to produce the phosphated calcium that is stable at pH lower than that

of calcite. Regarding the sediment DA7C curve, there is no observable plateau pH but the acid buffer capacity is the same as the
raw sediment. In summary, the sediments DA6P and DA6C are
more sensitive to the acid attack than the sediments DB, DA7P and
DA7C. That should be not problematic for the use of sediments in
basic environments such as cement matrix in general.
A simulation has been conducted using the United States Geological Survey public domain PHREEQC geochemical package in order
to determine the pH zone of acid buffer capacity of calcite, calcium
phosphate (hydroxyapatite) and gypsum. The results are illustrated
in Fig. 8. We can see that the acid buffer capacity of calcite is reached
at a pH higher than that of hydroxyapatite. It could be argued that
the quantity of acid required to dissolve all of the hydroxyapatite is
twice as much as calcite. In addition, we can see gypsum has a low
acid buffer capacity. This may explain the reduction in acid buffer
capacity for the sediment after treatment with A6 acid. These results
are in line with those obtained by the pH dependence test and the
study on acid buffer capacity of gypsum (Raii, 2012).
3.3.2. Chemical elements availability of metals
The availability of metal elements depends on the pH and their
solubility. Only metal elements which greatly exceed the thresholds in use by Geode (GEODE, 2000) were selected. In Fig. 9 the
pH-dependent release of As, Cu, Pb and Zn is shown. In general,
these heavy metals present an amphoteric behavior. Their maximum release is achieved for the very acidic or alkaline pH. The
latter affects the sorption of metals in soils directly or indirectly.
The preferential sorption of hydrolyzed metal species governs the
pH-dependent reaction of cationic metals. The concentration of
hydrolyzed metal species increases with pH. In addition, adsorption sites in soils are pH-dependent, and the number of negative
sites for cation sorption decreases with decreasing pH. Moreover,
in an alkaline environment, metals can precipitate as oxides,
hydroxides, carbonates and phosphates.
3.3.2.1. Zinc. The solubility of zinc as function of pH exhibits
similar trends for all sediments. We can see that for a pH higher
than 6, the release of zinc for raw sediment is higher than that of
the treated sediments. The solubility at alkaline pH is 0.8% for the
raw sediment (DB), 0.02% for the phosphated sediment (DA6P,
DA7P) and 0.009% for the phosphated calcined sediment (DA6C,
DA7C). The leaching of zinc at pH lower than 6 is similar for raw
and phosphated sediments. The percentages are 53%, 50%, 54% for

Fig. 8. Simulation by PHREEQC of acid buffer capacity of calcite, hydroxyapatite and gypsum.

Fig. 9. pH dependent leaching of Zn, Pb, Cu and As, from sediments.

3.3.2.2. Lead (Pb). In the case of lead, the release of treated sediments is less than the raw sediment. Several authors have highlighted the precipitation of hydroxypyromorphite (Pb5(PO4)3OH)
in the stabilization by phosphate in a polluted soil. The good stability of this phosphate may explain the decrease in lead leaching
after phosphatation (Hettiarachchi et al., 2001). The decrease in
the amount of lead in the residual fraction of sediments after
calcination has also been shown (Kribi, 2005). The rates of lead
release in the acidic pH were 98% for the raw sediment and 15%,
6%, 35% and 26% for the sediments DA6P, DA7P, DA6C, and DA7C
respectively. The release for alkaline pH is about 1% for the raw
sediment 0.5% for the phopsphated sediments and 0.1% for the
calcined sediments.

Fig. 10. Leachability of As, Cu, Pb, and Zn in very alkaline pH.

the sediments DB, DA6P and DA7P respectively. The release of
calcined sediments is about 20%. This is in line with the previous
s
studies on the sediments treated by Novosol process. It has been
shown that phosphatation does not stabilize zinc while calcination
stabilizes it by capturing this metal in a silicate matrix
(Kribi, 2005).

3.3.2.3. Copper (Cu). For copper, the highest concentrations
obtained at acidic pH values are 62% for raw sediment, 35% for the
phosphated sediments and 20% for calcined sediments. After calcination and pH between 7 and 12 the copper leachability
decreases to achieve a minimum of 0.08% for the sediment DA6C
and values below the detection limit for the sediment DA7C. In the
most alkaline pH the leached contents for the sediments DAB,
DA6P, DA7P are 23%, 6% and 5% respectively. These results are
consistent with the literature. Indeed it has been shown that the
phosphatation induces the increase of the residual fraction of lead
while calcination reduces more than 50% of the mobilisable fraction (Kribi, 2005).

Fig. 11. Leachability of As, Cu, Pb and Zn in acidic environment (TCLP).

3.3.2.4. Arsenic (As). The leachability curve of arsenic shows that
the concentration of arsenic for raw sediment (DB) at neutral pH is
lower than the treated sediments (DA6P, DA7P, DA6C and DA7C). It
has been shown for soils that the addition of phosphoric acid
causes a slight increase in the mobilized fraction of arsenic
(Theodoratos et al., 2002). The hypothesis of chemical similarity
between arsenate and phosphate ions has been used to explain
this phenomenon. Indeed the partial substitution of phosphate by
arsenate causes the formation of soluble salt as Pb2(AsO4)Cl.
Moreover, in the most acidic pH, the leachability of this metal is on
the same order of magnitude as raw sediment (6%) and phosphated sediment (12%). However, the extraction yield of arsenic at
very alkaline pH is about 10% for raw sediment and 0.5% for
treated sediments.
Leachability of As, Cu, Pb, and Zn in very alkaline pH corresponding to the future environment of sediment is illustrated in
Fig. 10. This diagram, established from pH dependence tests shows
that the release of heavy metals from raw sediment is higher than
that of treated sediments. This could be due to stabilization of
metals in the phosphate matrix for treated sediment and dissolution of organic matter complexed to the heavy metals for raw
sediment. Indeed the dissolved organic carbon is composed of
organic species such as sugars, organic acids lignin, amino acids,
humic acids and fulvic acids. For the sediments, humic and fulvic
acids control the binding of heavy metals. Fulvic acids are soluble
in the acidic and basic medium while humic acids only dissolve in
an alkaline environment. Generally, the solubility of dissolved
organic carbon increases with increasing pH (Cappuyns & Swennen, 2008). This can explain the release of heavy metal in alkaline
environments. But metals with no organic matter (zinc, lead and
others) can also dissolve at high pH values, as zincate or [Pb(OH)
4]2-. Binding to organic matter is best evaluated according to a
Tessier like speciation test.
3.3.2.5. Toxicity characteristic leaching procedure. The leachability
of As, Cu, Pb and Zn obtained by TCLP is presented in Fig. 11. This
diagram shows that the highest release is observed with the raw
sediment. The highest reduction in availability is that of Zn which

Fig. 12. Leachability of As, Cu, Pb and Zn in neutral environment.

Fig. 13. Comparison of the pH dependence test with leaching test using water.

Fig. 14. Comparison of the pH dependence test with TCLP.

is a major pollutant in the studied sediments. This demonstrates
the stability of heavy metals after treatment in acidic environment
except for As, which has the same leachability for all materials.
3.3.2.6. Leaching test using water (NF EN 12457-2). The availability
of As, Cu, Pb and Zn obtained by leaching test using water is
presented in Fig. 12. We can see that the concentrations of Cu, Pb
and Zn leached from raw sediment (DB) are higher than those of
treated sediments (DA6P, DA7P, DA6C and DA7C) and especially
phosphated calcined sediments. Concerning As, its release is little
lower for raw sediment than treated sediment. The reasons
underlying this trend were conﬁrmed previously by the pH
dependence test.
3.3.2.7. Comparison of the pH dependence test with TCLP and
leaching test using water (Figs. 13 and 14). The environmental
assessment of sediments was carried out with the pH dependence
test, the TCLP and the leaching test using demineralized water. It is
essential to note that we can account for the difference between
the results due to inequality of the liquid to the solid ratio by
expressing the results in mg/kg of Dry Material (D. M.). The results
of the pH dependence test with TCLP and leaching test using
demineralized water are presented in Fig. 11. There is no doubt in
the compliance of data whatever considered element. We can,
therefore, ﬁnd the results of TCLP and the leaching test using
demineralized water from the pH dependence test. This shows
that the pH dependence is important because it allows ﬁnding
many of the routine testing results. Therefore the amount of
testing can be reduced by choosing tests in line with that proposed
by CEN TC 292 while getting a thorough knowledge of the waste
(Figs. 13 and 14).

used as a basic characterization test as the pH is an important
parameter for the heavy metals availability. This test has shown
that the acid buffer capacity of raw sediment and treated sediment
with A7 acid is higher than that of the sediments treated with the
A6 acid. Also, it should not be a problem to use sediments in basic
environments such as cementitious materials. The simulation
conducted by PHREEQC showed that calcium phosphate has a
good stability only down to pH 4. This test has also shown a
reduction in the availability of targeted heavy metals in alkaline
environments such as a future matrix of sediment for any type of
acid. Two compliance tests have been performed with the goal to
conﬁrm the results obtained by the pH dependence test in
accordance with the hierarchy established by European community for harmonization of leaching/extraction tests and standardization in relation to the use of alternative materials in
construction. The agreement between these tests has been
demonstrated. This will provide the release of pollutants while
optimizing the number of tests. Furthermore, it was clearly shown
that the acids types selected for this work with a different level of
purity gave equivalent results in term of stabilization of targeted
heavy metals in dredged sediments. This ﬁnding is important as it
demonstrates the robustness of the treatment process of dredged
sediment and the cost-effectiveness of treated sediments. The next
step of this work is to study the effect of treatment on the
mechanical characteristics of dredged materials in relation with
their valorization in civil engineering works.

Acknowledgements
The authors would like to thank Solvay Company and Prayon
for the ﬁnancial support for this research.

4. Conclusions and prospects
The methodology adopted has allowed us to understand the
mechanisms of heavy metals release and to predict the behaviour
of sediments in different scenarios. The pH dependence test was
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