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1. LAB-SCALE ELECTROKINETIC TESTS
Since the deadline of the present deliverable is scheduled for 30/09/2014, in order to be able to enclose it in
the inception report (edited on 15/09/2014), the electrokinetic tests with ascorbic acid have to be completed
yet, so this document will be updated on 30/09/2014 including these data and results.

1.1 Summary
The present reports shows and discusses the results of both the preliminary (turbo) and “standard”
electrokinetic tests carried out during the lab-scale experimental campaign aimed at evaluating the optimal
operating conditions for the electro-remediation treatment application.
The investigation was aimed at elucidating the operating conditions to be applied at pilot scale in order to
attain sediment remediation. In particular, the experimental campaign was aimed at assessing the feasibility
of improving process performance by adding chemical agents in one or both the electrodic chambers, as well
as to evaluate the optimal combination of treatment duration and current intensity. Such parameters
represent some of the key aspects which are required to complete pilot plant design in terms of auxiliary
equipment, such as chemicals storage tanks and feeding systems.
In order to be able to complete the lab-scale tests within the first 9 months of the project, all the EK tests
were carried out at a high current value, equal to 20 A/m2. However, as after a treatment period of 7 days
metals migration towards the electrodes appeared to be quite low, tests were prolonged to 21 days, so as to
evaluate the effect of treatment duration on remediation yields.
Moreover, the effect of increasing chemical agents concentrations was evaluated as well, as the high
buffering capacity of the sediments controlled system pH at neutral or slightly acidic conditions, this
hindering metals mobility towards the electrodes.
Probably due to the relatively low concentrations, the mobility of contaminants as a result of the electric
field application was quite low, so that severe operating conditions were adopted in order to improve
remediation yields.
In order to promote metals mobilization, the following types of chemical agents were tested: 1) acid
solutions; 2) chelating agents; 3) reducing agents.
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It should be underlined that the complexity of both the matrix and the electrolyte solutions, coupled with the
relatively low metals concentrations, made the analytical phase quite difficult, so that a frequent comparison
of results and inter-laboratory checks were required.
The activities carried out under Action 2.3 were carried out with the external support of the University of
Cagliari, Department of Civil and Environmental Engineering and Architecture.

1.2 Preliminary extraction tests
Extraction tests were carried out so as to evaluate the extent of metals mobilization due to the addition of
chemicals such as acids, chelating agents and reductive compounds. The effect of chemical addition was
evaluated under batch conditions, at high liquid to solid ratio, exposing the sediment sample to the extracting
solution under continuously stirred conditions for a time (48 h) which is assumed to be sufficient to attain
termochemical equilibrium conditions.
A number of chemical agents were tested, including:
-EDTA
-Citric acid
-Oxalic acid
-Nitric acid
-Ascorbic acid.

EDTA, citric acid and oxalic acid were selected on the basis of their ability to form soluble complexes with
metals. As EDTA is one of the most powerful chelating agent exhibiting a high affinity towards Ca and Mg,
the dosage was calculated so as to provide the amount required to bind all the Ca and Mg of the sediment, in
addition to the metals of interest, and multiplying the value for a safety factor equal to 2. An equilomar ratio
between reagents were assumed for calculation.
Citric and oxalic acids were tested so as to evaluate the feasibility of using chelating agents posing lower
environmental hazards than EDTA. The amount of each agent was determined according to the procedure
adopted in the case of EDTA.
Nitric acid was used in extraction tests in order to assess metal mobility at low pHs, while ascorbic acid was
expected to reduce Fe and Mn oxides thus promoting mobilization of metals bound to that fraction.
At the end of each extraction test, samples were centrifuged so as to separate the liquid fraction, which was
then filtered at 45 μm, acidified (if necessary) and analyzed for elemental composition.
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1.3 EK tests
EK turbo tests were carried out by adding water as electrolyte solution, so as to evaluate metals migration
under quite mild operating conditions.
Acid solutions were added in order to reduce sediment pH in to promote metal solubilization and migration
towards the electrodes. When added to the anode, the acid neutralize OH- generated by electrodic reactions,
thus preventing OH- migration towards the cathode and the increase of sediment pH.
Given the very high buffering capacity of the tested sediments, which strongly opposed the pH decrease of
the solid matrix, the amounts of added acid were increased so as to include also the quantity to attain a final
pH equal to both 5 and 3 units, as estimated by the ANC test. In order to balance the amounts of OHproduced during the test due to electrochemical reactions, the acid solution was added to the cathodic
compartment at each solution renewal. Three acids (namely HNO3, HCl and CH3COOH) were tested.
Chelating agents, individually or in combination with acid solution, were also tested in order to evaluate the
effect on metals mobility and migration. Chelating agents are known to promote metals solubility through
complexation reactions, so that the addition to the system may in principle favor metals removal from the
matrix and reduce acid consumption. Chelating agent dosage was determined on the basis of the sediment
CEC. In order to take into account the affinity shown by chelating agents towards the sediment macroconstituents, such as Calcium and Magnesium, the dosage was calculated assuming that all the Ca, Mg, Fe
as well as the contaminants of interest, were available for complex formation through a 1:1 molar ratio
reaction. The amount of chelating agent required to react with all the considered elements, was then
increased of a safety factor equal to 2. Among the available chelating agents, EDTA was selected on the
basis of the high affinity for the contaminants of interest.
Reducing agents were also tested in order to promote mobilization of metals bound to Fe and Mn oxides,
which appeared to be a quite relevant fraction for most of the critical elements, such as Zn and Cu. The
identification of the most suitable reducing agents for the lab-scale experimental campaign was complicated
by the need of selecting a compound which undergoes base hydrolysis in water, so as to be able to react with
Fe and Mn oxides during its migration towards the cathode. At the same time, the selection was aimed at
identifying a low cost and environmentally friendly agent. Taking into account all the above mentioned
constraints, ascorbic acid was selected for the experimental tests.
For a selected number of experimental conditions, a sediment pretreatment stage based on washing or
sieving was applied.
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In Table 1, the list of the investigated experimental conditions is reported. When the test number is followed
by the letter “D”, the corresponding experiment was carried out at University of Cagliari, Department of
Civil and Environmental Engineering and Architecture.
It should be underlined that a subset of samples collected during the tests, including both electrolyte
solutions and treated sediments, have been circulated among the two involved laboratories, so as to control
and assure the experimental data quality.

Table 1. EK tests

TEST

ANOLYTE

CATHOLYTE
(test duration in brackets)

AMOUNT OF
CONDITIONING AGENT
(*)

1

H2O

H2O (7 d)

---

2

H2O

HNO3 (7 d)

L

3

H2O

HCl (7 d)

L

4

H2O

HCl (7 d)

M

5

H2O

CH3COOH (7 d)

L

6

H2O

CH3COOH (7 d)

M

7

H2O

HCl (21)

M

8

H2O

CH3COOH (21 d)

M

9

H2O

HCl (7 d) + pre-washing

H

10

H2O

HCl (7 d)

H

11

H2O

CH3COOH (21 d)

H

12

H2O

HCl (21 d)

H

13

H2O

HCl + Ascorbic Acid (7 d)

H
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1D

H2O

H2O (7 d)

---

2D

H2O

EDTA (7 d)^

---

3D

CH3COOH

CH3COOH (7 d)

M

4D

CH3COOH

HCl (7 d)

H

5D

CH3COOH

CH3COOH (7 d)

H

6D

CH3COOH

HCl (7 d)

H

7D

H2O

EDTA (21 d)^

---

8D

HCl

HCl (21 d)

H

(*) H: amount required to neutralize OH- generated at the cathode and to attain pH=3 during ANC;
M: amount required to neutralize OH- generated at the cathode and to attain pH=5 during ANC;
L: amount required to neutralize OH- generated at the cathode.
(^) amount added so as to complex Ca, Mg and metals, assuming a molar ratio of 1:1.
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The lab-scale EK tests were performed by means of a system composed of the following units:
-Plexiglas EK cell;
-DC generator;
-graphite electrodes;
-voltage drop unit, including a voltmeter and a continuous data logger;
-auxiliary equipment (including, for example, wires and cables, glass and PET beakers, pipettes, crucibles,
compaction loads, glass and paper filters, chemicals agents, pH-meters, muffle, oven, analytical and
technical balances).

EK cells were designed and built starting from the suggestions provided by Lamba Consult in a number of
previously published papers. Each cell was built as a box with external dimensions of 18Lx7Wx8H (in cm).
The Plexiglas thickness was fixed at 1 cm, so as to guarantee and adequate mechanical strength of the cell.
Each cell was divided into three compartments, namely the two external electrolyte chambers (anodic and
cathodic) where the graphite electrodes were placed and the central chamber containing the sediment sample
to be treated. Each chamber has inner dimensions equal to 5Lx5Wx7H. It should be noted that the actual
height of the three chambers was lower and approximately equal to 6 cm, so as oto prevent any loss of
material during the experiment. Two mobile separation membranes were used in order to separate the
electrodic chambers from the sediment. The separation membranes include a layer of paper filter, aimed at
hindering the migration of sediment particles towards the chambers, coupled with a semi-rigid plastic net
aimed at confering the mechanical strength to the unit. In order to minimize the on-set of preferential paths
of electrolyte migration, and to reduce the undesired migration of sediment particles towards the electrodes,
a Plexiglas framework was designed and build so as to fix the two layers and to place them into the slots.
A picture of the EK cell filled with a sediment sample in the central chamber is reported in Figure 1 and
Figure 2. In the latter, the separation membranes are visible as well.
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Figure 1. Details of the Plexiglas EK cell filled with sediment in the central compartment (lateral view).

Figure 2. Details of the Plexiglas EK cell filled with sediment in the central compartment [the two
separation membranes composed of Plexiglas frameworks, plastic net (green colored) and paper filter
(white) are clearly visible].
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Two graphite electrodes were placed in each chamber and connected to the DC generator, able to displace a
constant current in the range 0 - 20 A (see Figure 3). The DC generator is also equipped with voltmeter,
working in the range 0-60 V.

Figure 3. EK cell, graphite electrodes and DC generator.
The Voltage drop along the sediment was registered by means of a portable voltmeter equipped with data
logger. The voltage drop circuit was composed of two small electrodes placed in the sediment (at 1-cm of
relative distance) connected to the voltmeter (see . The size of the two measurement electrodes was as small
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as possible (1Wx5Hx0.2L in cm) so as to reduce any interference with the hydraulic and electrical flow
along the cell.

Figure 4. Voltage drop measurement circuit.

SEKRET PROJECT

13

DELIVERABLE A1.3
The EK tests followed the following procedure:
-a weighed amount of wet sediment is placed into the chamber and confined by means of the two
membranes; the weigh is registered in the laboratory book;
-an external load of known weigh is placed on the top of the sediment for 24 hours, so as to attain sediment
compaction and to simulate the pilot-scale conditions, and sediment height was measured prior and after
compaction (see Figure 5);
-after compaction, the EK test started for a time duration of 7 or 21 days;
- at the end of the EK test, sediment was demoulded and divided into three slices, namely: Section (+),
which is close to the anode, Section (-), which is close to the cathode, as well as Section central, which is
the section in the middle of the chamber. Each slice was measured for pH, weighed and dried until
constant weight. Then, it was ball-milled and used for subsequent chemical characterization.
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Figure 5. Sediment compaction.
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1.4 Extraction tests results
The results of the extraction test using ascorbic acid are reported in Figure 6.
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Figure 6. Initial content as compared to the extracted one for Fe and Zn (chemical agent: ascorbic acid; 1:
120 mg/l; 2; 60 mg/l; 3: 30 mg/l of ascorbic acid added).
From the inspection of the results, it can be argued that the optimal dosage for Zn extraction is equal to 60
mg/l of ascorbic acid, even if a slight decrease of Fe concentration in the extracted solution was measured at
that acid dosage. Under the tested conditions, Cu, Cr and Ni were only slightly mobilized by the matrix, this
suggesting that, for the tested samples, metals were not predominantly bound to the Fe and Mn oxides. In
order to better highlight such a result, additional tests are in progress at the moment of writing, as it appears
that there is still room for further investigations.
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Zn appeared to be successfully removed from the solid matrix when citric acid was used at the highest
dosage, as well, while Cd, Cr and Cu were found to be less mobile again, irrespectively of the dosage
adopted during the test (see Figure 7). Conversely, oxalic acid appeared to be less effective at all the
investigated dosages.

Figure 7. Initial and residual content of critical elements as a function of acid type and dosage.
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The inspection of Figure 8 evidenced the very low mobility of the investigated metals. Zn and Cu
mobilization from the matrix was significant only when the equilibrium pH of the leaching solution was
equal to 0,96 unit, indicating that for the investigated samples metals are bound mainly to the residual
fraction. Even under so critical pH conditions, Cd, Cr, Ni, and Pb mobility was negligible.

Figure 8. Amount released as a function of solution final pH (test ANC).

1.5 EK tests results
In the present paragraph, results of EK tests are shown and discussed.
EK tests from 1 to 4 evidenced that under the tested conditions, metal mobilization was strongly dependent
on the operating conditions in terms of conditioning agent type and dosage (see Figure 8 to Figure 13).
When water was used as electrolyte, for a test duration of 7 days (turbo test) a slight mobilization of both Zn
and Cu was observed, with an accumulation near the anode and a depletion near the cathode. However, no
significant amounts of metals were measured in the electolytes, this suggestiong that migration towards the
electrodes was negligible. Cr was more or less mobile, even if no migration towards tge electrodes was
observed, while Ni distribution along the cell was not influenced by the application of the electric field.
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Figure 9. Residual metal content – test 1

Similar results were observed in Test 2 (see Figure 10) even if in that case a migration towards the
electrodes was observed. It is interesting to note that all the investigated metals appeared to migrate towards
the anode, so that it could be hypothesized that they are present in solution as negatively charged species.
In this case, the suppression of the electroosmotic flow is to be considered as positive in order to favour
metal migration.
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Figure 10. Residual metal content – test 2
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Figure 11. Amount of metal at the electrodes – test 2

The conditions adopted during test 3 were not able to promote metal mobilization. No evidence of metal
migration was gained.
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Figure 12. Residual metal content – test 3
During test 4 (see Figure 13), Zn and CU appeared to be mobilized, and a significant concentration gradient
was observed for both the investigated metals at the end of the test. In the present case, metals appeared to
migrate mainly towards the cathode and to a lesser extent towards the anode as well (see Figure 13). Even in
that case, Ni and Cr were only slightly mobilized. The voltage drop during the text evidenced that for the
whole duration of the test, a significant flux of ions was maintained. However, during the final stage of the
test, an increase in resistivity was detected, this indicating a reduction of the circulating ions in the system or
a conductivity decrease due to metal precipitation (see Figure 14).
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Figure 13. Residual metal content – test 4
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Figure 14. Amount of metals at the electrodes – test 4

Figure 15. Resistivity evolution during EK – test 4
Under the conditions of test 5, Cr was shown to be the sole element which can be mobilized as a result of
EK application. Zn, Cu and Ni were characterized by a very low mobility, and their concentration remained
almost unchanged as a result of EK. Due to the scarce mobilization, electrodic solutions contained very low
amounts of the investigated ions and concentration values were below the detection limit for almost all the
elements.
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Figure 16. Residual metals after EK – test 5

The negligible extent of ion migration was mirrored by the quite high resistivity displayed by the sediment
after a quite short time of EK application (see Figure 17).

SEKRET PROJECT

25

DELIVERABLE A1.3

Figure 17. Resistivity evolution during EK – test 5

During test 6, metal migration during the test took place at a very low extent, even if Zn, Cu and Cr
appeared to be slightly mobilized. In order to evaluate the effects of increasing treatment duration and
conditioning agents dosage, additional runs were performed under more severe operating conditions, as it
will be described further in text.
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Figure 18. Residual metals after EK – test 6
Due to the low extent of metal mobilization, the mass of each investigated metal recovered at the electrodic
compartments at the end of the test was negligible.
Concerning the resistivity evolution over time (see Figure 19), it reflected the scarce ion mobilization
during the whole test duration, being the value increased of a factor equal to 2 during the tests, despite the
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Figure 19. Resistivity evolution during EK – test 6

Test conditions adopted during test 7, were able to mobilize Zn and Ni from the section close to the anode
and to the cathode, respectively. Cu was mobilized from the sections close to both anode and cathode while
Cr mobility was high as well. Such results suggested to perform additional tests in order to evaluate the
potential benefits arising from longer duration of EK as well as higher acid concentration (see Figure 20).

SEKRET PROJECT

28

DELIVERABLE A1.3

Figure 20. Residual metals after EK – test 7
Considering the direction of ion flow during the treatment, it can be observed (see Figure 21), in this case all
the investigated metals showed a tendency to migrate towards the anode as well, even the larger fraction was
detected at the cathodic compartment. When resistivity is considered, it can be observed that during the EK
tests a very low resistivity was detected from approximately day 10 to 20.
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Figure 21. Metal content of the electrodic chamber at the end of EK – test 7

Figure 22. Resistivity evolution during EK – test 7

The test conditions adopted during test 8 were able to promote Zn migration and, to a lesser extent, Cu, Ni
and Cr mobilization from the sediment (see Figure 24). The analysis of electrodic solution (see Figure 24)
evidenced that migration occurred towards the anode for all the investigated samples. Resistivity
measurements were stopped after 40 hours, as technical problems with resistivity data logger occurred. The
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voltmeter integrated to the current generator device was then used to monitor electrical resistivity, which
appeared to remain comparable to that observed for the run with CH3COOH at 7 days.

Figure 23. Residual metals after EK – test 8
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Figure 24. Element content of electrolyte at the end of the EK process – test 8

Figure 25. Evolution of sediment resistivity (stopped at 40 hours) – test 8

For test 9, in Figure 26, the residual content of metals along the sediment sample at the end of EK treatment
is shown.
Zn, Cu and Cr appeared to be slightly mobilized towards the electrodes, as the residual concentration
appeared to be lower for the sections close to the electrode chambers.

SEKRET PROJECT

32

DELIVERABLE A1.3
The analysis of anolyte and catholite at the end of the test (see Figure 28), evidenced that Zn and Cu were
mobilized towards both the electrodes, while Ni migrated predominantly as cation towards the anolyte.
Due to technical problems, resisivity measurement were not consistent, so that registered data are not
reported here. However, the voltmeter integrated to the DC generator measured a higher resistivity at the
initial EK treatment stage, probably due to the wash-out of chlorides and other mobile ions occurred during
sediment pretreatment. As the EK treatment proceeded, however, resistivity sharply decreased, this
confirming that when conditioning agents are used, circulating ions dictate the system resistivity.

Figure 26. Residual metals after EK – test 9
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Figure 27. Final metal content at the electrodes –test 9

For test 10, in Figure 29, the residual content of metals along the sediment sample at the end of EK
treatment is shown.
Zn and Cr appeared to be slightly mobilized towards the electrodes, while Cu was more significantly
removed, with a residual concentration of approximately 350 mg/kg. The inspection of Figure 27 evidenced
that metals mainly migrated towards the cathode.
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Figure 28. Residual metals after EK
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Figure 29. Final metal content at the electrodes – test 10
Due to technical problems occurred in the system for continuous resistivity measurements, no data are
available for the test. However, the voltage drop measurement carried out by the DC generator equipment
revealed that no significant resistivity changes occurred during the test.

In test 11, as a result of acetic acid application, Zn and -to a lesser extent Cu- migration towards the
electrode was observed (see Figure 30). In the case of Zn, migration from the section close to the anodic
chamber appeared to be very relevant, with a final metal concentration which appeared to be half of the
initial value. By the inspection of Figure 31, it can be argued that Zn migration towards was directed
towards the cathodic chamber, even if a fraction of the investigated metal was detected in the anodic
compartment as well.
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Similar considerations may be argued for Cu, even if mobilization was less pronounced. However, for both
the investigated metals, the obtained results suggested that a positive effect of further increase of treatment
duration can be anticipated.

Figure 30. Residual metals after EK – test 11
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Figure 31. Final metal content at the electrodes – test 11
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Figure 32. Evolution of electrical resistivity during test 11
Under the tested operating conditions of test 12, metals appeared to be mobilized towards the electrodes (see
Figure 33) to a higher extent if compared to the other runs of the lab-scale campaign. In particular, Zn
appeared to be significantly mobilized from the sections close to anode and cathode, probably due to the
effect of low pH conditions that promoted metal solubilization and electromigration.
Cu, Ni and Cr were mobilized as well, but in the case of Cr the section close to the anolyte showed the
lowest decrease of concentration.
Again, the inspection of Figure 35, evidenced that migration towards the cathode of all the investigated
metals occurred during the process.
The inspection of Figure 35, evidenced a slight increase of electrical resistivity during the test.
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Figure 33. Residual metals after EK-test 12
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Figure 34. Metal content of electrolyte solutions at the end of EK-test 12

Figure 35. Electrical resistivity during EK-test 12

The tested operating conditions in test 13 did not appear to significantly affect metal mobilization. The
analysis of the residual concentration showed that at the end of the treatment duration, metals content was
comparable to that of the original sample (see Figure 36). The sole exception to this behavior was
represented by Cu, which appeared to be accumulated in the central section as a result of EK treatment
application, this suggesting that migration occurred to a certain extent. Tests are in progress to evaluate the
effect of increasing treatment duration on the remediation yield.
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The low extent of ion migration was mirrored by the very low metal concentrations detected at the
electrodes for all the investigate elements (data not shown). The low amount of circulating ions is also
mirrored by the evolution of resistivity during the test (see Figure 37), which increased since the very
beginning of the EK process.

Figure 36. Residual metals after EK-test 13
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Figure 37. Resistivity evolution during EK-test 13

The results of tests 1D to 6D are reported in picture from Figure 38 to Figure 48 in terms of residual
concentration along the sediment as a result of the EK tests. Final concentrations are compared with the
threshold values (TLV) of the Italian regulation on contaminated soil, where A and B stands for the limit of
column A (residential and green areas) and B (industrial or commercial areas) of the Table n.5, part IV of
the Italian Decree 152/06. It should be noted that some graphs are reported also with the sole limit of column
A so as to make the data inspection easier.
From data inspection it can be argued that the large part of the tested conditions allowed for attaining the
limits of column B, and in some cases, expecially for Ni, Pb and Cd, the limit of column A were attained as
well.

SEKRET PROJECT

43

DELIVERABLE A1.3

Figure 38. Residual metals after EK-test 1D

Figure 39. Residual metals after EK-test 1D
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Figure 40. Residual metals after EK-test 2D

Figure 41. Residual metals after EK-test 2D
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Figure 42. Residual metals after EK-test 3D

Figure 43. Residual metals after EK-test 4D
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Figure 44. Residual metals after EK-test 4D

Figure 45. Residual metals after EK-test 5D
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Figure 46. Residual metals after EK-test 5D

Figure 47. Residual metals after EK-test 6D
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Figure 48. Residual metals after EK-test 6D

The inspection of final sediment pH (see mirrored the high buffering capacity of the matrix. While for the
large part of the test the sediment pH remained almost neutral, in test 7, 8 and 11, the acidification of the
section close to the anode was detected, this suggesting an efficient migration of the H+ front towards the
cathode.
pH evolution as a result of test from 1D to 6 D is reported in Figure 49. pH drop below 6 was not observed
in all the investigated test conditions.
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Figure 49. Final sediment pH (tests from 1 to 13)

Figure 50. Final sediment pH (tests from 1D to 6D)
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2. SEDIMENT CHARACTERIZATION CARRIED OUT BY UNIVERSITY OF PISA
AND CNR-ISE

A set of experiment were carried out also by the University of Pisa to estimate the optimum parameters for
the design of the SEKRET pilot-scale plant. These experiments included: a speciation of the heavy metals of
interest inside the sediments, hydraulic permeability tests, geotechnical assessments and medium-scale
electrokinetic remediation tests.
The results of these experiments were necessary for carrying out the final design of the plant as well as to
assess the best operating conditions after its construction. The latter were estimated by medium-scale
electrokinetic remediation experiments in order to study the scaling-up of the parameters from the laboratory
scale to the field scale. This set of experiments has to be finished yet, because they are based on the results
of the characterization of the sediments at University of Rome and Cagliari (action A1.3), to be completed
by 30/09/2014. For this reason, medium-scale experiment are still ongoing and they are expected to be
completed in mid-October.

2.1 Sequential extraction procedure
The sequential extraction analyses were carried out at CNR-ISE.
A three-step sequential extraction procedure was used to determine the concentration of heavy metal
speciation forms in the sediments. The procedure allows to identify the pool of heavy metals that can be
potentially mobilised under changes in soil pH value or redox potential. It has been shown that similar
portions of heavy metals are present in reducible, oxidisable and residual fractions. Metals in the sediment
may exist in different chemical forms. The determination of heavy metal forms gives more information on
their mobility and availability these elements. Furthermore, transformation in the heavy metal chemical
forms occurs continuously. For example the metals can be released when their sulfides are brought into an
oxidizing environment, in which they are unstable; they may then be immobilized by other processes such
adsorption and occlusion in Fe–Mn oxides, organic matter, carbonates or sulfides again.
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The speciation of heavy metals is particularly relevant for a preliminary study on the sediment behaviour
when this is subjected to an electric field for the electrokinetic extraction of this contaminants. Since the
electrokinetic treatment is able to change the pH and redox environment of the sediment, it is important to
understand how to control such environment in order to optimize the release of metal from the solid matrix
into the process electrolytes, in order to extract the contaminants from the sediments.
To determine the binding forms of heavy metals in soil, chemical extraction procedures were designed. A
large number of sequential extraction procedures, which use series of reagents to separate individual
fractions of heavy metals, have been developed, many of them derived from the pioneering studies by
Tessier et al. 1979.
Difficulties with reproducibility and comparability led to attempts to harmonize and standardize extraction
methodology. As a result of these attempts and interlaboratory analytical research, the Standards,
Measurements and Testing Programme (former BCR) of the Commission of European Communities has
developed a three-stage sequential protocol. In this approach heavy metals are divided into acidsoluble/exchangeable, reducible and oxidisable fractions, which are leached with reagents presented in the
following table.
Table 2 - BCR Sequential exctraction procedure
Step
I

Extraction procedure

Fraction

40 cm3 0.11 mol dm-3 CH3COOH per 1 g dry soil shaken overnight

Exchangeable, water- and acid-soluble

@ 25°C
II

40 cm3 0.1 mol dm-3 NH2OH.HCl (Hydroxylamine hydrochloride

Reducible species (e.g. bound to Fe–Mn hydroxides)

adjusted to pH=2 with HNO3) added to residue and extracted
overnight @ 25°C
III

10 cm3 8.8 mol dm 3 H2O2 added to residue and digested 1h at 25°C
and 1h at 85°. Evaporated to a few
extracted overnight with 50

cm3

cm3,

1.0 mol

cooled and residue
dm-3

Oxidisable species
(e.g. bound to organic matter and sulﬁdes)

CH3COONH4

(Ammonium acetate adjusted to pH=2 with HNO3), @ 25°C

The results of the sequential exctraction on four replicate samples are presented in the graph below. The
exchangeable fraction is the easiest to remove because the metal belonging to this fraction are weakly bound
to the solid matrix. Most of the metals are bound to the reducible fraction (e.g. Fe-Mn hydroxides). The
EKR treatment conditions should create a reducible environment to have a satisfactory removal of metals.
The other two fractions (oxidisable and residual) are the most difficult to remove because of the strong
metal-matrix interaction.
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Figure 51. Result of sequential extraction on the sampled (raw) sediments.

2.2 Hydraulic permeability (oedometer test)

The oedometer test is a geotechnical investigation of soil aimed to measure a soil’s consolidation properties.
It consists in applying a vertical load to a cylindrical sample of saturated soil, in our case a sediment sample
of 50mm in diameter and 20mm in height, laterally maintained by a rigid ring, in such a way as to prevent
lateral expansion, and kept between two porous plates, so as to allow drainage only in the vertical direction.
Since the soil consists of solid particles, separated by intergranular space that can be filled by water and air,
when a layer of soil is subjected to compressive forces, such as during the execution of the oedometer test,
its volume tends to be reduced through the following mechanisms:
 compression of the solid particles,
 compression of intergranular water,
 leakage of intergranular water.
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The first ones, compressibility of the solid, known as secondary compressibility, is extremely low and can
be neglected, is taken into account only for the organic soils and certain clays. Similarly, it is irrelevant to
consider the compressibility of water. Then neglecting these two factors, the compressibility of soil and
water, the volume change recorded during the compression phase depends exclusively by the expulsion of
water intergranular.
As previously mentioned, the test is done by applying a vertical load to the sample of sediment, which
moves immediately and totally to the liquid phase, which begins to filter towards unsolicited zones, with a
speed that depends on the characteristics of deformability and permeability of the material. Due to the
expulsion of water, the volume of the interstices is reduced and the load is transferred gradually from the
liquid phase to the solid skeleton.
If the sediments were made by saturated sand, interstitial water would come out very quickly from the pores
and the volume reduction is practically immediate.
In our case however, as demonstrated by the characterization of the sediments, the material in question is
49% fine-grained, so the permeability is much lower, the movement of water takes place very slowly. It
follows that the changes in volume of the soil, resulting in the leakage of water, steal away. This
phenomenon is called consolidation.
So the goal of the test is to determine the coefficient of consolidation Cv and the compression index mv
which are related to the permeability coefficient K through the follow relation:

𝐶𝑣 =

𝐾
𝛾𝑤 ∗ 𝑚𝑣

where 𝛾𝑤 is the density of water.
Therefore, expressing:
Cv = cm2/sec
𝛾𝑤 = g/cm3
mv = m2/kN

is possible to determine the coefficient of permeability:
𝐾 = 9.81 ∗ 𝐶𝑣 ∗ 𝛾𝑤 ∗ 𝑚𝑣 *10-4
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The test is performed by applying to the sample a series of steps of load maintained constant for 24 hours,
by measuring the sinking of consolidation in function of time.
The equipment test consists of the following elements:

-

Stainless steel rigid ring equipped with a sharp edge and two porous disks placed to the top and
bottom.
Cell containment of the which, filled with water, avoids the drying of the test material and allows it
to bulge in the unloading phase.
Load Frame consists essentially of a headframe and by a lever arm, adapted to distribute the pressure
uniformly on the surface of the sample.

All the system is completed by bimillesimal micrometers and by a series of calibrated weights for the
application of the load.
The sample, from the withdrawal done at the port of Livorno, is positioned within the ring that has relatively
limited size, 50 mm diameter and 20 mm height.
After fixing the oedometer cell containing the sample in the seat of the instrument, the load frame is
positioned and fixed for the measurement of settlement. Subsequently were applied loads settling in small
increments, on the order of 1 ÷ 5 kPa, to obtain a slight settlement.

Figure 52 - Oedometer test. Left:oedometer with front load. Right: oedometric cell.

Once we had the first settling of the sample, after about 12-24 hours, we redouble the initial pressure
reached in the process of first settling and making continue measurements of the following settlements.
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After 24 hours, the operation is repeated, redoubling the applied load and recording the settlement function
of time to the new pressure applied. Sometimes it is necessary that the residence time of the load is
prolonged to 48 hours.
Once the loading phase is made, is possible to proceed with the unloading phase, keeping each step for 12
hours and taking note of the final bulge.
For each load step, settlement are plotted, function of time expressed in logarithmic scale; thanks to the
oedometer test is possible to determine several values:








Coefficient of Consolidation,
Void ratio,
Oedometric module,
Compression index,
Primary compression index,
Coefficient of permeability,
Secondary compression index.

It can be noted, from data of an oedometer test is possible to determine, among other parameters, the
coefficient of permeability when the sample is saturated. Therefore, from the knowledge of the coefficient of
consolidation and compression index was possible to derive the permeability of the two sediment samples
examined:
K1 = 1.2x10-9 m / s
K2 = 3.7x10-10 m / s

Taking into account that, due to an effect of scale of the laboratory test performing, the above values may be
smaller than reality by about an order of magnitude, it is still possible to appreciate the low permeability of
the sediments.
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3. MEDIUM-SCALE ELECTROKINETIC REMEDIATION EXPERIMENTS (PISA)

In addition to the small scale experiments carried out by University of Rome and University of Cagliari,
medium-scale test are required to better understand the implications and parameters during the scaling-up
phase. Since the small scale experiments give just a global response of the sediments subjected to the
treatment, the medium-scale are essential to understand the differences between the scale lengths and better
predict the behaviour of the sediment during treatment in the field.
For this reason, a larger scale setup was needed to better study the distribution of parameters in the space
(pH, resistivity, metal content) and also to simulate the final pilot scale setup by an optimized pH control of
the electrolytes.

3.1 Materials and methods

The electrokinetic experiments were conducted in an acrylic cell (Figure 53), consisting of five principal
parts: the sediment compartment, the electrode compartments, the anolyte/catholyte reservoirs, the
electrolyte solution overflow reservoirs and the power supply. The sediment compartment dimensions were
30 cm x 7 cm x 7 cm, with a volume of 1.47 dm3.

Figure 53 - Laboratory setup for medium-scale electrokinetic remediation

SEKRET PROJECT

57

DELIVERABLE A1.3

Figure 54 – Laboratory setup. Top: experimental cell. Bottom left: sodium hydroxide scrubber.
Bottom right: software for pH control

In order to separate the sediments from the electrode compartments, a nylon grid (mesh size 2 mm) and filter
paper were used. The sediments were placed in the electrokinetic cell in layers and a weight was used to
compact the material, then it was left in the cell for at least 3 days to achieve equilibrium before starting the
tests.
The anode was a titanium mesh electrode with a Mixed Metal Oxide (MMO) coating to avoid corrosion
under acidic environments. The cathode was a stainless steel plate.
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Six graphite rod electrodes (D = 6 mm) were placed along the surface of the sediments to monitor the
voltage drop in five points of the sediment. During the tests, the applied voltage, the current and the surface
voltages were recorded by a data logger (Agilent 34970A) with a sampling interval of 30 seconds.
At the end of each experiment, the material was divided into five locations (S1…S5) and analyzed for pH
and total metal content. Metal concentrations were also measured in the anode and cathode chambers.
During the tests, the applied voltage, the current and the surface voltages were recorded by a data logger.
The resistivity in each sampling section Si was determined using the following equation:
𝑉𝑖 − 𝑉𝑖+1 𝐴
𝜌𝑆𝑖 =
, 𝑖 = 1, … , 5
(2.1)
𝐼
𝑑𝑖,𝑖+1
where ρSi (Ωm) is resistivity of the material in the i-th section, Vi (V) the measured voltage at the i-th
electrode, I (A) the electric current, A (m2) the cell cross section and di,i+1 (m) the distance between the i-th
electrode and the next.
In addition, during the experiments the electroosmotic flow was calculated by measuring the volume change
in the electrode reservoirs and operating a mass balance.
Particular attention was given to the implementation of a pH control system. Two pH probes are placed
inside the anode and cathode chamber and the signals are digitized by a digital acquisition device (DAQ)
connected to a PC on which a specially developed software is installed (Figure 54). The software acquires
and elaborates the data and is able to automatically open or close the valves for acid/base injection in the
chambers, as a function of the pH. In this way it is possible to automatically adjust the pH in both electrode
chambers. The pH probes were carefully isolated from the external applied electric field by means of
appropriate isolation amplifiers devices. The electronic circuit and boards were purposely developed by the
University of Pisa. Without these devices the pH measurement directly inside chambers would not be
possible due to the interference between the potential difference across the probe due to the concentration of
chemical species and the external electric field.
Furthermore, a device (scrubber) for the catchment of chlorine gas was used as a complementary treatment.
In fact, at the anode, due to the very low pH condition and high chloride content in the electrolytes, chlorine
gas can be produced. This gas is toxic even at low concentration and for safety reasons the scrubber was
installed. The scrubber is filled with sodium hydroxide which allows to achieve the following reaction:
2NaOH + Cl2  NaOCl + NaCl + H2O
The reactions occurring at the anode are:
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where E0 (V) is the standard redox potential. Despite the redox potential of gaseous chlorine reaction is
greater than the gaseous oxygen, the redox potential of the half reactions may be competitive depending on
pH, Cl- concentration and partial pressure of gases existing in the atmosphere surrounding the electrode. The
redox potential for each electrochemical half reaction can be calculated with Nernst equation.
The gas production is so strongly related to the pH conditions at the anode, but it depends on the material of
the electrode as well. The graph below shows the partial pressure of the gas chlorine compared to the
oxygen produced by electrolysis of water at the anode as a function of the anolyte pH, under the hypothesis
that:
PO2 + PCl2 = 1 atm
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Figure 55 - Partial pressure of Cl2 as a function of anolyte pH. Simulation parameters: Cl- 0.5M,
Electrode overvoltage for Cl2: 80 mV, overvoltage for O2: 300 mV.
From the figure it can be seen that the pH plays an important role in the gas chlorine production. The gas
chlorine production can be usually avoided by raising the pH by the addition of a base such as sodium
hydroxide.
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3.2 Experiments
Three medium-scale experiments were carried out so far at the University of Pisa. The outcomes of the
experiments were particularly useful to estimate some of the design parameters for the SEKRET pilot scale
plant. In particular, a precise estimation of the electroosmotic flow developed during the experiments was
carried out. The value for this parameter ranged from 1.6 ∙10-9 to 3.1∙10-9 m2 V-1 s-1 and is a function of the
conditioning agents used at the electrode compartments.
Furthermore, the evolution of the resistivity during treatment was estimated. The value of resistivity ranged
from 0.5 to 10 Ωm and this range was taken as a reference parameter for the design of the electrical supply
of the pilot scale plant.
The chemical analysis for EXP2 and EXP3 has not been carried out yet. The experiments in Pisa will be
completed by 30/09/2014. After receiving the results from the laboratory experiments, further medium-scale
assessment will be carried out in Pisa in order to optimize the operation of the full scale plant. This activity
will be included in Action C.2.
The outcome from the three tests is reported below.

Table 3 - Experimental conditions for electrokinetic remediation tests
Test

Duration

Applied current

Anolyte

Catholyte

(days)

density (A/m2)

EXP1

14

20-40

H2O

H2SO4

EXP2

43

20-40

H2O

H2SO4

EXP3

15

40

NaOH + EDTA

H2SO4

EXP 1
In the first experiment, 40 A/m2 were applied at the beginning to remove the chlorine from the sediment by
chlorine gas production at the anode. The pH of the anolyte was 1.5, thus further improving the chloride
extraction by gas production.
After removing the chloride the current density was adjusted to 20 A/m2 and kept constant till the end of the
experiment. Voltage and resistivity plots are reported below.
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Applied Voltage
70.0
60.0

Voltage (V)
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26/6

Figure 56 - Applied voltage EXP1

12

Resistivity  ( m)

10
8

1 (Anode)
2
3
4
5 (Cathode)

6
4
2

0
08/06/14

15/06
Date

22/06

Figure 57 - Resistivity of the sediment. EXP1.

After 6 days of treatment the resistivity of the sediments started to raise, reaching a maximum value of 11
Ωm. This increase in the resistivity is possibly due to the presence of sulphates which migrate from the
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cathode (where they are injected because of the addition of H2SO4) to the anode. As they migrate toward the
anode they may precipitate inside the sediment and create obstructions which prevent the electric current
flow.
The chemical analyses on the sediment after treatment, in fact, show a strong increase of the sulphates
content (Table 4).
Table 4 - Sulphate content before treatment (initial) and after treatment in three sections (S1, S3 and
S5). S1 is close to anode, S5 is close to cathode.

Sulphates (mg/kg)

Initial

S1

S3

S5

2101.8

28947

21478.4

8380.2

Furthermore, a large amount of precipitates were formed in the cathode chamber, due to the precipitation of
calcium sulphate (gypsum), as shown in the following figures.

Figure 58 - Calcium sulphate precipitation in the cathode chamber

SEM and Energy dispersive X-ray spectrometry analysis were carried out on the cathode. Figure 59 reports
the images for three different layers on the cathode (at three different depths).
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Figure 59- SEM analysis of the cathode. EXP1. Top left: layer 1, top right: layer 2, bottom: layer 3.
The composition of each layer was analyzed by X-Ray spectrometry and the results are reported below:
Layer 1: O 80%, S

8%, Ca 11%

Layer 2: O 55%, Mg 20%, S 0.8%, Ca 1.3%, Mn 2.5%, Fe 20.5%
Layer 3: O 71%, Mg 29%, Ca 0.2%
The first layer is basically composed by gypsum. The second layer contains also some Mg and Fe while the
deepest layer (layer 3) contains primary Mg (possibly as an oxide on the cathode surface).
After treatment, no significant removal of contaminants was observed, as reported in the figures below.
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Figure 60 - Metal content before and after treatment. EXP1

The acid consumption and the electroosmotic flow were calculated. At 40 A/m2 0.213 molH+/day were
needed to neutralize the OH- produced at the cathode.
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H2SO4 Acid consumption - Volume (ml)
Cumulative acid
consumption (ml)
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Figure 61 - Acid consumption during the test EXP1
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Figure 62 - Cumulative electroosmotic flow during EXP1

The electroosmotic flow increased when the voltage was increased due to the resistivity changes within the
sediments.
The electroosmotic permeability keo (m2 V-1 s-1)was also estimated from the collected data during the
experiment, through the following equation:
𝑘𝑒𝑜 =

𝐸𝑂𝐹
𝐴∙𝐸

where EOF is the electroosmotic flow rate (m3/day), A (m2) is the cross-sectional area of the experimental
cell, E (V/m) is the applied electric field.
The estimated electroosmotic permeability was keo = 2∙10-9 m2 V-1 s-1.
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EXP 2

In the second experiment the anolyte and catholyte solutions were kept unchanged from the first experiment
to evaluate the effect of the dilution of the electrolytes by addition of a flow of water inside the
compartments and to evaluate the effect of a longer remediation time on the metal removal.
A constant flow rate of 400 ml/day of deionized water was added each chamber.
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Figure 63 - Applied voltage. EXP2.
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Figure 64 - Resistivity of the sediments. EXP2.
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DELIVERABLE A1.3

Cumulative acid consumption (ml)
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Figure 65 - Acid consumption. EXP2.
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Figure 66 - Cumulative electroosmotic flow. EXP2.

At 40 A/m2 0.235 molH+/day were needed to neutralize the OH- produced at the cathode, confirming the
values obtained during EXP1.
The estimated electroosmotic permeability was keo = 1.6∙10-9 m2 V-1 s-1.
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DELIVERABLE A1.3

EXP 3

Due to the high acid/base buffering capacity of the sediment, chelating agents such as EDTA are taken into
account to facilitate the extraction of heavy metals without changing the natural pH of the sediment.
1M EDTA was used in the third experiment and it was injected at the anode together with 5M NaOH to
increase its stability due to the acidification process in the anode compartment. A flow rate of 400 ml/day
each chamber was also provided to keep constant the concentration of the electrolytes. In particular, it was
estimated that the concentration of EDTA in the anode chamber was 0.1M at the steady state.
Sulfuric acid was added at the cathode to keep the pH low and to prevent metal oxide/hydroxide and
carbonate precipitation.
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Figure 67 - Applied Voltage. EXP3.

From Figure 68 it can be seen that the resistivity of the sediment didn’t change substantially during the
experiment, in fact also the applied voltage remained stable (Figure 67).
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DELIVERABLE A1.3
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Figure 68 - Resistivity of the sediments. EXP3.
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Figure 69 - Sulphuric acid consumption at the cathode. EXP3.
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DELIVERABLE A1.3

NaOH+EDTA consumption (ml)
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Figure 70 - NaOH and EDTA consumption at the anode. EXP3.

The acid/base cumulative consumption curve appear to be linear with time. This is due to the small
variations of the parameters (resistivity, voltage, current density, electrode overpotentials) during the
experiment.
The estimated electroosmotic permeability was keo = 3.1∙10-9 m2 V-1 s-1.
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