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ABSTRACT 

The removal efficiency of heavy metals from offshore muds is enhanced in the presence of generated chlorine gas (Cl2). 
The tests showed a high removal efficiency of heavy metals at the anode end of cores after 24 hours of EK application. 
In the initial tests, high electrokinetic flow potential was achieved; however, high levels of chlorine gas were produced 
in the high-salinity environments. The process was improved by controlling and maintaining a certain fraction of the 
chlorine gas (Cl2) in place. The pH was controlled by the chlorine gas maintained in-situ and transported from the anode 
to cathode. The transports of four heavy metals were evaluated in this study. The chlorine gas can have two impacts on 
the transport of metals in the system. One is to oxidize the metal ions to a higher oxidation state and the second is to 
form chloride complexes, which have higher mobility in the system. Determination of oxidation state and the subse- 
quent metal chloride complex are left for future research. 
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1. Introduction 

Electroremediationof heavy metals from muds have been 
studied by Haroun (2009) [1], Pamukcu (2009) [2] and 
Wittle and Pamukcu (1993) [3]. The writers investi- 
gated the efficiency of electroremidiation in the presence 
of chlorine gas produced in high-salinity environment. 
The sample diameter of cores was 3.81 cm (1.5 inch); pH 
and temperature were measured continuously. Various 
voltage gradients were used. The electrokinetics proved 
to be successful in enhancing oil recovery (EEOR) in 
actual field tests (Wittle, J.K. et al., 2008; Wittle, J.K. et 
al., 2011) [4,5]. 

2. The Algorithm 

D.C current, which is determined by voltage gradient, 
was employed using electrokinetic technology. H+ was 
produced at the anode (1) and OH– at the cathode (2). 

2 2H O 2e 1 2O 2H   



          (1) 

2 22H O 2e H 2OH             (2) 

These two equations are fundamental reactions at the 

electrodes occurring in the electrokinetic cell. 
The chlorine gas (Cl2) was produced at the anode, to- 

gether with O2 in the presence of saline water: 

2H O 2e 1 2O 2H2
              (1) 

22Cl 2e Cl                    (3) 

The electrokinetic velocity of a fluid of certain viscos- 
ity and dielectric constant through a surface-charged po- 
rous medium with zeta or electrokinetic potential (ζ), un- 
der an electric potential gradient E, is given by the Helm- 
holtz-Smoluchowski (H-S) equation as follows: 
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where, 
ve = electrokinetic velocity, Qe= electrokinetic flow 

rate, A = cross-sectional area, D = dielectric constant, 
ξ zeta potential , E = potential difference, and    
viscosity of the fluid. 

The ζ potential in Equation (4) has been shown to vary 
with the pH and ionic concentrations of the pore fluid, as 
well as the electric field. Therefore, it is not constant dur- *Corresponding author. 
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ing electrokinetic transport in clay medium (Probstein 
and Hicks, 1993) [6]. 

3. Apparatus and Procedure 

The apparatus consists of two chambers with the anode 
and cathode electrodes, D.C power supply, solution tanks, 
volumetric cylinders with gas measurement devices, peri- 
staltic pumps, pressure measurement devices, and digital 
pH measurement device (Figure 1). The peristaltic pump 
was employed to control the pH in the cathode chamber 
(flow rate controller). Gas measurement devices were 
mounted to determine the amount of gas generated. 

The pH was continuously maintained at a value less 
than 10 at the cathode end. By maintaining the pH at less 
than 10, the process efficiency improved and scaling at 
the cathode was minimized. The saline water was flushed 
through the anode chamber by a peristaltic pump. The 
pH in the anode chamber was measured continuously and 
remained at less than about 2.5. Throughout the test the 
chlorine gas was produced at the anode. 

In a closed system, the Cl2 gas was not allowed to es- 
cape with resulting increase in pressure, whereas in the 
open system the Cl2 gas was allowed to escape. 

4. Experimental Results 

The samples were collected from two different contami- 
nated areas in Abu Dhabi, UAE: 1) offshore muds adja-  

cent to refinery—industrial area and 2) offshore muds in 
Port area. 

Mud samples were sieved using a 1-mm sieve and then 
compressed in a cylinder 3.81 cm in diameter and 30 cm 
long for seven days under an applied pressure of 30 psi. 

Two samples 30 cm in length were treated continu- 
ously with D.C current for 24 hours: sample (1) using 
open system and (2) using closed system. Two other 
samples were treated for 40 hours (sample No. 3, open 
system, and sample No. 4, closed system) with two 8- 
hour interruptions (total treatment time = 24 hours). 
Concentrations of As, Cr, Cs, and Zn were determined 
initially and after EK treatment (ICP-MS). 

5. Data Analysis 

The experimental results are presented in Figures 2 through 
17. Figures 2 through 11 show the results of 24 hour 
treatment, whereas Figures 12 through 17 show the re- 
sults after EK treatment applied for 40 hours with two 
8-hour interruptions (actual treatment time = 24 hours). 
Application of potential gradient of 3.5 V/cm in the open 
system resulted in an increased removal efficiency when 
compared to application of 3.5 V/cm in the closed system. 
Higher removal efficiency was obtained by taking ad- 
vantage of Cl2 gas generated at the anode and transported 
to the cathode in a closed system. Reduced power con- 
sumption with higher volumes of produced water was 
achieved in the closed system. 
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Figure 1. Apparatus used in electroremediation of heavy metals from offshore sediments with equipment for chlorine gas 
removal. 
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Figure 2. Concentration of Al upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Figure 3. Concentration of Al upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Figure 4. Concentration of As upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Figure 5. Concentration of As upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Cr-30 cm, 3.5 V/cm, 24 hours, Closed system 
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Figure 6. Concentration of Cr upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Figure 7. Concentration of Cr upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Cs-30 cm, 3.5 V/cm, 24 hours, Closed system 
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Figure 8. Concentration of Cs upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Figure 9. Concentration of Cs upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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 Zn-30 cm, 3.5 V/cm, 24 hours, Closed system 
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Figure 10. Concentration of Zn upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Figure 11. Concentration of Zn upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 24 hours. 
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Figure 12. Concentration of Al upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 40 hours (with two 8-hour interruptions). 
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Figure 13. Concentration of Al upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 40 hours (with two 8-hour interruptions). 
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Figure 14. Concentration of As upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 40 hours (with two 8-hour interruptions). 
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Figure 15. Concentration of As upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 40 hours (with two 8-hour interruptions). 
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Cr-30 cm, 3.5 V/cm, 24 hours, Open system  
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Figure 16. Concentration of As upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
time = 40 hours (with two 8-hour interruptions). 
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Figure 17. Concentration of As upon EK treatment along the core length of 30 cm. Potential gradient = 3.5 V/cm, treatment 
ime = 40 hours (with two 8-hour interruptions). t     
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Figures 12 through 17 displayed results of a second 

set of tests to illustrate the effect of chlorine gas on re- 
moval efficiency. 

The continuous application of D.C in closed system 
gave better results than interrupted application of D.C. 
Final pH at the cathode was reduced with the aid of 
transported Cl2 gas. 

6. Conclusions 

In the case of tests involving Cl2 gas, in a closed system 
with a potential gradient of 3.5 V/cm, removal efficiency 
was higher than in the open system with 3.5 V/cm elec- 
tric potential. Higher removal efficiency was obtained by 
using the Cl2 gas generated at the anode and transported 
to the cathode in a closed system. Reduced power con- 
sumption with higher volumes of produced water was 
achieved in the closed system. 

In this study, the continuous application of D.C in 
closed system gave better results than interrupted appli- 
cation of D.C. Final pH at the cathode was reduced by 
Cl2 gas. The chlorine gas possibly can have two impacts 
on the transport of metals in the system. One is to oxidize 
the metal ions to a higher oxidation state and the second 
is to form chloride complexes which have higher mobil- 
ity in the system. In conclusion, it appears that presence 
of Cl2 gas improves the efficiency of remediation. 
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