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1 INTRODUCTION 

 

1.1 Background and project overview 
 

The LIFE+ Sekret Project ("ElectroKinetic Sediment Remediation Technology for heavy metal 

pollution removal") aims to demonstrate the effectiveness and applicability of the electrokinetic 

technology for the remediation of dredged marine sediments contaminated by heavy metals and 

hydrocarbons over the acceptable regulatory limits, through the construction of a demonstration 

plant located in a dedicated area in the port of Livorno. The plant will treat 150 m3 of sediment. 

Since the port of Livorno is a Site of National Interest (SIN)1, it has been subjected to a series of 

in-depth analysis and characterization over time. The sediments were analyzed by ICRAM (Central 

Institute for Scientific and Technological Research Applied to the Sea) and the characterization 

was carried out over an area of 14 million m2 within the port. It was also carried out a 

characterization of the stratigraphy and morphology through geophysical techniques such as Sub 

Bottom Profiler (SBP) and Side Scan Sonar (SSS). The characterization surveys have shown that 

many areas of the harbor are affected by extremely high levels of contamination. 

In the preliminary phase of the project, laboratory-scale experiments were carried out to evaluate 

the effectiveness of the electrokinetic treatment and to identify the best operating parameters for 

plant operation. 

The plant will be operating for a period of approximately 18 months. At the end of this period, the 

removal from the sediment of Cd, Hg and Pb, Ni, Zn, As, Cu up to the regulatory limits and a 

reduction in volume of the sediments are expected. 

The project will emphasize the environmental and economic advantages of this solution compared 

to disposal and conventional remediation techniques. 

 

1.2 Electrokinetic remediation technology 
 

Over the last decades, several new solutions for the removal of targeted contaminants have been 

studied, focusing the attention on the remediation of water and soil. The electrokinetic treatment 

is an innovative technology which has reached a considerable level of development for the 

remediation of soils, sediments and groundwater, showing great potential in the treatment of low-

permeability material, both in situ and ex situ applications. 

Much of the port areas are contaminated by heavy metals and hydrocarbons in concentrations 

higher than the concentrations threshold (CSC) in the regulations. The Sekret Project is configured 

in this context as a future reference point for the improvement of sediment management policies.  

                                                 
1 A Site of National Interest (SIN) represents a very large contaminated area, classified by the Italian state as dangerous 
area which needs remediation to prevent damage to the environment and health 
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The project will be able to demonstrate the efficacy and reproducibility of this new method for the 

treatment of contaminated sediments. 

The electrokinetic treatment is based on the application of an electric field to the contaminated 

material by electrodes inserted into the sediment, placed in wells/drains that allow the injection 

and extraction of electrolyte solutions. 

The electric field induces several transport, transfer and transformations processes that mobilize 

contaminants toward the electrodes in the wells, from where they can be extracted. The main 

mechanisms through which the transport of contaminants takes place are: electromigration, 

electroosmosis and electrophoresis. The electromigration is the transport of ions dissolved in a 

solution; through the electroosmosis the fluid moves thanks to the presence of the electric double 

layer on charged surfaces, while in the electrophoresis the charged particles move with respect to 

the fluid.  

The transport of colloidal particles by electrophoresis is considered as a limited phenomenon 

compared to the other two, under the operating conditions commonly found in literature. In 

addition to these phenomena under the application of the electric field the electrolysis reactions 

occour. 

The electrokinetic treatment, compared to conventional technologies of reclamation, offers the 

following advantages: 

 

 flexibility to use as ex situ or in situ method; 

 applicability to low-permeability material; 

 applicability to saturated and unsaturated soils and sediments (but in the presence of an 

interstitial fluid); 

 ability to remove heavy metals, radionuclides, organic pollutants and mixtures of 

contaminants; 

 easy integration with other remediation techniques. 

 

The limitations on the other hand can be: 

 a process fluid is always needed; 

 the remediation time may be long and therefore the operating costs may be high; 

 pollutants have to be dissolved in order to be mobilized. External chemical agents can be 

required to enhance metal dissolution; 

 laboratory experiments and investigations are needed in order to predict and optimize the 

process. 
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Figure 1 – Schematic of the implementation of an in situ electrokinetic remediation system 

 

Laboratory experiments are essential for the characterization of the material and the analysis of its 

behavior under the application of an electric field. Although there are still few applications of 

electrokinetic treatment to marine sediments in both laboratory and full-scale, there are several 

studies that demonstrate its effectiveness. 

 

2 DESCRIPTION OF PLANT UNITS AND SECTIONS 

 

The plant consists of the following parts: 

a) treatment basin containing the sediments, with a system of wells and pipes for electrode 

installation and electrolyte circulation. The basin will be equipped with a roof to avoid gas 

exit; 

b) electrical unit for the application of the electric field to the sediment; 

c) electrolytes management system for catholyte and anolyte pH control; 

d) treatment section for the removal of heavy metals and other species by precipitation and 

filtering 

e) treatment section for process water refinement using selective resins in acid cycle; 

f) reverse osmosis (RO) section for the control of the salinity of the electrolytes. 
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g) section for confinement, collection and emergency treatment of the atmosphere gas in the 

anolyte circulation circuit for the removal of chlorine gas. 

The entire plant is built in sections completely removable, repositionable and independent. 

The main characteristics of the different sections of the system are reported below. 

The energization system is realized by connecting it to the mains (3-phase 400V AC) with a 

maximum power of 50 kW. The control of voltage and current is achieved by means of parallel 

connected inverters with an automatic control device capable of varying the applied voltage in 

order to maintain a constant voltage, current or power. The device controls the voltage to maintain 

the design value (being defined by means of preliminary laboratory scale tests), however without 

exceeding the voltage of 48V for safety reasons. Subsequently, the current is rectified by diode 

bridge and applied to the electrodes. 

The treatment basin is built with removable panels of prefabricated reinforced concrete. The 

basin is lined by a HDPE / LDPE membrane and protected by a geotextile. The basin is completely 

covered with a roof. The basin is completely removable, and will be equipped with 54 anodes and 

54 cathodes inserted in vertically arranged slotted pipes. The sediment to be treated are placed 

inside the basin with a thickness of 1.25 meters. The armor of the prefabricated elements is 

electrically connected to the cathode to ensure cathodic protection. 

In the slotted pipes containing the electrodes are circulated the catholyte and the anolyte, with two 

separate circuits for pH conditioning. 

The electrolyte conditioning section consists of two completely independent hydraulic circuits 

for monitoring and conditioning of the anolyte and catholyte. Each of the two circuits is equipped 

with a recirculation pump, a system for pH measurement, an automatic device for dosing base 

(anolyte) and acid (catholyte) to keep the pH to the operating values. Two buffer/homogenization 

tanks are used, one for the anolyte circuit and one for the catholyte circuit. 

The operating pH values were defined by means of laboratory experiments. Approximately is 

expected approximately pH = 3 for both circuits. 

The anolyte circuit is equipped with a chlorine meter. The anolyte tank is confined and connected 

to the abatement system for the treatment of chlorine gas, while the tank of the catholyte is 

equipped with a vent to atmosphere. 

The precipitation section is used to remove chemical species which are able to precipitate under 

controlled pH conditions. A base is used to increase the pH to a desired level to reach the 

conditions for precipitates formation. The removal of solid precipitates is carried out by means of 

filter bag device. 

The resin treatment section allows the removal of metal still present in solution after the 

precipitation treatment. This treatment allows further refinement of the process electrolytes. It is 

operated intermittently and can be bypassed.  

The reverse osmosis (RO) section is used to control the salinity of electrolytes to optimal values. 

The system will be equipped with high-pressure pump and filter cartridge. The treatment will be 

operated intermittently. 



 
LIFE 12 ENV/IT/000442 “SEKRET” September 2014 

PLANT DESIGN. TECHNICAL REPORT Page 6 of 39 

 
The concentrate extracted from the membranes is collected in a separate wastewater tank and 

transported to an authorized liquid waste treatment facility. Before treatment, the fluids will be 

conditioned by means of dosing of acid or base in a dedicated tank in order to achieve the optimum 

pH for treatment. 

The section for the collection and treatment of the gas is dedicated to the control of the gas 

in the anolyte circuit for emergency blocking any chlorine gas emission to the atmosphere. A system 

of gas pipes is installed in the basin for the collection of gas from the anode wells. The gas is then 

sent to the anolyte tank and through a vent pipe will be conveyed to a scrubber. The safety is 

ensured by creating a slightly depressed atmosphere in the anolyte tank. The scrubber is a wet-type 

unit with a recirculating solution of sodium hydroxide. 

The concentration of chlorine in the liquid phase is constantly monitored. Furthermore, a sensor 

of gaseous chlorine is placed at the gas outflow of the scrubber. In case of detection of chlorine 

gas the system controller (PLC) will promptly stop all processes automatically. 

The gas produced at the cathodes is also collected and it is immediately released to the atmosphere 

to prevent any possibility of a fire hazard. 

 

Control and monitoring. The plant will be equipped with a control system for the management 

and automation of electromechanical devices. Specific probes are installed for a continuous 

monitoring of process parameters. In the event of a system malfunction or emergency, the control 

system will send SMS text messages via GSM operators for alarm alert. 
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3 SEDIMENT PHYSICO-CHEMICAL PROPERTIES 

 

The water content, pH, density, resistivity, sodium chloride and chlorides were analyzed in 

laboratory (Table 1). 

Table 1 – Physico-chemical properties of the sediments 

Water content 32 %  

pH (ISO10930:2005) 7.65  - 

Density 1750 kg/m3 

Resistivity 0.5 Ωm 

Sodium chloride NaCl 10.3 g/kg 

Chlorides Cl- 6.25 g/kg 

 

4 DESIGN OF PLANT SECTIONS 

4.1 Treatment basin 
 

The purpose of treatment basin is to contain the sediment collected from the harbor for the 

duration of the trial. The sizing is performed taking into account a variety of factors, such as: 

 

 Concrete castings have to be avoided; 

 It must ensure a waterproof seal; 

 It will be completely removed at the end of the experiment; 

 It must be isolated from the applied electric field. 

 

 
Figure 2 – Prefab concrete wall 

As a result, the basin is made by prefabricated panels in reinforced concrete with a height of 1.70 

m, stable and self-supporting with strength class C45 (> 45 MPa) and high exposure class XA1 

concrete (according to the UNI EN 206- 1), to ensure strength and durability. 
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The individual prefabricated elements (Figure 2), having dimensions 110 x 400 x 170 cm and 110 

x 200 x 170 cm, are connected together by means of  joints with neoprene seals, which guarantee 

the disassembly and reuse of the same for other applications. 

 

To make it waterproof, it includes the installation of an inner lining realized by means of a 

membrane for aggressive liquids "Panama" type, 900 g/m2, lacquered. 

With regards to the preparation of the laying surface of the basin as well as the installation of the 

elements, a removal of 10 cm depth of soil is performed, to avoid the possible differential 

subsidence that would occur if this was installed on the ground level, for a width of 110 cm (width 

of the base of a single element). 

The total height of the basin H = 1.70 m is divided as follows: 

 h = 10 cm burying ground level to prevent surface subsidence; 

 h = 23 cm layer of compacted sand to absorb any differential settlement, which would 

compromise the integrity of the membrane; 

 h = 2 cm thickness of the membrane; 

 h = 125 cm sediment layer; 

 h = 10 cm upper edge safety margin; 

 

The total footprint, measured at the base of the basin, is: 19.18 x 7.13 x 1.70 m; the actual volume 

of sediments is: 18.53 x 6.48 x 1.25 m = 150.01 m3. 

Furthermore, a cover for isolation of the basin from the atmosphere is installed (both for 

precipitation and gas leakage). This is realized by means of greenhouse-like structure, directly fixed 

on the upper edge of the basin. 

Table 2 – Basin dimensions 

Length 18.53 m 

Width 6.48 m 

Height 1.25 m 

Volume 150 m3 

Area 120 m2 

 

The electrodes are arranged in rows (array) with 6 electrodes per row. The distance between the 

electrodes is 1.10 m. The electrodes on the same row are of the same polarity. The arrays are 18 

and the distance between the arrays is 1.06 m. The total number of electrodes is 96 (48 anodes and 

48 cathodes). 

 

Table 3 – Electrode array dimensions 

Electrode distance 1.10 m 

Anode-cathode distance 1.06 m 
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Number of arrays 18   

Num. Electrodes/array 6   

 

4.2 Electric Supply Unit 
 

The electric supply unit design is based on the following data and parameters: 

 resistivity of the sediment (also taking into account the possible evolution of the value 

during treatment); 

 maximum allowable current density; 

 number of electrodes and anode-cathode distance 

 maximum allowed current flowing through each electrode 

 Joule effect 

 maximum allowed voltage (for safety reasons) 

 

In particular, the dimensioning is performed taking into account the overheating of the electrolytes 

at the electrodes (heat generated due to Joule effect). In literature is reported that a current density 

of about 4-5 A/m2 is the maximum allowed to ensure that the electrolyte does not overheat. The 

implementation of a temperature control system ensures that, especially in the warmer months, the 

electrolyte does not exceed dangerous temperatures. 

The design current density is fixed to 5 A/m2. The following calculations are made for two distinct 

scenarios: A) resistivity equals to the initial resistivity of 0.5 Ωm and B) resistivity equals to the 

expected resistivity at the end of treatment 10 Ωm. The results are reported in Table 4. 

 

Table 4 – Electrical parameter estimation (as a function of the resistivity of the sediment) 

Scenario  A B 

Resistivity (Ωm) 0.5 10 

Current density (A/m2) 5 5 

Total current (A) 688.5 688.5 

Specific power (W/m3) 12.5 250 

Total power (kW) 1.9 37.5 

 

The maximum total power demand in the most unfavorable conditions (resistivity of 10 Ωm at 

end of treatment) is 37.5 kW. The plant will be designed for an output of 50 kW, also including the 

energy required for operation and electromechanical devices.  

Taking account of the dimensions of the treatment basin (§ sect. 4.1), the expected average 

operating conditions (resistivity 2 Ωm and current density 5 A/m2) are reported below: 
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Table 5 – Average operating conditions (resistivity 2 Ωm and current density 5 A/m2) 

Number of electrodes 108  

Sediment resistivity 2 Ωm 

Current density 5 A/m2 

Current/array 71 A 

Current/electrode 11.9 A 

Total current 688.5 A 

Electric field 10 V/m 

Anode voltage 10.6 V 

Total power 7.5 kW 

 

For safety reasons, the maximum voltage anode-cathode is limited to 48 V. 

 

4.2.1 Power unit 

 

The energy is supplied from the grid by three-phase 400 V alternating current. 

Energy is conducted into the container via an electricity box, from there to a wall panel where is 

fused and distributed to the controls, the purification container, the extraction unit, and 

transformers. From the transformers it is led to the current regulation unit, which supplies the 

electrodes in the field. 

The electricity box is connected to the installation panel in the container. 

The installation panel consists of fuse, switch, and distributor units. The fuses used depend on the 

power take-off. The switches make it possible to switch the installation on and off. The distribution 

unit supplies the power to the container (switchbox, pumps, purification unit, etc.) and the 

component for the field (transformer).  

 

Transformers 

Two 200 kVA transformers are build in the ESU. The primary sides is powered by a circuit 

breakers. There are two possibilities for connections to the power lines.  

 200 Vac 3 Phases 50/ 60 Hz (for countries with line voltage 200 V 50 / 60 Hz)  

 400 Vac 3 Phases 50/ 60 Hz (for countries with line voltage 400 V 50 / 60 Hz) 

 

At the secondary side there are several voltage outputs to provide suitable voltages to the current 

control units. The standard output voltages and current strength of the transformer are 31 – 250 

Vac 3 Phases / 1540 462 Ampere. 
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The transformers are protected for safety purposes, by a metal gate. The position of the metal gate 

controls a safety switch. In normal operation the primary power of the transformer will be shut 

down. For maintenance purposes these switch can be bypassed in the VLP. In DC-operation mode 

it is recommended to divide up the charge of the transformer proportionally. (There is a phase shit 

of 180 ° between the primary sides of the transformers to avoid introducing harmonics to the main 

supply). 

Rectifier Mounting Panels (RMP) 

The circuits of these panels are controlled and powered by current controllers and circuit breakers 

mounted in the current control panels. The test bulb and probes are built in for testing purposes 

like voltages measurements on the circuit breakers, SSR, diodes, electrode outlets and electrode 

cable. The current indicator bulb functions as well as a kind of zero cross load for the Solid State 

Relays. 

Current Control Panel (CCP1-2) 

The Current Control Panels contains the main switches to the rectifier panels and the electronic 

circuits for current set and control (current controller). These circuits get information from the 

current transducers and control the Solid State Relays. The current controller are powered by the 

PLC or for maintenance purposes by hand. 

 

4.2.2 Principles of current and voltage control 

 

To avoid ER-processes are going out of control the current to the electrodes can be set or limited. 

In the actual case the current to one electrode has to be set or limited by turning a multiturn 

potmeter and measuring the a corresponding voltage with a True RMS digital multimeter at the 

current set outlet on the current control panels. 

Together with the outlets for current control set the current control panel is provided by outputs 

for measuring the buffer output of the current transducers, the duty cycle (on / off time electrode 

current) and the average electrode current. 

Each current control panel contains 3 racks of current control units. Each rack contains 5 current 

control units and each unit contains 3 current controllers (A, B and C). Each rack controls 15 

current controllers, which control the 15 electrode outlets mounted on a RMP (Rectifier Mounting 

Panel). The maximum current (< 30 A or 3 Volt on the current set outlets on the CCU) per 

electrode has to be set by adjusting the multi turn pot meters.  

 

Isolating transformer 

The isolating transformer ensures galvanic separation from the grid and supplies a number of 

different voltages. This makes it possible to vary the voltage on the field. The three phases and 

perhaps the neutral are connected on the primary side. Three phases and the neutral can be tapped 

on the secondary side. Three connections per phase are provided for the three output voltages, 

which are usually 125, 300, and 400 V. If the voltage is taken between a phase and the neutral, the 
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phase voltage must be divided by √3 in order to determine the voltage (for example 400 V/√3 = 

230 V). A transformer is connected to one or more current regulation units, depending on its 

capacity. The housing is earthed. 

 

Current regulation unit 

The three phases from the secondary side of the transformer are tapped in the control units. The 

neutral of the transformer serves as the negative (natural point) for the cathodes. 

The control unit is constructed in such a way that each connection (electrode, a total of 15) is 

connected to between one and three phases by means of thermal fuses (16 A) and Solid State Relays 

(SSR 400 V-25 A). It is preferable to use three phases because this reduces peak voltages. The 

alternating current is then rectified by means of a diode bridge. The plus of the diode output is 

connected to the anode via a measuring bridge with fuses. 

The ER system makes use of one-sided rectified current. This has the advantage that the neutral 

point of the transformer can be used as the cathode. In the case of two-sided rectified current, 

there are problems if the minuses of the diode bridges are connected to one another. 

Rubber plugs are used to connect the electrodes to the current regulation unit. A single electrode 

is generally connected for each connection/plug. Several electrodes are connected to the electricity 

box via a connector or a plug. The cathodes are linked to one another and connected to the neutral 

point of the transformer. 

 

Power cables 

The main factor in selecting the right electricity cable is the current strength which it is to carry. 

The current strength determines to a great extent the minimum cross-sectional area of the metal 

cable (generally copper). If the cable is too thin and the load is high, it may burn through or the 

insulation may crumble or melt. 

The table below indicates the various different minimum cross-sectional areas which are necessary 

for a specific load. The table shows the allowable quantity of power (Iz in A) for cables of varying 

diameter. The table assumes a minimum cable length of 1 m. 

 

Table 6 - Maximum allowable power for multi-core copper cable of a given diameter with PVC installation 

Iz (A) Number of loaded wires or cores Current in 
kW 

 A (mm2) 2 3 4 At 400 V  
3 phases 

1.5 17.5 15.5 14 10  
2.5 24 21 19 15 
4 32 28 25 19 
6 41 36 32 25 
10 57 50 44 34 
16 76 68 59 46 
25 101 89 75 61 
35 125 111 97 76 
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50 151 134 - 92 
70 192 171 - 118 
95 232 207 - 142 
120 269 239 - 164 
150 309 275 - 189 
185 353 314 - 216 
240 415 369 - 254 

 

The power cable running from the power connection to the transformer is an installation cable 

(copper cores) for which the allowable amperage is just larger than the corresponding amperage of 

the transformer. 

The power cable running from the transformer to the power boxes is a rubber or installation cable 

with the maximum amperage or the amperage which is to be selected. 

The power cable running from the power box to the electrode in the field is a rubber cable with 

three 1.5 mm2 cores. 

The cables running from the control unit or directly from the mains to the pumps are moveable 

rubber cables or installation cables for permanent connections. 

In the case of a power supply of up to 125 A, it is sufficient for there to be plug connections rather 

than screw connections. Screw connections are preferable, however, because they do not have the 

problem of bad contacts, they can deal with greater current strengths, and they are cheaper. 

 

4.3 Electrode wells  
 

To ensure the circulation of the electrolyte within the sediment the electrodes will be installed 

inside vertical wells placed in the sediment. The wells are made with PVC slotted pipes (Boode 

CSSTM continuous slot PVC screen). Common low cost PVC wells can be constructed with a 

maximum slot surface of 5–20 % but PVC becomes unstable at temperatures above 60 ºC. The 

slots should preferably be horizontal because if they are vertical they are more likely to collapse at 

higher temperatures. High porosity PVC filters (30 – 50 % porosity) have better mechanical 

stability and lower heat development than common PVC well and can be applied to a maximum 

of 70 °C. For the present case low energy loss, high porosity PVC screens will be installed. The 

characteristics of the slotted pipes are reported in Table 7. 

To prevent solid material inflow in the tubes, these are covered with a special casing of geotextile 

material resistant to the conditions of pH (<3) of the electrolytes.  

 

Table 7 – Boode CSSTM continous slot PVC pipes characteristics 

Diameter (inch) 3” 

Diameter ext x int (mm) 90 x 72 

Total length (m) 1.07 

Slotted portion length 0.75 

Thickness (mm) 4.5 
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Weigth (kg/m) 2.10 

Slot size (mm) 3.00 

% Open area 50% 

 

 

4.4 Electrode material and electrical connections 
 

The anodes are generally subjected to corrosion since the electrolysis of water generate a strong 

acidic and oxidizing environment. A high-resistance material is thus needed. The selected material 

is titanium (Ti). The electrodes consist of a mesh with a size of 1200 x 60 mm. The mesh is folded 

longitudinally at 90 ° to obtain an “L” shape profile.  One of the two ends is welded to a titanium 

bar (D = 6.5 mm) for the electrical connections. The bar extends to 150 mm from the electrode. 

The electrodes are produced by Magneto Special Anodes BV (The Netherlands). The coating 

(finishing) of titanium is made of an alloy of precious metal with Keramox®-MMO ("Mixed Metal 

Oxide") technology suitable for the pH conditions of the anolyte. The Keramox® technology is 

specifically developed for the removal of heavy metals in corrosive environments. The electrode is 

capable of providing a maximum current of 20 A. 

The cathodes don’t have the problem of corrosion due to the electric field and therefore non-noble 

metals can be used. However the conditions of pH at the cathode will be acidic as well (pH in the 

range 1.5-4.5), therefore the material must be resistant in this type of environments. Stainless steel 

tubes of 10 mm diameter and thickness of 1.5 mm are selected. 

The electrical connections are made with cables with conductors rated at 30A and section 4 mm2. 

The cables are connected to the electrodes with a screw connection. 

Table 8 – Anode characteristics (Magneto Special Anodes B.V. Holland) 

Material Titanium 

Coating Keramox®-MMO 

Profile “L”-shape 

Length 1 m 

Side size 3 cm 

Mesh size (LxBxWxA) 10x6x1.4x0.8 mm 

Maximum current (per electrode) 20 A 

Connection bar length 150 mm 

Connection bar diameter 6.5 mm 

 

 

4.5 Electrolyte conditioning  
 

The design of the electrolyte conditioning system is carried out by taking into account that the 

migration of contaminants is closely related to the pH values of the electrolyte and of the sediment. 
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In order to have the solubilization of metals and allow their migration towards cathode, acidic pH 

values, preferably below 4, are necessary. 

The amount of acid/base for buffering electrolysis reactions occurring at the electrode is defined 

in advance, since it depends only on the applied electric current.  

It thus follows that the pH values in the electrolyte depends only on the circulation flow rate and 

not on the acid/base dosage (which is fixed); therefore, it is of extreme importance to assign a 

precise value of the flow to maintain pH within certain limits.  

The following section reports the computations for determining the design flow rate (Qd) and will 

demonstrate that the variation of pH which depends on flow rate changes. 

Note: the geometric arrangement of electrodes and the current density are imposed as starting data. 

A value of current density of J = 5 A/m2 is assumed to avoid the problem of electrolyte overheating 

and a value of pHout = 3 is set at the output of the dosing section. The calculations will be reported 

in the following section. 

 

4.5.1 Water electrolysis reaction  

 

When the electric field is applied to the contaminated mass, the electrolysis of water molecules 

occurs with production of H+ and OH- ions at the anode and at the cathode respectively, as shown 

in the following reaction: 

Anode: 2H2O      O2 + 4H+ + 4e- 

Cathode: 2H2O + 2e-      H2 + 2OH- 

Each mole of electron generates one mole of H+ at anode and one mole of OH- at the cathode. 

This causes the electrolyte to acidify progressively at the anode which reaches extremely low values 

with increase of conductivity, while it tends to become alkaline at cathode. Both H+ and OH-

migrate in the opposite direction to the electrode of origin, generating a pH gradient within the 

sediment.  

To maintain the pH at the cathode under acidic conditions it is necessary to dose an acid solution 

in the catholyte circuit. For this purpose sulfuric acid (H2SO4) is used at the cathode, to neutralize 

the OH- ions. 

On the other hand, the generation of H+ ions at the anode causes a decrease of the pH to extremely 

low values (pH < 1) and the excess of H+ ions produces an increase of conductivity of the 

electrolyte. To avoid development of excessive currents is therefore necessary to dose a base to 

neutralize the H+ ions produced at the anode. In this case a solution of sodium hydroxide (NaOH) 

is used. 

For determining the amount of reagent needed to maintain pH within the operating limits, the 

amount of H+ and OH- which are produced during electrolysis reaction must be calculated. 

The total electric current I (A) is calculated with the equation given below: 

𝐼 = 𝐽 × 𝑤 × ℎ × (𝑛 − 1) = 5 × 6.48 × 1.25 × 17 = 688.5 𝐴                     (1) 
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Where J = 5 A/m2 is the current density, w = 6.48 m the width of the basin, h = 1.25 m the height 

of sediment layer and n = 18 the number of lines. 

Coulomb can be calculated via C = Amp x seconds: 

𝐶 = 𝐼 × 𝑠 = 688.5 × 86400 = 5.9 × 107  𝐶 𝑑⁄                          (2) 

Therefore, the production of H+ moles can be calculated taking into account that  

F = 96845 C/mole: 

𝑚𝑜𝑙 𝐻+ = 𝑚𝑜𝑙 𝑂𝐻− =
𝐶

𝐹
=

5.9 × 107

96485
= 616 𝑚𝑜𝑙 𝑑⁄                 (3) 

 

Commercial reagents which are chosen for conditioning of pH values are sulfuric acid (H2SO4) and 

sodium hydroxide (NaOH). Their properties are shown in Table 9. 

 

Table 9 – Commercial NaOH and H2SO4 characteristics 

Base 
(Anode) 

NaOH 

 

Acid 
(Cathode) 

H2SO4 

 Concentration, S% 37 %  Concentration, S%  96 % 

 Density, ρ 1.4 kg/l  Density, ρ 1.84 kg/l 

 Molarity 12.95 M  Molarity 18 M 

 PMNaOH 
40 

g/mol 
 PMH2SO4 

98.08 
g/mol 

 

Amount of reagents to be calculated will be obviously a function of produced amount of H+ and 

OH- ions which were calculated in the previous section. 

By knowing the molecular weight (PM), concentration (S%) and density (ρ), H2SO4 and NaOH the 

amount of acid/base per day can be determined: 

𝐻2𝑆𝑂4 =
𝑚𝑜𝑙 𝑂𝐻− × 𝑃𝑀𝐻2𝑆𝑂4

𝑆%𝐻2𝑆𝑂4
× 𝜌 × 1000 × 2 

= 17.10 𝑙 𝑑⁄        (3) 

 

𝑁𝑎𝑂𝐻 =
𝑚𝑜𝑙 𝐻+ × 𝑃𝑀𝑁𝑎𝑂𝐻

𝑆%𝑁𝑎𝑂𝐻
× 𝜌 × 1000

= 47.6  𝑙 𝑑⁄        (4) 
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It should be noted that calculations are carried out as a function of the current density which was 

set to the maximum value of 5 A/m2 which means that amount of reagent are calculated in the 

most unfavorable condition. 

 

 

4.5.2 Design flow rate (Qd) 

 

The design flow rate is calculated taking into account two factors: 

a. The output pH (pHout) from each single electrode array must not be greater than 3, so as 

to ensure acidification of sediment, 

b. The difference in pH in the wells must be minimized. 

As wells are connected in series to each other and electrolyte is passing from one well to another, 

it will be acidified increasingly due to production of H+ ions at anode or become more alkaline due 

to development of OH- ions at cathode.   

At this point, we are interested to know the value of pHin inlet to single array which as will be 

calculated as a function of total flow recirculation. We obtain the flowrate-pH curves for different 

current densities (1, 3 and 5 A/m2). At the cathode the flow rate is not a particularly critical 

parameter. On the contrary at the anode there is a transition zone between acid pH and basic pH 

as a function of the flow rate. In this way it is possible to calculate the minimum flow rate required 

to ensure an acidic pH at the inflow of each array of the anolyte circuit. 

The next step is to calculate the reagent concentration after dosage as a function of the circulation 

flow rate (Qr). We assume Qr to vary in the range 0.5 – 20 l/s. Consequently, the concentration 

will be in the range calculated as follows: 

 

[𝐻2𝑆𝑂4] =
𝑚𝑜𝑙 𝐻+

𝑄𝑟,𝑐𝑎𝑡 × 86400
= 0.014 − 3.5 × 10−4 𝑀              (5) 

 

[𝑁𝑎𝑂𝐻] =
𝑚𝑜𝑙 𝑂𝐻−

𝑄𝑟,𝑎𝑛𝑜 × 86400
= 0.014 − 3.5 × 10−4 𝑀                (6) 

Please note that (M = mol/l) is the molarity: concentration of a chemical species in a solution that 

is the moles of solute contained in one liter of solution.  

The pH at the array inlet is calculated as follows: 

[𝐻+]𝑐𝑎𝑡,𝑖𝑛 = 10−𝑝𝐻𝑐𝑎𝑡,𝑜𝑢𝑡 + [𝐻2𝑆𝑂4]                                    

𝑝𝐻𝑐𝑎𝑡,𝑖𝑛 = − log10[𝐻+]𝑐𝑎𝑡,𝑖𝑛                        (7) 
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Figure 3 – pH at the inlet of cathode arrays as a function of the flow rate and current density 

 

The calculation of hydrogen ion concentration at anode is solved by means of the mass balance in 

two distinct points: 

 

Figure 4 – Mass balance. (a) is the output from the electrode array, (b) is the inlet to the array. Q is the 

circulation flow rate, q is the reagent flow rate 

 

a) Mass balance at the output from the treatment basin, point (a), that is function of 

time: 

[𝑁𝑎+]𝑜𝑢𝑡 + [𝐻+]𝑜𝑢𝑡 = [𝐶𝑙−]𝑜𝑢𝑡 + [𝑂𝐻−]𝑜𝑢𝑡 
 

[𝑁𝑎+]𝑜𝑢𝑡 − [𝐶𝑙−]𝑜𝑢𝑡 = [𝑂𝐻−]𝑜𝑢𝑡 − [𝐻+]𝑜𝑢𝑡             (8) 

 

Recalling that [H+][OH-] = 10-14 = Kw is the dissociation constant of water, equation (8) can 

therefore be written as follows: 

[𝑁𝑎+]𝑜𝑢𝑡 − [𝐶𝑙−]𝑜𝑢𝑡 =
𝐾𝑤

10−𝑝𝐻𝑜𝑢𝑡
− [𝐻+]𝑜𝑢𝑡 ≅ −10−𝑝𝐻𝑜𝑢𝑡 ≅ −10−3             (9) 
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Note that the difference in [Na+]out – [Cl-]out is constant over time, although [Na+]out and [Cl-]out is 

not constant. 

b) Inflow to the treatment basin at steady state, point (b), we have following balance: 

[𝐻+]𝑖𝑛 +
(𝑄𝑟,𝑎𝑛 [𝑁𝑎+]𝑜𝑢𝑡 + 𝑞 𝐶𝑁𝑎𝑂𝐻)

(𝑄𝑟,𝑎𝑛 + 𝑞)
= [𝑂𝐻−]𝑖𝑛 +

𝑄𝑟,𝑎𝑛 [𝐶𝑙−]𝑜𝑢𝑡

(𝑄𝑟,𝑎𝑛 + 𝑞)
        (10) 

Where CNaOH represents concentration of sodium hydroxide within the storage tank and because 

Qr,an>>q, we simplify (Qr,ano + q) ≈ Qr,ano, then equation (10) can be written as follows: 

[𝐻+]𝑖𝑛 + [𝑁𝑎+]𝑜𝑢𝑡 +
𝑞 𝐶𝑁𝑎𝑂𝐻

𝑄𝑟,𝑎𝑛 
= [𝑂𝐻−]𝑖𝑛 +  [𝐶𝑙−]𝑜𝑢𝑡                      (11) 

Summarizing what was said before, we have: 

[𝑂𝐻−]𝑖𝑛 =
𝐾𝑤

[𝐻+]𝑖𝑛
; 

 

[𝑁𝑎+]𝑜𝑢𝑡 − [𝐶𝑙−]𝑜𝑢𝑡 ≅ −10−𝑝𝐻𝑜𝑢𝑡; 

 
𝑞 𝐶𝑁𝑎𝑂𝐻

𝑄𝑟,𝑎𝑛 
= [𝑁𝑎𝑂𝐻]. 

The equation (11) reduces to a quadratic equation: 

[𝐻+]𝑖𝑛
2

+ ([𝑁𝑎𝑂𝐻] − 10−𝑝𝐻𝑜𝑢𝑡)[𝐻+]𝑖𝑛 − 𝐾𝑤 = 0                (12) 

Solving the equation (12) we obtain the concentrations [H+] in the inlet to the anode array or the 

value of pHan,in. 
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Figure 5 - pH at the inlet of anode arrays as a function of the flow rate and current density 

 

As can be seen from Figure 4, the flow rate doesn’t appear to be a particularly critical parameter 

for pH at the cathode. On the contrary at the anode, as can be seen from Figure 5, the pH has a 

transition zone in which for a small change of flow rate it switches suddenly from basic pH to 

acidic pH. Then, with a simple interpolation, we select the minimum value of flow rate for which 

pH is at the entrance of the anode array is acidic.  

The minimum flow rate that allows to have an acidic pH is 8.2 L/s when maximum current density 

is 5 A/m2. Therefore the design flow rate (Qd) is then chosen as 10 l/s (see Table 10). pH values 

at 10 l/s flow rate are shown in Table 11. 

 

Table 10 – Design flow rate 

Minimum required flow rate (at 5 A/m2) 8.2 l/s 

Design flow rate 10 l/s 

Design flow rate (each electrode array)  1.1 l/s 

 

 

Table 11 – pH difference from inlet to outlet of each electrode array at the design flow rate 10 l/s 

 Cathode Anode 

pH outflow 3 3 

pH inflow 2.77 3.55 

ΔpH 0.23 0.55 

 

8.2 
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4.6 Design of scrubber for gas treatment 
 

The treatment of gas is only needed for the anolyte. The development of chlorine gas at the 

anode is due to the electric field, according to the following reaction:  

2Cl-  Cl2 + 2e- 

During the initial stage of the treatment the concentration of chlorides can be high enough, 

because of the salt content of the seawater, to cause the stripping of chlorine gas from the 

anolyte. All the gas from the electrodes is collected from the wells and conveyed to the gas 

treatment section. This section consists of a scrubber, with recirculation of the solution of 

sodium hydroxide (NaOH). This treatment section is therefore present as an additional safety 

device.  

The principle of operation of a scrubber consists in conveying the contaminated air into a 

chamber. Inside this chamber, thanks to suitable and widely differing technologies, an intimate 

contact takes place between the air and a certain quantity of water so that contaminants are 

transferred from the air into the water to the extent as to allow direct discharge of the air into the 

atmosphere with contaminant concentration within the allowable limits for the cleaned air. 

The quickness of air-water interaction and percentage of contaminating substances transferred 

from the air into the water are strongly conditioned both by the technology applied and the type 

of design and construction of the wet collector chosen. 

 

4.6.1 Chlorine gas production estimation  

 

The scrubber includes NaOH solution to separate chlorine from gas to liquid. In this section, first 

of all, chlorine production will be determined. For this calculation, parameters in Table 12 will be 

used.  

 

Table 12 – Sediment properties and Cl/NaCl content 

Water Content 32.37 % 

 

   

Cl Content of Sediment 6.25 g/kg PM Cl2 70.906 g/mol 

NaCl Content of Sediment 10.30 g/kg PM NaCl 58.44 g/mol 

Sediment volume 150 m3    

Sediment density 1750 kg/m3    

 

First, sediment mass are calculated: 
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𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 =  1750𝑘𝑔/𝑚3 𝑥 150𝑚3 =  262500𝑘𝑔 

Water mass of sediment; 

𝑊𝑎𝑡𝑒𝑟 𝑚𝑎𝑠𝑠 =
𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 𝑥 𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡

100
=

262500𝑥32.37

100
= 84971.25𝑘𝑔 

 

After that, the total mass of NaCl and Cl in the sediment can be found. 

𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒 𝑚𝑎𝑠𝑠 =
𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 𝑥 𝐶𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

1000
=

262500𝑥6.25

1000
= 1641𝑘𝑔 

 

𝑇𝑜𝑡𝑎𝑙 𝑁𝑎𝐶𝑙 𝑚𝑎𝑠𝑠 =
𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 𝑥 𝑁𝑎𝐶𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

1000
=

262500𝑥10.3

1000
= 2704𝑘𝑔 

 

For calculating daily chlorine gas (Cl2) production, the electrical parameters are necessary as well. 

They are given in Table 13.  

 

Table 13 – Electrical parameters for chlorine gas estimation 

Current density 5 A/m2 

Total current 688.5 A 

1 Faraday 96485 A∙s/mol 

  

The daily coulomb value is calculated: 

𝐶𝑜𝑢𝑙𝑜𝑚𝑏 = Total Current x 86400 = 688.5 x 86400 = 5.95x107C/d   

 

A the anode, the two following reactions take place: 

2H2O      O2 + 4H+ + 4e-   E0 = 1.23 V 

2Cl-  Cl2 + 2e-     E0 = 1.36 V 

 

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. 

Assuming that no other reaction is occurring at the anode, the gas formed at the electrode is 

composed only by O2 and Cl2, so the partial pressures in the vicinity of the electrode are: 
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PO2 + PCl2 = 1 atm 

In condition of low pH, high concentration of chloride and low partial pressure of gaseous 

chlorine with respect to gaseous oxygen the redox potential of the gas chlorine reaction may be 

competitive.  

Generally, when Cl- ions are present in the system, both reactions are continuously and 

simultaneously taking place, so that the redox potential of the two reactions can be assumed the 

same. In this case the rate of Cl2 production is not the maximum since is limited by the 

electrolysis of water (i.e. generation of O2) 

Let us further assume that in the most unfavorable conditions (high concentration of Cl- and very 

low pH), the redox potential of gas chlorine reaction may be lower than the oxygen gas, so that 

only Cl2 is produced at the anode. In this case, the moles of Cl2 produced can be calculated as 

follows: 

Moles of  𝐶𝑙2 = 
𝐶𝑜𝑢𝑙𝑜𝑚𝑏

𝐹𝑎𝑟𝑎𝑑𝑎𝑦 𝑥 2
=

5.95𝑥107

96845 𝑥 2
= 308 𝑚𝑜𝑙/𝑑 

 

The maximum daily Cl2 gas amount is: 

𝐶𝑙2 =  𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑙2 𝑥 𝑃𝑀 𝐶𝑙2 = 308 𝑥 70.906 = 21858.02𝑔/𝑑 = 21.86𝑘𝑔/𝑑 

 

4.6.2 Scrubber dimensions 

 

The efficiency of a scrubber system is higher, the greater is: 

 the pressure of the atomized water  

 the contact time and the lower is the air face velocity. 

Regardless of the flow rate and pressure of the water, which, however are not fixed, rather they are 

variable within certain limits, correct dimensioning of the contact time and air face velocity (because 

these can no longer be modified after construction of the plant) will be important for correct 

operation of the scrubber; in fact these are vital components in the designing of a plant. The theory 

appears to implicate that the higher is the contact time, the lower is the fluid velocity, and the more 

efficient would be the system. This is only partly true, because there are limits for both parameters 

beyond which the efficiency tends to drop again. 

On a practical basis, the contact time indicates the residence time of air laden with contaminating 

particles in the volume of packings, i.e. the time used by the air to through its entire thickness. 

Now suppose this parameter is set to 2 s, as empirical data indicate, within this time space, the 

average compromise which allows the water to capture the particle and to separate it from the air. 

Although an optimum value is set for the contact time, it always remains, however, a direct ratio 

between the volume of packings expressed in m3 (variable), the time in s (constant) and the air flow 

expressed in m3/h (variable), namely: 



 
LIFE 12 ENV/IT/000442 “SEKRET” September 2014 

PLANT DESIGN. TECHNICAL REPORT Page 24 of 39 

 
Contact time = Packing volume x 3600 / Air flow  (13) 

i.e. the direct ratio between packing thickness and face velocity. 

The correct thickness of the packing volume can be determined with the aid of the air face velocity 

(in agreement with the pressure drops created, which should not exceed a max of 150 mm H2O). 

To calculate the air flow, a first estimate of the air volume to be circulated has been done. Starting 

from the dimensions of the basin roof, the total air volume in the whole (closed) system has been 

calculated and is approximately 183 m3 (see Table 14). 

 

Table 14 – Basing roof dimensions 

Width 6.63 m 

Length 18.68 m 

Height 2.5 m 

Air Volume 183.30 m3 

 

Then, assuming that the total air volume is completely recirculated 10 times in one hour, the total 

air flow was estimated 1833 m3/h. The scrubber dimensions were then calculated from equation 

(13) assuming a contact time of 4 seconds. The dimensions are reported in Table 15. 

 

Table 15 - Scrubber dimensions 

Air flow 1833 m3/h 

Contact time 4 s 

Face Velocity 0.4 m/s 

Height 1.5 m 

Diameter 1.3 m 

Packing volume 2.04 m3 

 

The amount of sodium hydroxide (NaOH) for the gaseous chlorine (previously estimated) is 

calculated taking into account that the reaction between the sodium hydroxide and gas chlorine is: 

2NaOH + Cl2  NaOCl + NaCl + H2O 

A total mass of 1650 kg of sodium hydroxide is required to completely remove the total amount 

of 1641 kg of Cl2. It should be pointed out that this value corresponds to the absolute maximum 

value assuming that all the chloride in the sediments is transformed into Cl2 by electrode reactions. 

The latter statement is not actually true because the chlorine gas formation at the electrode is 

limited by the O2 gas formation by water electrolysis, especially when the Cl- concentration in the 

anolyte is low. This concentration can be lowered by further water treatments (reverse osmosis and 

resins), which will be described in the next paragraphs. 
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Furthermore, the maximum daily NaOH dosage is calculated (for the maximum current density 5 

A/m2). In these conditions the complete Cl- removal would be obtained in 75 days, as reported in 

Table 16. 

 

Table 16 - Absolute maximum/minimum values for NaOH dosage in the scrubber 

Total NaOH (max) 1650 kg 

NaOH dosage (max) 25 kg/d 

Number of days (min) 75 days 

 

This treatment section is equipped with an air fan which maintains a depression in the atmosphere 

of the basin cover and of the anolyte tank, to avoid the leakage of gas. All the gas is conveyed to 

the scrubber. A check valve is placed on the basin cover to prevent the exit of gas in case of 

malfunction or deactivation of the suction fan.  

 

 

4.7 Electrolyte treatment by precipitation and filtering 
 

In a first stage, the contamination is removed from the electrolytes by precipitation and filtration. 

Prior to treatment, the anolyte and catholyte are mixed together and conveyed to a dedicated 

precipitation tank. Here, the pH is adjusted by dosing sodium hydroxide to reach a pH suitable for 

the precipitation of metal hydroxides. After that the solid precipitates are formed, they are removed 

by means of filter bags.  

4.7.1 Filter bags 

 

The filtration system is filter bag type. Each bag is made of nonwoven fabric, which can be isolated 

from the other by means of shut-off valve, which allows fill one or more bags as a function of the 

amount of water to be filtered. Once the bag is filled with solids, it can be easily removed and 

disposed.  

The filer bags selected for the present project are DRYMUD 5B (produced by Depureco s.p.a, 

Italy). The filtration plant is composed by: 

- Filtering module with 5 bags for manual filtration cycle and feed using external pump. 

- Pre-mounted cylindrical tank at the top of the structure for the supply of bags. Each bag 

can be isolated by ball valve mounted on each of the branches of the discharge pipe. 

- Nozzle DN 80 PN 10 for optional coupling of a second filter unit; 

- Supply line tank in galvanized steel or PVC pipes  

- A specific reagent or flocculant can be injected in the bags with special valves and pipes 

- Disposable filter bag sizes 350 (D) mm x 1200 (H) mm. 

- Bag volume 0.1 m3. 
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Figure 6 - Filter bags 

 

4.8 Ion exchange resins  
 

The ion exchange resins treatment section allows the removal of residual heavy metals in solution 

which have not precipitated in the previous treatment stage. The treatment will take place at regular 

intervals, by pumping the electrolyte from the collection tank after filtering to the resins columns.  

In this project, AMBERLITE IRC86 resin of Rohm and Haas Company is used as ion exchange 

resins. AMBERLITE IRC86 resin is a gel type, high capacity, weak acid exchange resin containing 

carboxylic acid groups. 

General properties and operating conditions of resins are given in Table 17 and Table 18. 

 

Table 17 - Amberlite IRC86 resin characteristics 

Physical form Clear amber spherical beads 

Matrix Gel polyacrylic copolymer 

Functional group Carboxylic acid 

Ionic form H+ 

Total exchange capacity ≥ 4.10 eq/L (H+ form) 

Moisture holding capacity 47 to 53% (H+ form) 

Weight 790 g/L 

Particle size 
     Uniformity coefficient 
     Harmonic mean size 
     < 0.300 mm 

 
≤ 1.80 
0.580 to 0.780 mm 
2.0 % max 

Reversible swelling 
H+  Na+     ≤ 100 % 

H+  Ca++    ≤   15 % 

H+  Mg++   ≤   50 % 
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Table 18 - Amberlite IRC86 operating conditions 

Maximum operating temperature 100oC 

Minimum bed depth 700 mm 

Service flow rate 5 to 70 BV* /h 

Regeneration 
    Regenerate 
    Level 
    Concentration (%) 
    Minimum contact time 
    Slow rinse 
    Fast rinse 

 
HCL     H2SO4 
104 to 110 % of operating capacity 
2 to 5    0.5 to 0.7 
30 minutes 
2 BV at regeneration flow rate 
2 to 4 BV at service flow rate 

* 1 BV(Bed Volume) = 1 m3 solution per m3 resin 

 

The operating condition of AMBERLITE IRC86 resin is a function of analysis, temperature and 

service flow rate. The resin is regenerated with little over stoichiometric amount of strong acids. 

Sulfuric acid (H2SO4) can be used, at low concentration (< 0.7%) in order to avoid calcium sulfate 

precipitation. 

The resins can also be used as an online device for the treatment of the whole flow rate of the 

anolyte or catholyte circuit. Therefore the operating conditions are designed for the maximum flow 

rate (10 l/s). Given this, the volume of the resin is computed as follows: 

𝑉 =
10

𝑙
𝑠

× 3600
𝑠
ℎ

70 
𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

3

𝑚𝑟𝑒𝑠𝑖𝑛
3

= 0.514 𝑚3  

 

4.9 Reverse osmosis treatment section 
 

Osmosis is a natural process for which a more diluted solution passes spontaneously to a more 

concentrated solution by means of a semipermeable membrane. 

The concept of reverse osmosis is simple, as it suffices to apply a pressure to a concentrated 

solution superior to the osmotic pressure in order to provoke an inverse flow in respect to the 

natural one, extracting the dissolved salts from concentrated solution, that creates a discharge flow; 

on the opposite part of the membrane we have a low salinity solution. 

The reverse osmosis (RO) treatment section is used to control the salinity of electrolytes to optimal 

values. The membranes will be equipped with high-pressure pump and filter cartridge. A simplified 

schematic of the reverse osmosis section is reported in Figure 7. 



 
LIFE 12 ENV/IT/000442 “SEKRET” September 2014 

PLANT DESIGN. TECHNICAL REPORT Page 28 of 39 

 

 

Figure 7 - Schematic of reverse osmosis treatment 

For the present case, a Euromec OI-P 1 system is chosen (Figure 8).  

 

Figure 8 - Euromec OI-P reverse osmosis system 

 

Table 19 - General characteristics of reverse osmosis plant 

Feeding Salinity mg/l <2000 

Temperature oC 25 

Approx. permeated water salinity % 1 

Standard capacity m3/h 1 

Max. recovery % 52 – 70 

Vessel quantity n. 4 

Membrane quantity n. 4 

High pressure pump power kW 2.2 

Inlet, concentrate, permeate connections DN 25, 15, 15 

Dimension (LxWxH) m 0.8 x 0.8 x 1.5 

Rough weight kg 180 
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Table 20 - Technical specification of Euromec OI-P 1 

Feeding water pressure Min. 2 – max 6 bar 

Feeding water temperature Min. 5 – max 35oC 

Feeding water security filter Cartridge filter of 5 micron 

Minimum pressure alarm Pressure switch with adjustable threshold 

Feeding interception valve Electrovalve 

Antiscalant dosage 
Electromagnetic dosing pump with changeable 
flow rate 

Pressurisation pump Vertical multi-impeller made of AISI 304 

Vessel for membranes PRVF, 300 PSI 

Membranes 
Spiral wrapped up in polyamide, diameter 2.5” or 
4”, length 40” 

Manometer AISI 316 

Flow meters Changeable area 

Permeated conductivity meter Electronic, digital display, cell made of AISI 316 

Washing circuit Arrangement for external devices 

High pressure piping AISI 316 

Low pressure piping PE, PVC PN 10 

Electric command panel Executed according to the norms in force 

Support frame 
Carbon steel, blasted and painted polyurethane 
cycle 

Feeding voltage 220 V or 380 V / 50 Hz 
 

 

Table 21 - Chosen optional specifications for reverse osmosis plant 

Pre – treatment unit Dual media filters 

Antiscalant dosage unit PE tank and dosing pump 

Concentrated recycle circuit Regulation and check valve, and flowmeter 

Pressurisation pump AISI 316 

 

Before operating the RO, the fluid will be conditioned by dosage of acid or base directly inside the 

concentrate tank, to achieve the optimum pH for treatment. 

The treatment will take place at regular intervals and manually operated.  

The permeate (clean water) is fed back to the main circuit while the concentrated extracted from 

the membranes will be collected in a separate waste and continuously recirculated. Once it reaches 

the maximum allowed concentration, the concentrate will be disposed. 
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4.10 Head losses within the electrolyte circulation circuit 
 

Head losses computation within the electrolyte circulation circuit were carried out by means of 

Epanet modelling software (EPA, United States). The schematic used for modelling is reported in 

Figure 9. 

 

Figure 9 - Schematic for head losses computation model 

The pipes characteristics and parameters used for the simulations are reported in Table 22, Table 

23. The local losses coefficients are computed on the basis of Table 24 and Table 25 and are 

reported in Table 26.  

 

Table 22 - Pipes characteristics 

 Boode pipes  
(for 1 array) 

Connection 
pipes (1 array) 

Distribution 
pipe  

Collection 
pipe 

Length (m) 1.06 1.10 18.05 18.05 

Material PVC PVC PE-PN10 PE-PN10 

Ext. Diameter (cm) 90 90 125 125 

Int. diameter (cm) 72 79.2 110.2 110.2 

Number 6 5 1 1 
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Table 23 - Parameters used for head loss computation 

Design flowrate (1 linea)  1.1 l/s 

    

Hazen-Williams roughness (PVC/PE)   C 150  

Kinematic viscosity υ 1·10-6 m2/s 

Water density ρ 1000 kg/m3 

 

 

Table 24 - Local losses coefficients (1) 

 

 

 

Table 25 - Local losses coefficients (2) 
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Table 26 - Local losses coefficients 

Collection 
pipe 

ID pipe 25 24 23 22 21 20 19 18 17 

Q3 1.1 2.2 3.3 4.4 5.6 4.4 3.3 2.2 1.1 

Q1/Q3 1.00 0.50 0.33 0.25 0.20 0.25 0.33 0.50 1.00 

alpha 0 0.65 0.2 0 0 0 0.2 0.65 0 

 

Distribution 
pipe 

ID pipe 8 9 10 11 12 13 14 15 16 

Q3 1.1 2.2 3.3 4.4 5.6 4.4 3.3 2.2 1.1 

Q1/Q3 1.00 0.50 0.33 0.25 0.20 0.25 0.33 0.50 1.00 

alpha 0.00 0.94 0.92 0.92 0.92 0.92 0.92 0.94 0 

 

Array pipes 
(Boode + 

connections) 

ID pipe 31 32 33 34 35 36 37 38 39 

bends 10 10 10 10 10 10 10 10 10 

joints 6 6 6 6 6 6 6 6 6 

α bends 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

α joints 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

Q1/Q3 1.00 0.50 0.33 0.25 0.20 0.25 0.33 0.50 1.00 

Q2/Q3 0.00 0.50 0.67 0.75 0.80 0.75 0.67 0.50 0.00 

α inlet 0.9 1.68 0.27 0.27 0.27 0.27 0.27 1.68 0.9 

α outlet 0.9 1.74 1.74 1.74 2 1.74 1.74 1.74 0.9 

alpha 8.7 10.3 8.9 8.9 9.2 8.9 8.9 10.3 8.7 

 

 

The results of the computation are reported in  

Table 27 and Table 28.  
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Table 27 - Pipe flow rate and velocities 

                         Length Diameter Roughness Flow Velocity 

Link ID                 m mm - l/s m/s 

Pipe 12                  0.3 110.2 150 5.42 0.48 

Pipe 21                  0.3 110.2 150 5.42 0.48 

Pipe 13                  2.12 110.2 150 4.18 0.37 

Pipe 14                  2.12 110.2 150 3.04 0.27 

Pipe 15                  2.12 110.2 150 1.98 0.18 

Pipe 16                  2.12 110.2 150 1.02 0.09 

Pipe 19                  2.12 110.2 150 3.04 0.27 

Pipe 20                  2.12 110.2 150 4.18 0.37 

Pipe 11                  1.82 110.2 150 4.58 0.41 

Pipe 10                  2.12 110.2 150 3.33 0.29 

Pipe 9                   2.12 110.2 150 2.17 0.19 

Pipe 8                   2.12 110.2 150 1.12 0.1 

Pipe 25                  2.12 110.2 150 1.12 0.1 

Pipe 24                  2.12 110.2 150 2.17 0.19 

Pipe 23                  2.12 110.2 150 3.33 0.29 

Pipe 22                  1.82 110.2 150 4.58 0.41 

Pipe 31                  14 72 150 1.02 0.25 

Pipe 32                  14 72 150 0.96 0.24 

Pipe 33                  14 72 150 1.06 0.26 

Pipe 34                  14 72 150 1.14 0.28 

Pipe 35                  14 72 150 1.24 0.31 

Pipe 36                  14 72 150 1.25 0.31 

Pipe 37                  14 72 150 1.16 0.29 

Pipe 38                  14 72 150 1.06 0.26 

Pipe 39                  14 72 150 1.12 0.27 

Pipe 18                  2.12 110.2 150 1.98 0.18 

Pipe 17                  2.12 110.2 150 1.02 0.09 
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Table 28 - Head losses 

 

Pressure 
(relative to 

Junct 2) 

Node ID                 cm H2O 

Junc 2 (inflow)     0.0 

Junc 3                   -1.1 

Junc 4                   -7.6 

Junc 5                   -7.7 

Junc 8 (outflow)             -7.7 

Junc 10                  -2.0 

Junc 11                  -7.4 

Junc 12                  -2.5 

Junc 13                  -7.2 

Junc 14                  -2.7 

Junc 15                  -7.0 

Junc 16                  -2.7 

Junc 17                  -7.0 

Junc 26                  -1.0 

Junc 27                  -7.4 

Junc 28                  -1.6 

Junc 29                  -7.2 

Junc 30                  -1.9 

Junc 31                  -7.0 

Junc 32                  -1.9 

Junc 33                  -6.9 

 

The total head loss between the inflow and outflow from the electrolyte management circuit is  

7.7 cm.  
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5 MONITORING OF PROCESS PARAMETERS 

 

5.1 Monitoring plan  
 

The intention of the monitoring plan is to make clear to the environmental technician which 

process parameters need to be collected and sampled and with what frequency. The monitoring 

plan needs to be updated regularly so as to ensure that monitoring is effective. The plan usually 

consists of a block diagram setting out the action to be taken and the time. The standard unit of 

time is one week. The plan covers the following items: 

 General: Indication of the processes that are taking place: current in the soil, possible 

extraction of groundwater and subsurface air. Starting date and planned finishing date. 

 Power supply: Measurement of the current strength through the electrodes and the 

voltage across them. Reading of power level. Checking of overall operation of power 

supply. These parameters are recorderd by a datalogger and checked and noted during every 

visit to the site. 

 Circulation system: Check circulation of cathode and anode electrolytes and operation of 

pumps. These parameters are recorderd by a datalogger and checked and noted during 

every visit to the site. 

 Electrolyte management system: Clean and calibrate measurement electrodes. Collect 

data on pH, EC, Eh, and temperature of cathode and anode electrolytes that flow into and 

out of the water management system. Check operation of pumps, alarms, valves, and shut-

off devices. Check and if necessary top up acid and/or alkali supply. These parameters are 

basically checked and noted during every visit to the site. 

 Electrolytes: Sampling of the cathode and anode electrolyte.  

 Gas emissions: The gas emissions are automatically controlled by the automated system. 

 Sediment: Samples need to be taken to assess the remediation process. The most 

significant factors are the locations the samples are taken from and the depth. Samples are 

usually taken every 3 or 6 months. 

 Reports: Regular reports on the situation must be provided during the course of the 

remediation project. 

 

5.2 Process parameters 
 

5.2.1 Power supply 

 

Power consumption. A kWh meter is fitted in the electricity box or the installation panel. The 

kW level is also read remotely by the power company. The purpose of this measurement is to 

record how much power is used during remediation. The readings on the meter are given in kWh.  

Total current strength. The installation panel has an ammeter for each phase. This makes it 

possible to measure the total current strength for each phase. The ammeters allow one to quickly 
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check whether the current is distributed equally to the electrodes and whether they are regulating 

or not. 

Current strength per electrode. In order to determine the current strength to each electrode, it 

is not sufficient to simply divide the total current strength by the number of electrodes. Some 

electrodes will deliver more electricity than others. A current regulator is used to limit the current 

strength. The current strength is usually measured with a DC ammeter (a clamp-on current probe).  

Voltage. The voltage on each electrode is recorded by a datalogger. It can be also manually 

measured with a multimeter. 

 

5.2.2 Electrolyte circulation and management system 

 

Flow-rate meters. The circulation and effluent flow rates during remediation are measured using 

flow rate meters using a float principle. This type of meter is usually mechanical and is fairly reliable. 

A flow rate meter is installed in order to determine the flow rate in each electrode array.  

Sight glasses. A sight glass can be used to check the circulation in a pipe. It consists of a 

transparent section of PVC tubing. In combination with shut-off devices, they make it possible to 

check the circulation through each pipe and to adjust it if necessary. 

Level meters. Digital level sensors are used to monitor the electrolyte/water level in the tanks. 

pH. The pH is measured so as to determine how acidic the incoming and outgoing electrolytes are 

and to adjust the acidity accordingly by adding acid or alkali.  

Redox potential. The redox potential (Eh, in V) is measured so as to check the redox state of the 

electrolyte. 

Conductivity. The conductivity (EC, in S/m) of the electrolyte is used to indicate the amount of 

ions in solution.  

Temperature. The temperature of the incoming electrolytes is measured by means of a sensor so 

as to be able to automatically correct the temperature for the pH meters and to check the electrolyte 

heating. If the temperature raises over a certain level the PLC shut down the system. 

Chlorides. Chloride sensors are placed to monitor the chloride content in the electrolytes to 

estimate the chlorine gas that can be potentially produced at the anode. 

Chlorine gas. Emergency chlorine gas sensor will be installed to prevent accidental gas leakage 

from the scrubber.  
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5.3 Measurements and automation 
 

Control 

The system is controlled by a PLC on the basis of the input data from the measurements in the 

electrolyte. The PLC can be connected to a PC by means of a serial connection so as to store data 

and to make it easier to read. The PC can be operated remotely by means of a telemetry system 

based on UMTS internet connection. 

The measurement equipment is connected to the PLC by means of an optical separation. The 

signals are transmitted by means of frequencies. The frequencies are then converted into the 

desired values. 

The PLC turns pumps on and off using Solid State Relays (SSR), which in turn switch on ordinary 

relays. Using the SSR is intended to ensure that there are no malfunctions in the switching. 

 

Shut-off devices 

Shut-off devices are fitted in various parts of the system. Manually operated devices are used in the 

draw pipes and discharge pipes in the field and in the water management container. Electronically 

operated shut-off devices are also used in the container. Electrically operated shut-off devices or 

pneumatic valves can be controlled by a PLC (Programmable Logic Circuit). 

 

Manually operated shut-off devices 

A manually operated shut-off device consists of a handle which can be turned so as to open and 

close off the pipe. They are frequently used for the draw pipes and discharge pipes in the field and 

for piping in the container. 

 

Electrically operated shut-off devices 

Electrically operated shut-off devices are controlled by an electrical signal. This means that they 

can be controlled by a PLC. Their durability is determined by the material of which they are made. 

Brass shut-off devices are recommended for the electrolyte. Electrically operated shut-off devices 

are not used very often. 

 

Pneumatic valves 

Pneumatic valves use compressed air and are controlled indirectly by electricity. An electromagnetic 

switch supplies air pressure (or releases the pressure) to the valve in separate boxes. The material 

of which the valve is constructed determines whether it can withstand exposure to acids and alkalis. 

The main advantage of these valves is that they close immediately if the control current or the 

compressor fail, meaning that the pipes can be shut off immediately. They are therefore also used 

in the discharge pipes of the water management container.  
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The valves are pressurised by means of a compressor with a minimum operating pressure of 8 bar. 

The high noise level produced by the compressor may make soundproofing necessary. However, 

the compressor only operates briefly 2 or 3 times per hour. 

 

Measurement equipment 

Measurement equipment is installed in the system at various points in the piping. The parameters 

measured are pH, redox, conductivity, and temperature. The measuring equipment is necessary so 

as to check and condition the electrolyte. The input data is also used to control the electrolyte 

management system. 

Each measurement electrode has a separate box with a galvanically separate energy system 

consisting of two batteries which are switched over every 10 minutes. One of them is charged via 

the mains and the other is used as the electrical power supply. This separation is necessary because 

if the field is live, there are also voltage fields between the pipes and buffer tanks in the container. 

Because measurement electrodes have a high impedance, they are extremely susceptible to 

disturbance by electromagnetic fields. For the same reason, the signals are kept optically separate 

from the PLC. In the box, the voltage signal from the measurement electrode is converted into a 

frequency. This is transmitted to the PLC, where it is once more converted into the required value. 

The anode and cathode measurement systems must be kept separate. 

 

Level regulators 

Various sensors are also mounted in the tanks so as to regulate the overflow between them. The 

sensors consist of two titanium wires. When they are not in the solution, these have a direct-current 

voltage of 12 V, for example. When they come into contact with the electrolyte, the voltage 

decreases. This means that they can be set so that at a given value they transmit a signal to the PLC. 

This system is also optically separate. 
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