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1.1 Summary
The present document reports the methods and procedures, as well as the results, of physico-chemical
characterization of the sediment samples collected at the Livorno Harbour.
The analytical results were compared to the reference values reported in the “Manual for the handling of
marine sediments” (ICRAM-APAT, 2007), namely the threshold metal concentrations for natural and
uncontaminated sediment (baseline) and the limit concentration above which a sediment should be
considered as polluted. Moreover, the analytical results for metal concentrations were also compared to the
limits reported in Table A of Title V, Part IV of the Italian Decree 152/2006 (Dlgs 152/2006 e s.m.i), where
the threshold values of metal concentrations in soils of green and residential areas (Column A) and industrial
sites (Column B) are reported.
All the tested samples appeared to be characterized by a fine texture, making the sediment suitable to be
treated by an electrokinetic process. The contamination level was quite low and the most critical metals
were found to be Zn and Cu, mainly due to the activities carried out in the Livorno Harbor area, including
mooring, ship maintenance as well as industrial activities.
For sake of clarity, the results of the preliminary electrokinetic tests (turbo tests) are reported in Deliverable
Action A1.3, so as to allow for a direct comparison with the whole set of the lab-scale campaign aimed at
evaluating the optimal operating conditions for the electroremediation treatment.
The activities carried out under Action 2.1 were carried out with the external support of the University of
Cagliari, Department of Civil and Environmental Engineering and Architecture.

1.2 Sediment sampling
Within the selected area in the Port of Livorno (§ deliverable A1.1), the sediment sampling campaign has
been carried out by University of Pisa, using a grab sampler (Figure 1).
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Figure 1. Grab sampler.
A total of 20 samples of 10 liters each have been collected from a single sampling point. The sampling was
carried out manually, by picking up sediment from the surface layer (0-50 cm).The samples have been left to
settle for 16 days after which the supernatant was removed.
After supernatant removal, properly stored in PVC containers with a capacity of about 10 liters each,
University of Pisa proceeded to the homogenization of samples.
This operation was performed by a mechanical mixer, and consisted of a vigorous mixing of sediments to
obtain a complete sediment homogeneity. Then the samples were sent to University of Roma and University
of Cagliari for the characterization and electrokinetic remediation laboratory tests.
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Figure 2. Sediment homogenization at University of Pisa.

1.3 Sediment samples
The as-received samples, delivered by University of Pisa to the Laboratory of Sanitary and Environmental
Engineering of the University of Rome “La Sapienza”, were homogenized and stored under controlled
conditions prior to be subjected to the analytical campaign. During homogenization, coarse materials such as
shells, shell fragments and stones, were manually removed from the sediment sample. Due to the complexity
of the sediment matrix, the characterization campaing was carried out at the University of Cagliari as well,
so as to verify the repeatability and accuracy of the analytical data.
However, no sieving was perfomed on the sediment sample as, due to the nature of the material, the
adoption of wet conditions was considered as compulsory. The addition of water to make sieving feasible, in
fact, would have altered the chemical properties of the material (i.e., the salt content), this interfering with
the electroremediation process. It should be underlined that the relative amount of coarse material was quite
low, so that manual sorting was deemed to be satisfactory for the purposes of the lab-scale investigation.
Figure 3 shows a picture of the as-received sediment samples; although, after sampling, sediments were
allowed to settle so as to separate the excess water, a thin film of water was still formed on the top of the
container when sediments were delivered to the laboratory. Thus, prior to characterization and electrokinetic
tests, sediments and water were carefully mixed so as to attain sample homogenization (see Figure 4). In
order to promote mixing, sediments were transferred into PET containers (see Figure 5); each container was
adequately identified and registered and then stored in the laboratory under controlled conditions.
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Figure 3. As received sediment sample (the segregated thin film of water is visible on the top).

Figure 4. Sediment homogenization.

Figure 5. Sediment mixing and storage.
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During sediment homogenization, coarse material including shells, fragments and stones was separated from
the sediments, as depicted in Figure 6.
Part of the homogenized samples were oven-dried at 40°C until constant weight was attained. Such a low
temperature value was selected in order to prevent any loss of organic matter and to minimize sample
disturbance. Upon drying, sediment particles clogged and were bound into a cement-like matrix, as depicted
in Figure 7. Such a behavior hindered sieve separation of the material under dry conditions, while a ballmilling stage was made necessary prior to further chemical characterization of the dried material (for
example, when metals were determined).

Figure 6. Shells, fragments, stones separated by sediment samples.

Figure 7. Clogging of sediment particles upon drying and (last picture) dried sediments after manual
milling.
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1.4 Analytical Methods
Homogenized sediment samples were characterized for the following physico-chemical parameters:
- pH;
- water content;
- conductivity;
- grain size distribution;
- alkalinity;
- acid neutralization capacity (ANC);
- cation exchange capacity (CEC);
- total organic carbon (TOC) and inorganic carbon (IC);
- metal content.
The analytical procedures followed during the characterization campaign were selected on the basis of the
experience gained by the Beneficiary during a previous LIFE+ project on polluted sediments, and adapted, if
necessary, to the specific characteristics of the material used in the present project.
Analytical methods and related equipment are described below. Note that the same procedures will be
utilized to characterize liquid and solids during and after electroremediation.
1.4.1

pH

Sediment pH was determined on homogenized and wet sample according to a potentiometric method, using
a glass-electrode in combination with a reference electrode. Prior to each measurement, electrodes were
calibrated using standard buffering solutions (pH equal to 4, 7 and 10).
Procedure
2 g of wet sediment sample were weighed and put in contact with a 1N KCl solution at a solid to liquid ratio
equal to 1:2.5. A small magnetic bar was added, and the suspension was stirred for 15 minutes using a
magnetic device; then, the suspension was allowed to settle for 30 minutes so as to attain the separation of
the liquid from the sediment particles. pH measurement was then carried out by means of a pH-meter
equipped with a glass electrode.
1.4.2

Water content

Water content was determined by measuring the mass of water in a known amount of the homogenized
sediment. To this aim, a sample of sediment was weighed and oven-dried at 40°C until constant weight was
attained. Water content (W) was determined according to the following equation:
P  Pd
W (%)  w
100
Pw
where Pu and Ps represent, respectively, the initial (wet) and final (dry) weight of the tested sediment
sample.
1.4.3

Electrical Resistivity

The Electrical Resistivity was calculated by measuring the sediment conductivity, i.e. the conductivity of
both sediment and naturally occurring water. Conductivity was measured in the as-received homogenized
sample by using electrodes placed at a known distance. Electrodes are supplied with a constant voltage and
the resulting electrical current is measured by a meter. As the distances between two adjacent electrodes
were measured, as well as the geometry of the system, sediment conductivity was calculated.
In Figure 8, phases of the conductivity measurement are reported. Conductivity was measure in S/m.
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Figure 8. Measurement of sediment electrical conductivity.

1.4.4

Grain size distribution

Grain size distribution was determined by wet sieving of homogenized sample, using the of standard sieves
listed in Table 1 .

Table 1. Series of standard sieves sizes (m).
2000
800
500
250
125
100
75
63
25

1.4.5

Acid neutralization capacity (ANC)

The acid neutralization capacity was determined on both wet and dried sediment samples. The test was
carried out over a 48 h period by contacting 6 sub-samples of the material to nitric acid solutions (L/S = 10
ml/g dry weight) having increasing acid concentrations. Continuously mixed conditions were accomplished
through tumbling. The H+/sample ratio ranged from 510-5 to 5 gH+/kg of sample. After 48 hours, pH
measurement of the suspension was carried out. Plotting pH values as a function of the added acid per unit
mass of sample, allowed for the estimation of the acid neutralization capacity.
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1.4.6

Cation Exchange Capacity (CEC)

The Cation Exchange Capacity was determined according to the Barium chloride-triethanol-amine
extraction procedure. According to the method, sediment sample was extracted by means of a Barium
chloride-triethanol-amine solution titrated at pH = 8.1 units with a EDTA solution in order to determine
exchangeable acidity.
1.4.7

Total Carbon (TC), Total Organic Carbon (TOC) and Inorganic Carbon (IC) content;

A Shimadzu TOC analyzer equipped with the two modules, namely SSM-5000 and TOC-V CSN, to
analyze, respectively, solid and liquid sample, were used in order to determine both TC and IC of the
samples (see Figure 9. TOC analyser).

Figure 9. TOC analyser (left: module SSM500 for the analysis of solid samples; right: module TOC_V CSN
for the analysis of liquid samples).

The module for the solid sample analysis is composed of two furnaces and one non dispersive infrared
sensor (NDIR), which is able to detect gaseous CO2 evolving from the solid sample upon combustion.
Oxygen is used as carrier gas, able to complete combustion and to transport CO2 from the combustion cell to
the detector. Prior to sample characterization, the instrument has to be calibrated by means of pure
compounds.
The TC is determined after combustion at 900°C of 0.25 g of sediment sample. After that, 5 ml of sulfuric
acid is added to the sample which is fed to the second furnace at 200°C in order to determine IC.
TOC, expressed in percent by weight, is determined as the difference of the two measured values, TC and
IC, according to the following equation:
TOC = TC – IC
[%]
Glass ceramic crucibles are used to fed the sample to the analyzer. A picture of samples prepared for TOC
analysis is reported in Figure 10.
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Liquid samples are analysed by feeding 10 ml of the liquid sample into the furnace kept at 680°C. Prior to
reach the detector, water vapor and alogens are removed.

Figure 10. Samples for TOC analysis and glass ceramic crucibles.

1.4.8

Metal content.

The elemental composition of the dried sediment was determined by atomic absorption spectrometry (AAS)
after lithium tetraborate digestion at 1050 °C. The digestion procedure was carried out on ball-milled
samples at <150m, placing 0.5 g of the sample in contact with 3 g of lithium tetraborate into platinum
crucible. After melting at 1050°C, samples were rapidly extracted from the muffle and instantaneously
quenched in water, so as to attain a glass-like product which was then dissolved into a 10% HNO3 solution.
The content of the metals of interested was then determined by absorption spectrometry (AAS) equipped
with the flame configuration or, when the detected concentrations were below the threshold limit of the
instrument, with the graphite furnace.
In addition to the metals of interest for the remediation treatment (namely Cd, Cr, Cu, Mn, Ni, Pb, Zn), the
most relevant macro-elements were determined as well, including Al, Ca, Fe, K, Mg, Na, Si, so as to better
understand material modifications as a result of the electrokinetic treatment.
1.4.9

Extraction tests.

In order to evaluate metal mobility as a function of pH conditions, and in particular to explore the actual
metal mobilization occurring under acidic conditions, a number of extraction test were performed under
batch, continuously stirred, conditions. The analysis of the lab-scale results allowed to gain preliminary
indications on the suitability of chemicals to be used as conditioning agents for EK tests.
The extraction tests were carried out by adding acidic solutions to the sediment at a liquid to solid ratio
equal to 10 for a pre-set time of contact (namely, 24 and 48 hours). Test duration was selected on the basis
of the ANC procedure according to the EU leaching tests protocols, as it was assumed to be the time
required by the leaching reactions to attain thermodynamic equilibrium. At the end of the extraction period,
the suspension pH was measured. Then, samples were centrifuged and the separated liquid was analysed for
metal content.
The following agents were tested:
- HNO3
- HCl
SEKRET PROJECT

12

DELIVERABLE A1.2
- oxalic acid
- citric acid
- ascorbic acid.
The first two agents were used according to their capacity to buffer sediment pH, so as to promote metal
mobilization from the solid matrix. The third and the fourth agents were selected in order to evaluate the
feasibility the effect of complex formation on metal mobilization. The last one was tested in order to gain
evidence of benefits arising from the creation of reducing conditions in order to mobilize the fraction of
metals bound to Fe and Mn oxides. The comparison between the results obtained from EK and extraction
tests allowed for the identification of the contribution to metal mobilization given by the electric field
application, which should be in principle increase metal mobilization.
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1.4.10 Electrokinetic (EK) test.
EK tests were performed following the guidelines provided by one of the Project Beneficiary (Lambda
ConsultTM) and published in a number of technical and scientific paper. The procedure was slightly modified
so as to take into account the specific properties of the sediment samples under concern.
The EK tests were executed at a constant current density equal to 20 A/m2 for a duration of 7 and 21 days,
so as to evaluate the effect of the treatment duration on metal mobility and remediation yields.
The resulting voltage drop values were measured and logged during each test by a voltmeter connected to
two graphite electrodes placed at a known distance in the sediment sample. Voltage was also monitored by a
voltmeter integrated to the current generator connected to the cathode and anode of the EK cell.
A number of plexiglas EK cells were designed and constructed, so that a number of tests could be
simultaneously performed. Each cell was equipped with graphite electrodes and a DC generator, as well as
with a voltmeter with continuous data logging.
Each EK cell was divided into three compartments by Plexiglas framework holding a plastic net and paper
filter, so as to confine the sediment specimen in the central compartment and prevent any material loss into
the cathodic or anodic compartment.
Due to the gas evolution during the EK test, the two graphite electrodes were arranged so as to reduce the
contact with the gas evolving from the chambers to the atmosphere during the EK treatment, so as to reduce
chemical attack of metals connections between electrodes and the current generator.
Details on EK cells and components are reported in Figure 11.

Figure 11. EK cells

Figure 12. Details of EK cell (clockwise: detail of the EK cell; DC generator; EK cell filled with sediment
and electrolytes and equipped with electrodes for continuous sediment resistivity measurement; detail of the
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voltmeter and data logger; test control with project noticeboard in the background; general view of the EK
apparatus).

The following procedure was agreed with the Colleagues at the DICAAR- Dept. of Civil-Environmental
Engineering and Architecture University of Cagliari, adopted to perform EK test under controlled and
reproducible conditions.
The EK cell was assembled and weighed by means of a technical balance. Then, the wet homogenized
sample was filled up to a fixed level of the central chamber (approximately 1 cm below the surface of the
cell). The EK cell filled with the sediment was then weighed again, so as to determine the mass of sediment
subjected to the EK test. An external load was then placed on the top of the material for ap proximately 20
hours, so as to simulate the compaction load applied at pilot- and full-scale during sediment feeding to the
EK plant. At the end of the compaction period, the sediment height was measured and the two electrodic
chambers were filled with the electrolytes. The two measurement electrodes connected to voltmeter and data
logger were inserted into the sediment. In order to guarantee data reproducibility and to minimize errors, the
electrodes were placed adopting the same spatial configuration for the whole set of lab-scale tests. The two
electrodic chambers were then connected to the DC generator by means of two vertical graphite electrodes.
The test was then started and, for some of the investigated conditions, the catholite solution was periodically
renewed. At the end of the test, the sediment was demoulded and separated into three slices: one close to the
cathodic chamber (Section -), one close to the anodic chamber (Section +) and one corresponding to the
central part of the specimen (Section central). pH of each slice was then determined according to the
procedure briefly described at paragraph 1.4.1. Subsequently, each slice was dried and tested for metal
content (see 1.4.8). The solutions recovered at the anodic and cathodic compartment were acidified to pH=2
so as to prevent metal precipitation (if necessary), filtered at 0.45 m and stored until analysis by atomic
absorption spectrometer and TOC. Approximately 250 g of sediment was used in each test.
For seek of clarity, the list of all the EK tests carried out in the two Laboratory of Rome and Cagliari, as
reported in the specific Deliverable A1.3.
1.5 Sediment characterization
The results of physico-chemical characterization of the sediment samples dredged in the Livorno Harbour
are discussed below. As no significant differences were observed among the properties of the different
sediments dredged in the Livorno harbor, results are reported as the mean values of the replicates of the
whole set of samples collected during the sampling campaign. However, it should be anticipated that,
despite homogenization was carefully carried out prior to the lab-scale campaign, a number of sub-samples
appeared to be as outliers if compared to the whole analyzed set. Such a behavior can be explained when
considering the low homogeneity generally affecting marine and coastal sediments, which is related both to
their origin and to the wide class of polluting activities/events involving harbor areas.
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1.5.1

pH.

The natural pH of the homogenized sediment, determined on both dry and wet sample, is reported in Figure
13 evidencing the alkaline nature of the system under naturally-occurring conditions.

Figure 13. Sediment pH.

Measured pH values ranged from 7.92 to 7.95 as well as from 7.92 to 8.02 for the dry and wet sample,
respectively.
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1.5.1

Water content

The water content of the homogenized samples was approximately equal to 33% by wet weight. Considering
that as a result of sampling the water content accounts for a value higher than 50% by wet wt., it can be
inferred that, for the considered samples, even during quite short storage, sediments settling occurred at a
quite relevant extent and water tends to migrate towards the top of the containers. The remaining water tends
to be further separated from the settling solids, forming again a thin film on the top of the container (see
Figure 4). However, as specified above, in order to prevent any loss of homogeneity and material clogging,
sediments were not dried prior to EK tests.

Figure 14. Water content.
1.5.2

Electrical Resistivity

The Electrical Resistivity of sediment samples ranged from 0.63 to 0.68 m, this indicating the relevant
role of Chlorides and other ionic species to increase the sediment conductivity.
1.5.3

Grain size distribution

The grain size distribution analysis of the investigated sediments (see Figure 15) showed that it was mainly
composed by fine particles. The high specific surface area which can be associated to the fine particles,
make the application of EK of interest, as fine particles tend to retain inorganic contaminants through strong
chemico-physical interactions, so that more intensive treatments are required for remediation.
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Figure 15. Grain size distribution.
1.5.4

Acid Neutralization Capacity (ANC)

Sediments exhibited a very pronounced buffering capacity (see Figure 16, Figure 17, Figure 18), which may
represent a critical property in view of remediation. The large part of metals are known to be soluble under
acidic conditions, so that the reduction of system pH is in general regarded as a key step to promote
contaminants mobilization from the solid matrix. During EK, sediment acidification can be regarded as the
result of the H+ migration from the anode to the cathode. However, if the amount of H+ displaced at the
anode is not adequate to attain pH reduction at a value which may be considered optimal for metal
solubilization, additional strategies should be adopted including both OH- neutralization at the cathode and
addition of supplementary H+ at the anode. In addition, an increase of treatment duration to attain adequate
system acidification and metals mobilization may be anticipated.
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Figure 16. Acid Neutralization Capacity_sample 1.

Figure 17. Acid Neutralization Capacity_sample 2.
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Figure 18. Acid Neutralization Capacity_sample 3.

Some additional tests were focused on evaluating the effect of size fraction separation on the ANC capacity,
so as to assess whether a preliminary pretreatment, i.e. based on the separation of the different fractions by a
simple washing process, would have resulted into an appropriate modification of the buffering capacity.
Results are reported in Figure 19, where no influence of preliminary particle size separation on ANC can be
evidenced.
It should be underlined that some spot variation of the sediment properties was observed for some of the
tested replicates, despite sediment samples were originally homogenized. Figure 20 depicts the ANC results
for a sediment sample showing a low buffering capacity if compared to the set of investigated samples.

Figure 19. Acid Neutralization Capacity of one of the tested replicates.
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Figure 20. Acid Neutralization Capacity of a preliminary sieved sediment (d < 2mm).

1.5.5

Cation Exchange Capacity (CEC)

Sediment CEC was found to be in the range 9.3-11.1 cmol/kg (see Figure 21). No evident variation of the
CEC capacity was found as a result of coarse fraction separation (see Figure 22).

Figure 21. Cation Exchange Capacity (CEC) of the investigated sediments.
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Figure 22. CEC prior and after sieving (d < 2mm).

1.5.6

Metal content

The elemental composition of the investigated sediments revealed a medium to low contaminants content.
Metal concentrations of the critical elements appeared to be quite close to the lowest threshold value for
contamination (Column A of Table V, part IV of the Italian Decree 152/06). For comparison purposes, limit
values are reported in Table 2. Major elements were analysed as well, in order to gain a general overview of
sediment characteristics, and to estimate competition with trace elements during EK. The elemental
composition is reported in Figure 23 to Figure 25 as well as in Table 3, where the comparison with the
regulatory thresholds is also reported.

Table 2. Regulatory limit values of metal content (mg/kg).

Cd

Cr

Cu

Ni

Lim col. A 152/2006
2
150
100
120
Lim col. B 152/2006
15
800
1000
500
ICRAM guideline (BRC*)
0,35
100
40
70
ICRAM guideline (TLC^)
0,8
360
52
75
*BRC: baseline reference content; ^ TCL: threshold contamination level
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Zn

100
1000
40
70

150
1500
100
170
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250

500

200

400
350

150

300
250

100

200
150

50

100

Minor elements (mg/kg)

Major elements (g/kg)

450

50
0

Al
Ca
Fe
K
Na
Mg
Si
Cd
Cr
Cu
Mn
Ni
Pb
Zn

0

Figure 23. Elemental composition - sample 1.
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Figure 24. Elemental composition - sample 2.

Figure 25. Elemental composition - sample 3.

Table 3. Elemental composition (mg/kg) and thresholds.
Element

Al
Ca
Fe
K
Na
Mg
Cd
Cr
Cu
Mn
Ni
Pb
Zn

SEKRET PROJECT

Sample Sample Sample Lim col. A Lim col. B ICRAM
ICRAM
1
2
3
152/2006 152/2006 guideline guideline
(BRC)
(TCL)
37,16
16,36
17,43
--------61,26
74,29
81,11
--------21,52
20,52
22,60
--------g/kg
13,80
2,67
2,99
--------23,12
7,83
8,39
--------22,37
10,93
10,96
--------5,17
n.d.
n.d.
2
15
0,35
0,8
137,74 65,50
78,33
150
800
100
360
274,09 283,00 540,33
100
1000
40
52
mg/kg 277,45 396,00 469,67
120
500
70
75
84,19
45,67
83,33
--------30,97
32,50
64,67
100
1000
40
70
455,00 333,00 496,00
150
1500
100
170
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Cd appeared to be critical for the sole sample 1, as in that case the element content is above the threshold
limit for sediment utilization in green areas. However, even in that case, Cd is well below the threshold limit
for utilization in industrial areas.
Cr was found to below the limit of Column A for all the investigated samples, and the concentration
appeared to be close to the baseline, so that the content of such an element is similar to the one found in
natural and uncontaminated sediments.
Cu appeared to be above the limit of Column A for all the investigated samples; the highest concentration,
almost twice the values measured in sample 1 and 2, was found to be in sample 3; moreover, Cu content was
above the threshold limit of contamination (the concentration values of the three samples was one order of
magnitude higher the upper limit stated in the ICRAM guidelines), so that it can be considered as one of the
critical elements for the sediments under concern.
Lead content was found to be lower than the threshold contamination level for all the investigated samples,
while Zn can be considered as a critical elements, as the measured concentration ranged from 333 to 496
mg/kg, which is higher than TCL. Moreover, the value is higher than the limit for residential areas.
It should also be underlined that spot variations of the element content was observed during the laboratory
campaign, this indicating that despite homogenization, the presence of coarse metallic particles and
fragments may strongly influence the results in terms of chemical composition. It is expected that the pilotscale tests will take advantage of the larger samples size, which will promote materials homogeneity and
further reduce the presence of outliers.
Note: For seek of clarity, the turbo tests (i.e., tests with water as electrolyte) as well as extraction tests will
be discussed together to the EK tests so as to favor comparisons and data interpretation.

1.5.7

Extraction tests

For seek of clarity, details on extraction tests and results gained during the lab-scale tests are reported in the
specific Deliverable A1.3 “Lab-scale Electrokinetic tests”.
1.5.8

EK tests

For seek of clarity, details on EK tests and results gained during the lab-scale tests are reported in the
specific Deliverable A1.3 “Lab-scale Electrokinetic tests”.
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