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Abstract: The Delle canal is one of the most polluted canals in northern France. It contains large volumes of polluted
sediments. These have to be dredged and characterized before deciding about the technology suitable for their treatment.
The sediments are thus subjected to a physico-chemical characterization comprising particle size classification and heavy
metals sequential extraction studies. The total metallic concentrations exceed the French standards for several metals such
as cadmium, zinc, lead or copper. On average, 92% of the total weight of each metal are present in the particles that are
less than 53 um in size. These particles represent about 85% of the suspended matter dry weight. The sequential extraction
study reveals that most of the studied metals are strongly linked to the sediments because of their association with the sul-

fides and with the organic matter.
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INTRODUCTION

The Nord-Pas de Calais region in northern France counts
600 km of water channels [1] (DREAL Nord-Pas de Calais,
2007). Given its plane topography, large volumes of sedi-
ments are formed in the rivers and canals every year. Thee
sediments need to be dredged periodically to prevent floods
and avoid navigation problems. The volumes of sediments to
be dredged are significant. They amounted to around 4.23
million m3 in 2007 and are expected to reach 8.4 million m*
of sediments between 2007 and 2027 [2]. In the absence of
pollution, the dredged sediments can be deposited along the
banks or on agricultural soils. However, in the occurrence of
pollution, they need to be treated before reuse. This is unfor-
tunately the case in the Nord Pas de Calais region which
suffers from the pollution of its water channels due to the
heavy industrial past of this region.. The dredged sediments
are mainly contaminated with heavy metals and hydrocar-
bons [2]. Between the years 1990 and 2000, the volume of
dredged sediments from the region has been estimated to 1.7
million m®. Seventy percent of the dredged and analyzed
sediments were polluted [3]. The Deule canal is one of the
most polluted water channels in the Nord Pas de Calais re-
gion. In 1998, the “Agence de I’Eau Artois-Picardie” [4]
studied the biological quality of sediments by using oligo-
chetes as biological indicators of pollution and found out that
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the Deule sediments ranked as highly contaminated class A
sediments [4]. In a more recent study, the sediments of the
Deule canal were found highly deteriorated and had a high
pollution risk index requiring there in depth diagnosis [3].

Pagnanelli et al. [5] studied the sequential extraction of
heavy metals in river sediments abandoned pyrite and Schei-
nost et al. [6] combined the selective sequential extractions
for Quantitative Zinc Speciation in Soil. In india, the data
modeling of heavy metal fractionation in sediments from
Gomti River were studied by Singh et al. [7]; whereas the
use of sequential leaching, mineralogy, morphology and
multivariate statistical technique for quantifying metal pollu-
tion in polluted aquatic sediments were developed by Rath et
al. [8]. On the other hand, Gdmez Ariza et al. [9] studied to
the extraction procedures for trace metal partitioning in
sediments from south-west Spain.

Other studies were devoted to the heavy metal speciation
in branch sediments of Poyang Lake [10], to the heavy met-
als partitioning in the sediments of Izmir Inner Bay [11] and
to remobilization of metals from slag and polluted sediments
[12].

The aim of this study is to conduct a physico-chemical
characterization of sediments that have been dredged from
the Delle canal. This study would constitute a diagnosis of
the sediments prior to their eventual treatment. Besides de-
termining the total concentrations of heavy metals, the pre-
sent work will study the distribution of these metals in the
different granulometric and geo-chemical fractions of the
sediments.
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MATERIALS AND METHODS
General Characterization of the Sediments

The sediments were sampled from the Delle canal situ-
ated in the Nord-Pas de Calais region in northern France.
Sampling was done from the point 080000 of the canal. This
point is localized in the village of Haubourdin which is situ-
ated at the south of the city of Lille, the capital of northern
France.

The sediments were digested then analyzed for their total
heavy metal contents by inductively coupled plasma optical
emission spectrometry (ICP-OES). For the digestion, 0.5 g
of dry sediments were digested in 10 mL of concentrated
nitric acid fhor 10 minutes in a microwave apparatus accord-
ing to the EPA method 3051 [13]. The temperature of the
samples should rise to 175°C in less than 5.5 minutes and
remain between 170-180°C for 10 minutes and pressure must
not exceed 6 atmospheres.

Organic matter and dry suspended matter (SM) contents
were determined by centrifuging the samples at 8065 rpm for
25 minutes, heating the solid residue to 550°C for 4 hours
and 105°C for 2 hours and expressing the resulting dry
weights as a function of the 105°C and fresh sample weights
respectively.

Particle Size Analysis

For the particle size classification analysis, the sediments
were wet sieved on a vibrating screen (Retch). Four sieves of
250pum, 180pm, 53pum and 25um were used. A known
weight of a wet homogenized sediment was introduced into
the machine and water was run into the system. The particles
greater than 25um were collected into beakers after rinsing
of the corresponding sieves with double distilled water and
then oven dried at 105°C for 48 hours. The particles less than
25um were collected by centrifuging the filtrate and then
dried as previously. The centrifugation was carried out at
10°C and at 8065 rpm for 25 minutes. The different granu-
lometric fractions obtained were acid digested then analyzed
for their total heavy metals content by ICP-OES as described
above.

Sequential Extraction of Heavy Metals from the Sedi-
ments

The sequential extraction scheme adopted was that de-
veloped by the “Measurements and Testing Programme” of
the European Union. It was chosen because it is representa-
tive of most of the sequential extraction schemes present and
because it has been validated by inter-laboratory comparison
experiments and by certified reference materials [14, 15].

The sediments were air dried then sieved to 90 um prior
to extraction. The extraction consisted of three main steps:

-Step one: one gram of dry sediment is extracted in a
centrifuge tube with 40 ml of 0.11 mol/L acetic acid by shak-
ing for 16 hours (overnight) at ambient temperature (25°C).
The extract or the acid soluble fraction comprises exchange-
able and carbonate bound heavy metals. Their mobilization
is governed by acid base equilibria;
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- Step two: the residue from step one is rinsed with dis-
tilled water and then extracted for 16 hours (overnight)
with 40 ml of freshly prepared 0.1 mol/L hydroxylamine
hydrochloride acidified with nitric acid to pH 2. The ex-
tract or the reducible fraction comprises heavy metals
bound to Fe and Mn oxides and hydroxides. Their mobi-
lization occurs under reducing conditions;

- Step three: the residue from step two is rinsed with dis-
tilled water then digested at room temperature for one
hour with ten milliliters (mL) of 30% H,O, (adjusted to
pH 2-3 with nitric acid). The digestion is carried out in
the centrifuge tube after covering it with a watch glass.
The tube is occasionally hand shaken during the diges-
tion. The residue is then digested for one additional hour
at 85°C. At the end of the digestion, the watch glass is
removed and the volume reduced to a few mL. Ten milli-
liters of the H,O, solution are then added and the same
digestion (85°C, lhour) and volume reduction procedure
is repeated. 50 mL of 1 mol/L ammonium acetate solu-
tion adjusted to pH 2 with acetic acid are added to the
residue and the latter is extracted for 16 hours (over-
night). The extract or the oxidizable fraction comprises
heavy metals bound to the sulfides and to the organic
matter. Their mobilization occurs under strong oxidizing
conditions.

The solid residue left at the end of these extraction steps
represents the residual fraction. It comprises heavy metals
that are strongly bound to the crystalline lattice of the sedi-
ments and which can not be released by any of the reagents
used in the previous steps

Shaking is done on a horizontal shaking table. The sedi-
ments must be continually in suspension during the extrac-
tion. The extracts are filtered through a 0.45 pm membrane
prior to ICP determination.

RESULTS AND DISCUSSION
General Characterization of the Sediments

According to Table 1, the sediments have a fine texture
as the particles having less than 50um in diameter represent
more than 50% of the dry suspended matter (SM) weight.
The sediments are also rich in organic matter as the organic
matter percentage is greater than the mean values (2-10%)
found in the sediments of the Nord Pas de Calais region.

To assess the level of contamination and in the absence
of French standards specific for sediments, the total concen-
trations of heavy metal were compared to the French soil
standards, which are values above which, no sediment or
sludge application is allowed on a given soil. The sediments
were not polluted by Cr as its concentration was below the
soil standard. The contamination of the sediments was slight
in the case of Cu but high in the case of Pb, Zn and Cd. Al-
though no legislation exists at the present time for Mn, we
can notice the high load of the sediments in this metal as its
concentration is superior to the Natural Values, which are
values below which a given soil is considered as not pol-
luted. The metal concentrations were also higher than the
sludge standards which are values above which no sludge
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Table 1. Characteristics of the Sediments Dredged from the Dedle Canal in the Haubourdin Region at the Point 080000

Parameters French Soil Standards * French Sludge Natural Salues” Results
Standards “

% SMP (with respect to fresh sediment weight) Y - - 21.3
Particles less than 50pm as a % of SM - - - 84.5
% organic matter (with respect to % SM) - - - 14.02
Iron (mg/kg of SM) 8 _ 10000 24225
Manganese (mg/kg of SM) _ _ 250 428
Copper (mg/kg of SM) 100 1000 20 145
Zinc (mg/kg of SM) 300 3000 75 6014
Lead (mg/kg of SM) 100 800 20 1222
Chromium (mg/kg of SM) 150 1000 25 130
Cadmium (mg/kg of SM) 2 20 0.5 475

“ From Ref. [16]

®: From Ref. [17]

P: SM : Suspended matter
": No data available

% No standards available
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Fig. (1). Percentages of the dry suspended matter weight for the different granulometric fractions.

from waste water treatment plants or other assimilated mate-
rial can be deposited on the soil.

PARTICLE SIZE ANALYSIS

Twenty replicate sediment samples were analyzed. The
experimental error was small as the values of the standard
deviation ranged from 0.1% for the fraction 250-180um to
6.25% for the fraction less than 25um.

According to (Fig. 1), about 60% of the dry suspended
matter content consist of particles less than 25um in diame-

ter. This fraction is mainly composed of clays and fine loam.
The fraction between 25um and 53um corresponds to the
coarse loam particles and constitute 25.5% of the dry SM.
Globally, the fraction less than 53um represents 84.5% of
the dry SM.

DISTRIBUTION OF HEAVY METALS IN THE DIF-
FERENT GRANULOMETRIC FRACTIONS

The precision of the experiment was checked by calculat-
ing over the twenty granulometric trials a mass balance
based on the total heavy metals and suspended dry matter
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Table 2. Concentrations of Heavy Metals (mg/kg SM) in the Different Granulometric Fractions and Mass Balances Calculated on 20

Granulometric Trials

Fraction Pb Cd Zn Fe Cr Cu Mn
>250um 189 3.0 718 627 1.7 7.6 17.3
250-180um 6.3 0.7 19.7 167 0.7 0.9 4.0
180-53pum 705 95 211 2086 6.7 8.1 26.9
53-25um 181 52.4 752 4268 19.6 20.2 79.5
<25um 931 408.2 4944 15167 98.1 147.6 259.8
Rinsing water 6.7 24 12.1 <d.L 34 <d.L <d.L
Total calculated concentrations 1214 476.2 6010 22315 130.1 184.5 387.5
Total measured concentrations 1222 474.6 6014 24225 129.7 144.8 428.1
French soil standards* 100 2.0 300 150 100
d.l. : detection limit (mg/kg SM)
*: From Ref. [16]
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Fig. (2). Percentages of the total mass of each heavy metal in the different granulometric fractions.

contents of the different granulometric fractions obtained.
Table 2, shows that the theoretical total heavy metals con-
centrations as calculated from the mass balance are close to
the total measured heavy metals concentration.

According to (Fig. 2), heavy metals are generally more
concentrated in the fine granulometric fractions than in the
coarse ones. The particles less than 25um contain the great-
est concentration of heavy metals. On average, 77% of the
mass of each metal are present in the fraction less than 25um
in diameter. The value is equal to 14.5% for the 25-53um
fraction and is less than 10% for the fractions greater than
53um. On the other hand, the rinsing water contained negli-
gible concentrations of heavy metals. Globally, 92% of the
metallic load are thus present in the particles less than 53um

which represent alone 84.5% of the suspended dry weight of
the sediments. The predominant association of the heavy
metals with the fine fractions of the sediments has also been
observed by Kern and Westrich [18] and by Brandvold et al.
[19]. This correlation between the heavy metals load and the
size of the fine particles was however not observed by Stone
and Marsalek [20] because the sediments used in their study
were mostly composed of sand particles.

The high pollution load and the elevated dry SM percent-
age of the particles less 53um might be favorable for a future
isolation of these particles from the rest of the sediment and
for the limitation of any heavy metal treatment to this fine
fraction only. This would limit the future treatment of the
sediment to the treatment of the fine polluted fractions only
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Table 3. Mean Concentrations of Heavy Metals (mg/kg Dry Fraction) of the Different Granulometric Fractions Calculated on 20

Granulometric Trials

Pb Zn Cd Cu Cr Fe Mn
Total concentration in sediments 1222 6014 474.5 145 130 24225 428
Concentration in the fraction >25um
753+44 27274260 156.7+28 110+18 76+4 20436 357
41% of the SM
Concentration in the fraction <25um
1688+19 8961+£172 739.8422 268+16 178+4 27490 471
59% of the SM
Concentration in the fraction >53um
722+45 2284+74 100+6 126+26 69+5 21750 364
15,5% of the SM
Concentration in the fraction <53pum
1355+13 6854+36 550+13 201+6 144+4 24232423 426+2.5
84.5% of the SM
Sludge standards 800 3000 20 1000 1000 ¢ o
Soil standards 100 300 2 100 150 - -
Maximal metallic concentrations in the sediments
in order to respect the sludge standards after a 1354 7900 95 1150 1886 p -
granulometric classification at 53pm
Maximal metallic concentrations in the sediments
in order to respect the soil standards after a granu- 169 790 9.5 115 283 - -
lometric classification at 53um

o

"__:no standards available
?_: no data available

and would reduce both the cost and the duration of the
treatment.

However, the observation of Table 3 shows that such
isolation would not be applicable in the case of the studied
sediments because the particles greater than 53um would
still be above the French standards. It follows that any even-
tual metal remediation technology should be applied to the
total volume of the sediments.

SEQUENTIAL EXTRACTION OF THE HEAVY
METALS FROM THE SEDIMENTS

The sequential extraction study has been mainly limited
to the heavy metals for which the French soil standards ex-
isted and that were present in concentrations above those
standards. The heavy metals studied were Cd, Pd, Cu and
Zn. Mn was also included in this study. According to (Fig.
3), all studied heavy metals are not concentrated in the resid-
ual fraction. The predominant presence of the metals in frac-
tions other than the residual fraction has been correlated to
the importance of the heavy metal load by Bodog et al. [21]
and Hlavay and Polyak [22].

On the other hand, (Fig. 3), shows that most of the stud-
ied metals (Cu, Pb and Cd) are mainly associated with the
sulfides and with the organic matter fraction. Zn and espe-
cially Mn are mainly linked to the acid-soluble and reducible
fractions of the sediments.

Our findings are close to results found by other research-
ers. The predominant association of Cu with the organic mat-
ter fraction and of Zn with the reducible fraction have been

observed by Yu et al. [23-24] Tsai et al [25] and Usero et al.
[26]. On the other hand, the concentration of Pb in the oxidi-
zable fraction has been recorded by Mester et al. [27]. In
general, the presence of most heavy metals in the organic
and reducible fractions is due to the fact that organic matter
and Fe-oxides are more accessible to heavy metals than other
sediment phases [28]. Close findings were also reported by
Yu et al. [29] who found that the acid volatile sulfides have
the priority to bind to heavy metals followed by organic mat-
ter and carbonates.

As the extraction of heavy metals from the oxidizable
fraction occurs under more severe conditions in comparison
to the acid soluble and reducible fractions, it appears that Pb,
Cd and Cd are more tightly linked to the sediment matrix in
comparison to Mn and Zn. It can also be estimated that the
heavy metals can be ranked according to a decreasing mobil-
ity order as follows: Mn > Zn > Cd >Cu > Pb.

The repartition of heavy metals in the different geo-
chemical fractions of the sediments and their subsequent
mobility depends on several factors particularly the nature of
the sediments as well and the concentration of the heavy
metals. For instance, Howari and Banat [28] assessed heavy
metal pollution in the Yarmouk and Jordan rivers in Jordan.
Compared to the sediments of the Deule canal, the sediments
of the Jordan and Yarmouk rivers contain higher levels of
sand (50-51%) and lower levels of organic matter (1.9%-
2%) and fine particles (46%-53% for the particles less than
50 um). Also, the concentrations of Pb, Zn and Cd in the
sediments of both rivers reflected background values. The
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Fig. (3). Heavy metals distribution in the different chemical fractions of the sediments as a percentage of the total mass of each metal.

sequential extraction study revealed that most of the sedi-
ments were predominatly associated to the residual fraction
and thus of low mobility, a fact in accordance with Bodog et
al., [21] and Hlavay and Polyak, [22]. As for the mobility of
heavy metals, it was close to that recorded for the Deule ca-
nal (Cd>zZn>Pb for Jordan sediments and Zn>Cd>Pb for
Yarmouk sediments). Despite this similarity, it is important
to note that the mobility of heavy metals in the two studies
has been determined by different factors namely different
sediment composition and different pollution loads and age.

The estimation of the relative mobility of the studied
heavy metals bears a special importance as the determination
of the total heavy metals concentrations is not sufficient to
estimate the mobility of the heavy metals in the sediments or
the actual toxicity of these sediments [29]. The results of the
sequential extraction study need to be taken into considera-
tion when applying any metal remediation technology to the
sediments in the future. These can be physical such as the
solidifcation/stabilization process, chemical like the chemi-
cal washing of sediments or biological such as the bioleach-
ning of heavy metals from the sediments or phytoremedia-
tion [30-33]. Of the different technologies that can be
adopted, bioremediation technolgies based on the bioleach-
ing of heavy metals from the sediments are to be chosen as
they are efficient, cost effective and natural [34-35].

CONCLUSIONS

In this paper, the physico-chemical characterization of
the sediments, the particle size classification and the heavy
metals sequential extraction were studied. The general char-
acterization of the sediments revealed that they were highly
polluted with the heavy metals. The total metallic concentra-
tions exceed the French standards for several metals such as
cadmium, zinc, lead or copper. According to the grain size
analysis, the sediments were mainly constituted of clays and

fine loams. The analysis also showed that the heavy metals
were predominantly associated with the fine particles less
than 53um. These particles represent about 85% of the sus-
pended matter dry weight. The high metal levels in most
sediment fractions do not allow the pretreatment of the
sediments by grain size classification. Such pretreatment
would be more suitable for sediments with comparable
granulometric composition but with a lower pollution load.
The sequential extraction study showed that most of the
studied metals were tightly linked to the matrix because of
their association with the organic matter and the sulfides.
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