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  Abstract 

This paper presents a comprehensive analysis of electrochemical chloride extraction (ECE) as a remediation 

technique for reinforced concrete structures suffering from chloride-induced corrosion. The study thor-

oughly examines the principles of ECE, emphasizing its role in reducing corrosion and extending the lifespan 

of concrete infrastructures. It explores various measurement methodologies to assess ECE's efficacy, focusing 

on outcomes like effective chloride removal, corrosion prevention, and pH changes in concrete. The review 

also highlights key factors influencing ECE's performance, including the types of electrodes and electrolytes 

used, and the impact of different environmental conditions. Particularly, the paper discusses potential dis-

advantages and risks associated with ECE and recommends using caution in its application. The conclusion 

of the study stresses the need for continued research to evaluate the long-term effectiveness and durability 

of ECE treatments, particularly in different environmental settings. This comprehensive analysis aims to 

contribute to the development of knowledge in the field of civil engineering, especially in the area of concrete 

durability and corrosion prevention. The article is a significant resource for researchers and professionals 

seeking to understand and apply ECE in concrete rehabilitation projects. 
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1. Introduction 

Steel corrosion in concrete structures has been recog-

nized since the latter part of the 20th century, extremely 

affecting the durability of various infrastructures [1-4]. 

This corrosion is a significant factor contributing to the 

deterioration of buildings, bridges, tunnels, dams, and 

historical sites. The embedded steel rebar in concrete, 

initially in an alkaline environment with a pH of around 

13, steel rebar is subjected to passivation. However, 

over time, environmental outside factors and chloride 

ion penetration challenge this passivity, leading to cor-

rosion. 

The mechanisms of steel corrosion in concrete are com-

plex, involving both chemical and electrochemical 
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processes. The penetration of chloride ions, particularly 

from external sources such as deicing salts or seawater, 

plays a critical role in accelerating the corrosion pro-

cess. These ions disturb the protective oxide layer on 

the steel rebar, leading to its deterioration [5-9]. 

Various environmental and structural factors partici-

pate in the corrosion process. Factors such as moisture 

content, temperature variations, and concrete quality 

can influence the rate and severity of corrosion. Addi-

tionally, the design and construction practices, such as 

the depth of the concrete cover and the quality of the 

concrete mix, significantly affect the sensitivity of steel 

to corrosion [10-14]. 

Steel corrosion in concrete has a variety of effects. It 

compromises the structural integrity and safety of the 

infrastructure, leading to costly repairs and mainte-

nance. In severe cases, it can result in catastrophic fail-

ures, Presenting considerable hazards to public safety 

and requiring substantial economic resources for reha-

bilitation [15-19]. 

The corrosion of steel in concrete also has cultural con-

sequences, particularly when it affects historical struc-

tures. Preserving these structures is necessary for cul-

tural heritage, Corrosion presents a substantial risk to 

the durability and conservation of these objects. 

Traditional methods to reduce steel corrosion in con-

crete include the use of corrosion inhibitors, protective 

coatings, cathodic protection, and design modifications. 

However, these methods often have limitations, partic-

ularly in complex structures or historical monuments, 

where preservation of the original material is essential 

[25-29]. 

Electrochemical Chloride Extraction (ECE) was devel-

oped as a solution to address steel corrosion in con-

crete. This method involves applying an electric current 

through the concrete, and migrating chloride ions away 

from the steel rebar, thus restoring the alkaline environ-

ment and re-passivating the steel [30-34]. 

The evolution of ECE has seen significant advancements 

since its inception. Initial tests and developments in the 

United States in the 1970s were followed by further de-

velopments in Europe in the 1980s. Recent develop-

ments have focused on optimizing the process, under-

standing its long-term effects, and adapting it to various 

environmental conditions [35-39]. 

Metwally[76] concluded that the current intensity was af-

fected by the efficiency of ECE, as increasing the current in-

tensity enhanced the process. In addition to, 1:2 A/m2, was 

found to be the most efficient current. 

Véronique Bouteiller[77] discovered that the effective-

ness of ECE should be determined using various criteria, 

including the removal of chlorides (both free and total), 

reduction of corrosion (measured by half-cell poten-

tials, corrosion current density, resistivity, etc.), pH lev-

els, and visual inspection. 

Thamara Tofeti Lima [78] found that the advancement 

and effectiveness of ECE  in concrete structures can be 

measured by monitoring not only the rate at which chlo-

ride is removed but also by measuring the electrical po-

tential of corrosion (half-cell potential) or the corrosion 

rate, which is determined using the linear polarization 

resistance method. It can be deduced that ECE does not 

ensure the restoration of corroded rebars and is more 

suitable as a proactive measure to prevent early corro-

sion, rather than as a method to restore structures that 

are already significantly deteriorated. Moreover, to at-

tain superior outcomes for post-treatment assessment, 

it is strongly advised to analyze the collective impact of 

all factors, including chloride removal rate, Ecorr, and 

Icorr. 

Abd el Rahman[80], and Nourhan[81] examined the ef-

ficacy of Electrochemical Chloride Extraction (ECE) by 

using un-galvanized steel mesh combined with conduc-

tive cement paste as an external anode on a reinforced 

concrete slab. The behavior of the slab was analyzed by 

assessing its compressive strength, concrete chloride 

content, and steel corrosion potential both before and 

after ECE. Also, the study focused on the behavior of the 

slab, particularly considering the steel arrangement 

with a spacing of 20 cm between the reinforcement bars.  
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2. Electrochemical Treatment Mechanisms 

Electrochemical treatment processes for concrete struc-

tures are considered a non-destructive technique to re-

habilitate concrete degradation caused by corrosion of 

steel. There are three electrochemical corrosion protec-

tion methods, cathodic protection (CP), Electrochemical 

realkalisation, and electrochemical chloride extraction 

(ECE). The main differences between the three methods 

are related to the magnitude of the applied current den-

sity, the duration of the treatment, the used anodes, and 

the electrolyte.  

Cathodic protection (CP) is mainly applied as a rehabil-

itation technique to structures suffering from chloride 

which causes corrosion. It has also less commonly been 

applied to the carbonated structure. CP is a permanent 

treatment with a proven track record although its main 

disadvantage is when it is used for protecting pre-

stressed concrete structures due to the risks associated 

with hydrogen embitterment. In this method the sacri-

ficial anode is connected to the positive terminal of a 

low voltage D.C power supply, while the negative termi-

nal is connected to the reinforcement (cathode), the typ-

ical current density is 3 to 20 mA/m2 (concrete sur-

face), the electrolyte is cementitious material [11, 12, 

13, 14]. 

Electrochemical realkalisation is a temporary applica-

tion and the main purpose of this method is to restore a 

high PH in the concrete to reinstall corrosion protection 

in cases where de-passivation has occurred due to car-

bonation of the concrete. In this method, the anode, and 

the cathode are connected such as in the CP method but 

the typical current density is 0.8 to 2, with an upper 

limit of 5 A/m2 concrete surfaces, the duration of this 

treatment is 3 to 14 days and the electrolyte is sodium 

carbonate, water, or lithium hydroxide [12, 15, 16]. 

Electrochemical chloride extraction (ECE) is a tempo-

rary technique that has been shown to remove a lot of 

chloride from the cover of concrete. In this method, the 

anode, and the cathode are connected such as in the CP 

method but the typical current density is 0.5 to 2 mm2 

of the concrete surface, the duration of this treatment is 

4 to 8 weeks and the electrolyte is water, sodium borate, 

or calcium Hydroxide [12, 14, 17, 18]. 

3. Principles of ECE 

3.1 History of ECE 

The Federal Highway Administration performed the 

first electrochemical chloride extraction (ECE) tests in 

the mid-1970s in the United States, utilizing high volt-

ages of up to 220 V [19, 20, 21]. This approach, however, 

for the next 20 years, was not used often. In the 1980s, 

Oystein Vennesland unique invention in Europe, which 

was a major advance [22]. In the 1990s, research per-

formed as part of the United States Strategic Highways 

Research Program (SHRP) enhanced our knowledge of 

ECE [23, 24, 25, 26]. Pocock's 1994 book [27] empha-

sized the possibility of ECE for recovering chloride-ion-

contaminated reinforced concrete. Numerous papers, 

cutting-edge findings, and chapters on ECE therapy have 

appeared [28, 29]. 

3.2 Corrosion Mechanism 

Equation (1) illustrates the anodic dissolution of iron, 

which leads to steel rebar corrosion. Equation (2) de-

scribes the related oxygen reduction at the cathode, 

which employs the electrons produced by the metal dis-

solution in its reaction. 

Iron Anodic dissolution   

              Fe→Fe2+ + 2e
—

               (1) 

Oxygen reduction 

         O2+ 2H2 0 + 4e
—
→4OH

—
           (2) 

The surface of the steel is the focal point of both of these 

reactions, which produce corrosion products. Concrete 

cover cracks may result from the accumulation of these 

corrosion products at the rebar/concrete contact, as 

shown by Equation (3). 

Corrosion inhibitors  

Fe2+ + 2OH—→Fe(OH)2 
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          Fe(OH)2 + nO2→Fe2O3.nH2O        (3) 

By lowering the thermodynamic potential of the steel, 

its chloride content to decrease, and the pH levels at the 

interface between the rebar and concrete to rise, ECE is 

intended to stop or restore the passivity of steel rebar.  

A schematic representation of the ECE arrangement us-
ing a direct current source is shown in Figure 1. The an-
ode, which is often found on the concrete surface, acts 
as the positive pole of the direct current source, while 
the corroded steel rebar, acting as the cathode, connects 
to the negative pole. During ECE, it is essential to keep 
the pH moderated and reduce circuit resistance be-
tween the cathode and anode. To do this, electrolyte so-
lutions are often used in combination with tanks, 
sprayed cellulose fibers, or artificial surfaces. 

 

 

 

 

 

 

Figure 1: Illustration of the ECE Components. 

Alkaline reinforced concrete's cathode and anode have 

different electrical potentials, which stimulate ion mi-

gration in both the electrolyte and the concrete [17, 28, 

30]. This might result in the following reactions: 

Oxygen reduction 

        O2 + 2H2 0 + 4e
—
→4OH

—
      (4) 

Water reduction 

            2H20 + 2e
—
→H2↑+ 2OH

—
       (5) 

The steel rebar is protected from corrosion by the low 

voltage of the cathode. Equation (4) illustrates how 

slowly the oxygen reduction reaction proceeds due to 

the restricted oxygen availability in the concrete. To 

begin with, the concrete's cathode region has very little 

oxygen, and oxygen diffusion from the outside is slow. 

Equation (5), which describes the water reduction pro-

cess, now takes center stage [30]. The release of hydro-

gen gas has the potential to increase local pressure, 

which may lead to hydrogen embrittlement of steel and 

the breaking of concrete. 

The oxidation of hydroxyl ions at the anode results in 

the creation of water and oxygen (Equation (6)). If metal 

is inert, no anode dissolution occurs (Equation (7)). Be-

cause of safety and environmental concerns, it is vital to 

prevent chloride ions oxidation into chlorine gas (Equa-

tion (8)) in settings where electrolyte acidification oc-

curs. 

Water oxidation 

           4OH
—
→O2 + 2H2O + 4e

—
          (6)                                    

Anode dissolution 

               Me→Men+ + ne
—

         (7) 

Chlorides 

              2Cl—Cl2 + 2e—            (8) 

At typical ECE current densities, migration becomes ma-

jor in addition to the oxidation-reduction processes, 

speeding up the flow of ions in the electrolyte and con-

crete. Diffusion, reduction, electrical migration, and 

concentration gradients are examples of ion transport 

mechanisms. The electric field produced by the rebar 

and the anode mainly prevents anions such as free chlo-

rides (Cl—), hydroxyls (OH—), carbonates (CO32—), and 

sulfates (SO42—) from moving away from the cathode 

area and toward the anode. The same method is used by 

cations such as calcium (Ca2+), potassium (K+), sodium 

(Na+), and lithium (Li+) ions to enter the cathodic steel 

region. Despite the irregular distribution of specific ions 

inside the concrete, electrical neutrality is preserved on 

a large scale. The alkali-silicate reaction may be greatly 

influenced by the quantity of alkali ions in concrete if 

reactive aggregates are present. 
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 The electrical field that was accomplished throughout 

the treatment is shown in Figure 2, which indicates that 

the anode and rebar have the greatest extraction 

effectiveness. Moreover, it is challenging to eliminate 

chloride ions from deeper levels close to the rebar [28].   

Figure 2: Streamlines in an inhomogeneous field at the con-

crete surface between rebar (cathode) and anode. 

3.3 Components of the ECE Treatment Process 

Components of the ECE treatment process are pre-

sented in this section 

3.3.1 Cathode 

The cathode is represented by the rebar which may be 

plain or deformed. It may combined with stirrups or 

with structural reinforcement. When a deeper depth of 

chloride was present than the rebar, Arya[31] inserted 

a further external cathode. The design of the arrange-

ment had an impact on the extraction of chloride, which 

rose from 40% (achieved with the normal configura-

tion) to 55% when the external platinized titanium 

mesh and the rebar were joined as cathodes.  

3.3.2 External Anode 

The external anode in ECE treatment must meet several 

standards to confirm its optimal functionality [4]. It 

needs to effectively separate the selected current across 

the entire protection area for the complete duration of 

the treatment. Additionally, the anode must exhibit cor-

rosion resistance and should not change the visual ap-

pearance of the structural element. Lastly, its fixation 

must be cost-effective. 

In 1976, Slater et al. [19] carried out their first experi-

ment with graphite, titanium, and platinized titanium 

anodes in a 0.1 N calcium hydroxide solution. The best 

material to use as an external anode is platinized tita-

nium, as opposed to titanium, which has limited electro-

catalytic activity, and graphite, which corrodes at high 

current densities. 

The most reliable and extensively used anode nowadays 

is titanium which has been coated with another metal or 

activated with oxides. This anode is adaptable, safe for 

a variety of concrete constructions, and comes in mesh, 

wire, or strip form. It works well on both sides of curved 

surfaces and may be applied to both vertical and hori-

zontal constructions. To increase a ductile fiber (PE or 

PVA) reinforced cementitious composite's (DFRCC) ad-

hesion to a prepared concrete surface, Ueda et al. [32] 

included a titanium mesh in the composite. There was 

an accumulation of chlorides in the DFRCC layer, which 

may have contributed to their migration back into the 

concrete cover, even though the efficacy of the chloride 

extraction at the rebar level was close to 75%. Steel's 

cheap cost prompted investigation; however, as it is 

rapidly consumed during the treatment and leaves rust 

spots on the concrete surface, its use is improper [23]. 

Several anode technologies have been studied and doc-

umented in this literature as titanium anode substitutes. 

The concept of replacing the Ti-RuO2 mesh anode with 

a graphite anode and a conductive cement paste (CCP) 

combination applied rapidly like plaster was examined 

by P'erez [33]. Although the chloride extraction was the 

same for both kinds of anodes, the CCP layer experi-

enced an accumulation of chloride ions, which may be 

extended back into the concrete cover. The use of a 

sprayed conductive graphite powder cement paste as an 

external anode was investigated by Canon [34] and Car-

mona [35]. This method offers flexibility in working on 

diverse surfaces, shapes, and inclinations, making the 

application of ECE easier. The effectiveness of the chlo-

ride extraction, according to the data, was similar to 

what was observed when titanium was used as an an-

ode. Moreover, this sprayed layer failed to retain chlo-

rides but kept moisture for up to 10–12 hours, unlike 

the anode used by P'erez [33]. The durability of this an-

ode layer was examined after anodic reaction damage. 
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Lastly, Zhu [36] studied the use of a conductive carbon-

fiber-reinforced polymer (CFRP) mesh as an electro-

chemically stable anode with excellent mechanical 

properties, durability, and conductivity. The results of 

the chloride extraction were similar to those using an 

activated titanium mesh anode. It should be noted that 

the use of a conductive anode layer homogenizes the 

data and prevents half-cell potential mapping measure-

ments for inspectional reasons. 

3.3.3 Electrolyte 

In the ECE treatment process, the electrolyte fulfills 

three key functions: 

• Electrolyte decreases electrical resistance by satu-

rating the contact between the concrete surface and 

reinforcing and allowing ions in the concrete to hy-

drate and dissolve. This reduces the applied volt-

ages and enhances ionic mobility. 

• The electrolyte's pH prevents any change in con-

crete PH. 

• Electrolyte collects chlorine gas, which has a haz-

ardous influence on human health. 

Typically, the electrolyte demands replacement or cir-

culation. When applied to horizontal or vertical sur-

faces. 

Water [30, 34, 35, 37, 50, 52, 70, 72, 74, 75] and a satu-

rated solution of calcium hydroxide (Ca(OH)2) [19, 23, 

36, 37, 38, 39, 47, 50, 51, 52, 53, 55, 58, 69, 71] are the 

most widely used electrolytes for ECE. To prevent acid-

ification and the generation of chlorine gas, a saturated 

calcium hydroxide solution with a pH of 12.4 is linked to 

the requirement for a moderated medium in addition to 

a sufficiently high pH value. 

Sodium hydroxide (NaOH) [31, 37], sodium carbonate 

(Na2CO3) [38], and sodium borate solutions (Na3BO3 

[39], Na2B4O7 [40], and Na2B4O7.10H2O [65, 66] were 

studied as electrolyte solutions containing sodium ions. 

However, the presence of sodium ions may occasionally 

be detrimental to the alkali-silica reaction (ASR). In ad-

dition, since lithium ions may minimize ASR [26, 32, 41], 

a lithium borate solution was used as an electrolyte. 

Ueda [41] also noted that using a high temperature of 

Li3BO3 as an electrolyte solution will increase the effi-

ciency of the treatment process. 

3.3.4 The Current's Flow 

Transmission of current between the cathode and the 

external anode is critical for guaranteeing steel rebar 

cathodic protection. Continuous or intermittent current 

flow may be produced in two types: constant voltage 

and constant current. The current flow in the first one is 

indicated in voltage [19, 20, 21, 23, 24, 25, 26, 31, 42, 43, 

44, 45]. The current flow in the second type is indicated 

by the current density in A/m2 of the reinforcement 

steel or area of concrete, which was selected. In refer-

ences [14, 17, 35, 36, 37, 38, 40, 46, 47, 50, 53, 54, 55, 

56, 58, 66, 67, 68, 69, 70, 71, 74, 75], the current density 

is indicated in A/m2 of the reinforcement steel, and 

A/m2 of the concrete surface. 

In addition, some authors attempted to increase the ef-

fectiveness of the therapy by using either the voltage 

control mode [21] or the current control mode [30, 46, 

55, 64, 73, 74, 75] to achieve intermittent current flow 

as opposed to continuous current flow. 

3.3.5 Duration 

In contrast to Cathodic Protection, which is often sup-

plied for 2 to 8 weeks [14, 26, 30, 31, 32, 33, 34, 36, 37, 

38, 40, 41, 45, 52, 53, 54, 56, 57, 58, 69, 70, 71, 75]. Stud-

ies have also been conducted over longer periods [44], 

especially when evaluating pre-stressed concretes or 

using lower current densities. 

4. Efficiency of the ECE 
4.1 Chloride Removal Rate 

The rate of chloride removal during Electrochemical 

Chloride Extraction (ECE) can be influenced by various 

conditions, involving voltage, impressed current den-

sity, electrolyte solution type, anode materials, concrete 

mix design, and reinforcement geometry. Many re-

search papers typically focus on studying only a part of 

these factors under normal conditions, given the un-

known relationship and order of importance among 
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them. In this section, data has been collected from a sub-

stantial number of research papers, as presented in Ta-

ble 1. In each specific case, certain factors remain con-

stant, while the relevant one is changed to evaluate the 

impact of treatment setup on chloride removal.  

4.2 Effect of Electrolyte Type on Chloride Re-

moval 

Using tap water as the electrolyte in ECE enhanced re-

sistance, improving anode polarization, according to 

studies by Monteiro [46]. On the other hand, Polder 

found no appreciable difference in saturated calcium 

hydroxide solutions' and tap water's ability to remove 

chloride [37]. Further investigation by Polder [47] com-

pared solutions of calcium hydroxide (Ca(OH)2) and so-

dium carbonate (Na2CO3), and the results indicated that 

calcium hydroxide extraction was more effective. In 

comparison, the percentage of chloride extracted over 

the same time with Na2CO3 electrolyte was only 35% 

and 55%, corresponding to current densities of 1 and 4 

A/m2 of steel reinforcement, respectively. The use of 

Ca(OH)2 as an electrolyte resulted in a 67% extraction 

of total chlorides (0.7 A/m2 of reinforcement steel, 42 

days). Especially when Na was used as an electrolyte, 

Na+ moved into the pore solution and reduced the pass-

ing number of Cl-. Using a sodium tetraborate (Na2B4O7) 

solution, Bouteiller [40] removed chloride from a rein-

forced concrete beam that had been exposed to a coastal 

environment in France for forty years. Up to 70% of the 

free chlorides around the rebar, 50% in the intermedi-

ate layer, and This treatment can assist in reducing 5% 

at the concrete surface. Orellan [48] categorized a vari-

ety of electrolytes according to how well they extracted 

chloride, with tap water (60%) being the most effective, 

sodium-based electrolytes (54%), and calcium and lith-

ium-based electrolytes (40%) being the least effective. 

4.3 Effect of Different Durations on Chloride Re-

moval 

Electrochemical Chloride Extraction treatments con-

tinue for 28 or 56 days, treatments ranging from 3 to 

112 days have been observed. According to numerous 

research [17, 36, 64, 74, 75], the extraction of chlorides 

is more efficient in the early phases of treatment. This 

behavior is simply explained because chloride ions pre-

dominate as the principal negative ions moving across 

the current flow during the early phase. As the process 

advances, the chloride transport number reduces due to 

extraction, and hydroxyl ions generated At the cathode 

begin to compete with one another to be the carriers of 

negative charge. Tang (64) proposed the existence of a 

limit that makes it difficult to remove more chloride 

ions.  

4.4 Measurement of Corrosion 

To measure half-cell potentials, a connection must be 

made between the reinforcement and an external refer-

ence electrode, which may be composed of copper, cop-

per sulfate, SCE, or CSE. Following this, potential meas-

urements are obtained from the surface of the concrete. 

An investigation into the reliability of half-cell potential 

measurements for evaluating the repair of corroded 

concrete structures was carried out by Elsener [49]. It is 

not accurate to rely on a fixed value to determine 

whether passivation has been accomplished, he empha-

sized because this condition is influenced by a variety of 

factors. Additionally, the author noted that extremely 

negative potentials of rebars are recorded after the ECE 

procedure as a result of the treatment's intense polari-

zation. Hence, it is advisable to obtain significant poten-

tial measurements, especially after a specified amount 

of time which is generally between one and three 

months after the end of the current. The presence of this 

periodic delay ensures that half-cell potential measure-

ments provide accurate indicators of the passive state of 

rebars. However, it is crucial to exercise caution when 

explaining the results due to the variety of factors that 

can affect half-cell potential measurements. Diverse po-

tential values could potentially signify corrosion of re-

bars in various structures. 

In the majority of cases, Electrochemical Chloride Ex-

traction (ECE) tends to transition the structure into a 

more passive state. With an increase in the charge ap-

plied during the treatment, more positive values are 

generally attained. However, there are situations where 

these values may still fall short of reaching the passive 

zone. Stoop and Polder [50] stated that ECE effectively 

moves potentials towards a more passive range, and 
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specimens subjected to the treatment maintained their 

positive values even a year after the procedure's com-

pletion. 

Regarding measurements of corrosion rate (Icorr), a 

small amount of research investigated data on this as-

pect after Electrochemical Chloride Extraction (ECE). 

Some authors argue that corrosion rate results may con-

flict with those obtained from electric potential meas-

urements. Icorr values (μA/cm2) are derived by calculat-

ing linear polarization resistance (LPR), half-cell poten-

tial (Ecorr), and the electrical resistance of concrete (Re). 

Studies by Green[51] and Abdelaziz [52] explored the 

impact of the ECE on decreasing the 

 
Table 1: Collected and organized data about the setup of ECE and removal rate. 

Author/Reference 
Anode 

Type 

Electrolyte 

Type 

Initial Cl− 

content 

Current 

density 

(A/m2) 

Duration 

(weeks) 

Removal rate  

(%) 

 

Arya et al.[31] 

 

TM NaOH 

2 

1.87 

1.8 7 

1.0 

1.0 

0.75 

12 

12 

8 

36 

50 

45 

Ihekwaba [67] TM 

Na3Bo3 

Na3BO 

3 

1.7 

3.0 

1.0 

8 

8 

45 

55 

Buenfeld and Broom-

field [17] 
TM Water 1.5 0.75 4 75 

Otero et al. [59] TM Ca(OH)2 3 1.0 4 54 

Sharp et al. [57] TM Ca(OH)2 3 1.0 7 60 

Polder et al. [68] TM Water 3 4.0 3 75 

Chang [69] TM Ca(OH)2 3 1.88 6 83 

Siegwart et al. [70] TM Water 2 5.0 6 days 79 

Orellan et al. [58] TM Ca(OH)2 3 1.0 7 45 

Hosseini and Khaloo 

[60] 
TM Ca(OH)2 

2 

1.5 

1.0 

8 

8 

60 

50 

Sanchez et al. [61] TM Water 3 5.0 8 43 
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corrosion rate and stated that similar to half-cell poten-

tial measurements, evaluating the short-term effective-

ness of ECE on the corrosion rate of corroded reinforce-

ment is more reliable after the conclusion of ECE, typi-

cally around 3 to 4 weeks later when the corrosion rate 

experiences a significant reduction.  

Miranda et al. (53) emphasized the fact that re-

passivation of corroded rebars cannot be verified 

through complete chloride removal, particularly in 

cases where partial chloride removal occurs, which is a 

common occurrence. In conclusion, although ECE can be 

considered an effective preventive measure against 

early corrosion, it might not be suitable for restoring 

structures that have suffered extensive deterioration. 

Furthermore, the authors claimed that by increasing the 

charge passing through the ECE treatment and utilizing 

water as the electrolyte, the long-term effectiveness of 

ECE on the corrosion rate of reinforcement was en-

hanced following ECE treatment. This is due to the 

Author/Reference 
Anode 

Type 

Electrolyte 

Type 

Initial Cl− 

content 

Current 

density 

(A/m2) 

Duration 

(weeks) 

Removal rate  

(%) 

Miranda et al. [71] SS Ca(OH)2 3 1.0 12 days 85 

Sanchez et al. [72] TM Water 3 5.0 6 76 

Climent et al. [73] TM Water 0.5 5.0 12 days 

40 

60 

Swamy and McHugh 

[55] 
TM Ca(OH)2 2.4 1.0 12 days 70 

Fajardo et al. [74] TM Water 4.6 1.0 13 75 

Miranda et al. [53] TM Ca(OH)2 3 1.2 6 78 

Elsener and Angst [75] SS Water 1.5 0.63 8 69 

Abdelaziz et al. [52] SS 

Water 

Ca(OH)2 

3 

5 

1.0 

4 

2 

30 

36 

Canon et al. [34] TM Water 1.5 5.0  79 

Qiao et al. [62] SS Ca(OH)2 3 1.0  83 

Yodsujai et al. [63] SS 

NaOH 

KOH 

Ca(OH)2 

5 1.5 4 

62 

74 

76 
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pattern identified in the literature review concerning 

half-cell potential values. The literature suggests that an 

explanation for the supposed advantages of increasing 

the transmitted charge is its capacity to reduce the con-

centration ratio of Cl−/OH−, thereby enabling the rein-

forcing steel to remain in its passive state for prolonged 

periods. 

4.5 PH of Concrete 

During the process of electrochemical corrosion (ECE), 

the pH values at the interface between the rebar and 

concrete increase as a consequence of hydroxyl ion for-

mation at the cathode, Buenfeld [17] used a phenol-

phthalein indicator in an Electrochemical Chloride Ex-

traction (ECE) arrangement using water as the electro-

lyte and found continuous purple discoloration was 

seen 48 hours post-application, surrounding regions 

that included the concrete near the rebar. Using calcium 

hydroxide as an electrolyte, Zhu et al. [36] observed an 

increase in pH around the rebar. In a different study, 

Yeih et al. [54] found that using a sodium hydroxide 

(NaOH 0.1 M) solution increased pH values up to 12.4. 

4.6 Effect of ECE on Compressive Strength of Con-

crete 

The researchers focused on the compressive strengths 

as examined in references [55, 56]. Bond stress varia-

tions were determined through pull-out tests conducted 

in references [36, 69, 67]. In the case of larger speci-

mens such as beams, flexural strength tests were car-

ried out as described in reference [55]. 

5. Beneficial Effects of the ECE 

Cathodic protection (CP) functions by inducing a more 

negative electrochemical potential in the steel, there-

fore decelerating or eliminating corrosion, which is its 

primary purpose. Under the influence of the electric 

field, chloride ions migrate towards the anode, moving 

away from the reinforcement, where chlorides are iden-

tified as the primary causes of corrosion. After immers-

ing the anode in an electrolyte, the chlorides and the 

electrolyte are removed after treatment. This process 

significantly removes chlorides from the concrete, 

typically ranging from 50-90%. This removal is particu-

larly noticeable near the steel, leading to a considerable 

enhancement of repassivation of the steel [12, 57, 58]. 

6. Side Effects of the ECE 

The discussed electrochemical chloride extraction 

(ECE) treatment carries potential adverse effects, in-

cluding reducing the bond between steel and concrete, 

hydrogen evolution, Reinforcing steel's tendency to be-

come brittle, and the initiation of an alkali-silica reac-

tion. The application of direct current has the potential 

to weaken the bond between steel and concrete. The de-

crease in bond strength results from changes in the 

composition of the hardened cement matrix, particu-

larly the significant accumulation of alkali hydroxides 

around the cathode. This accumulation may cause a 

weakening of the binder, thereby reducing the bond [12, 

13, 57, 58]. 

The work by Bennett et al. [23] focused on the variations 

in bond strength between reinforcing steel and concrete 

following electrochemical chloride extraction (ECE) of 

contaminated concrete. They discovered that after ECE 

treatment, bond strength dropped by 11% compared to 

its pre-treatment level. The application of the high cur-

rent associated with electrochemical chloride extrac-

tion seems to result in a decrease in binding strength.  

In a study by Buenfeld and Broomfield [17], specimens 

that cured a 3-month curing period before ECE treat-

ment were subjected to a current density of 0.75 A/m² 

of reinforcement for up to 31 weeks. The results showed 

that 24 hours after concluding the ECE treatment, chlo-

ride-free specimens showed a gradual, slight increase in 

bond strength throughout the 32-week ECE duration. 

Before ECE, specimens containing chloride (1.5% chlo-

ride by weight of cement) showed an average bond 

strength 57% higher than that of chloride-free speci-

mens, attributed to corrosion-enhancing bonds likely 

resulting from a combination of prestressing and me-

chanical interlock. However, this increased bond 

strength was significantly reduced after just 2 weeks of 

ECE treatment. 

The potential risks of hydrogen evolution and 
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embrittlement in reinforcing steel are major considera-

tions when applying cathodic protection for prestress-

ing steels. Numerous studies have been conducted to 

evaluate whether these effects could lead to structural 

failure in such situations. Bennet et al. [23] concluded 

that the recommended current densities and charge 

quantities for electrochemical chloride extraction (ECE) 

do not provide a risk to ordinary reinforcement in terms 

of hydrogen evolution. 

In cases where concrete contains reactive siliceous ag-

gregates, an alkali-silica reaction may occur due to an 

increase in the alkalinity of the pore solution around the 

reinforcement. Bennet et al. [23] investigated the occur-

rence of alkali-silica reaction in reinforced concrete 

subjected to ECE. They conducted tests on two-month-

old concretes with the same cement but different aggre-

gates namely, inert quartz, reactive chert, or reactive 

opal. The study showed that concrete containing opal 

exhibited more damage than the other aggregates due 

to ECE treatment. 

7. Conclusion 

Electrochemical chloride extraction (ECE) is considered 

an effective method for preventing chloride-induced cor-

rosion in reinforced concrete structures. However, its ef-

fective utilization requires accurate application. The ma-

jor conclusions discussed in this research are summa-

rized as follows: 

1. The study confirmed that ECE's effectiveness in reduc-

ing chloride content in concrete, particularly in inac-

cessible areas, is crucial for restoring alkaline environ-

ments and re-passivating steel rebar. 

2. The research emphasized the importance of optimiz-

ing factors like current density, treatment duration, 

electrode types, and electrolytes to enhance ECE effi-

ciency. 

3. ECE presents challenges including potential risks like 

hydrogen evolution and the initiation of alkali-silica re-

actions, which emphasizes the need to use it with cau-

tion. 

4. The paper discussed recent advancements in Electro-

chemical Engineering (ECE), focusing on innovations in 

electrode materials, electrolyte compositions, and 

control systems. 

5. The study presents case studies showing the practical 

applications of ECE in various environmental condi-

tions. 

6. This study emphasized the need for continuous moni-

toring and maintenance of ECE to fully comprehend 

its lasting impact. 

7. The environmental and economic benefits of ECE are 

noted, particularly its contribution to sustainable in-

frastructure development and reduced maintenance 

costs. 

8. Post-treatment monitoring strategies are necessary 

for evaluating ECE's ongoing effectiveness and identi-

fying possible problems over time. 

9. The need for adapting ECE to various global environ-

mental conditions and construction practices is high-

lighted, considering unique challenges in different re-

gions. 

Future research must focus on optimizing ECE parame-

ters, exploring its long-term effects, and developing in-

tegrated approaches for concrete rehabilitation. 
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