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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 ñstandardò 

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 ɛm, 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 OH- 

produced 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 macro-

constituents, 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 ñDò, 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. 
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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. 

 

 

 

 

 

 

 

 

 

 

  

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. 

 

  



DELIVERABLE A1.3 

 

SEKRET PROJECT 18 

 

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 ï 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 ï test 2 
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Figure 11. Amount of metal at the electrodes ï 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 ï 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 ï test 4 
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Figure 14. Amount of metals at the electrodes ï test 4 

 

 

Figure 15. Resistivity evolution during EK ï 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. 

 
































































































