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Abstract  
 

Chloride induced corrosion is one of the main causes of concrete 

deterioration and imposes a challenge to sustainability. 

Traditional techniques to repair corroded structures consisted of 

basically removing the damaged area, which was either 

economical or sustainable. Therefore, electrochemical chloride 

extraction (ECE) gained popularity for being an efficient non-

destructive treatment applied temporarily to structures. On this 

line, this manuscript aims to raise the efficiency of ECE by an 

optimal decision of the treatment setup concerning the 

electrolyte choice. Three different electrolytes were tested, 

namely tap water, calcium hydroxide and lithium borate. 

Experimental results pointed to lithium borate as the most 

efficient electrolyte for extracting chlorides while calcium 

hydroxide was a better choice to repassivate the structure and 

even heal cracks, due to a possible electrodeposition of the 

electrolyte ions on the cement matrix. Thus, depending on the 

main goal of the treatment, different electrolytes achieve a better 

performance, which highlights the importance of pretreatment 

evaluation to see in which stage of corrosion damage is the 

structure. 

 

Introduction 
 

Corrosion of reinforcing steel due to exposure to chloride leads 

to degradation of reinforced concrete structures. Dating from the 
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early 60’s, electrochemical treatments raised as plausible options 

being non-destructive methods to prevent or/and recover 

corrosion of steel in concrete, by extracting aggressive agents 

such as chlorides or restoring alkalinity of concrete. 

Electrochemical Chloride Extraction (ECE) is one example, 

which is based on the mechanism of a direct current that flows 

through an anode fixed to the concrete surface, an alkaline 

electrolyte and the reinforcing steel acting as the cathode, aiming 

the removal of chloride ions [1-4]. Figure 1 shows a schematic 

representation of the mechanisms and chemical reactions 

involved on ECE. The degree of chloride extraction is frequently 

measured by grinding the concrete cover and it is mostly known 

to vary from 30 to 60% of removed chlorides depending on 

innumerous variables [5-18]. The setup to perform ECE has 

many particularities that can significantly affect its efficiency 

[7,15-17]. Three major variables play an important role during 

the chloride removal process: the direct current, the electrolyte 

solution and the external anode, therefore the choice over them is 

of great importance and guidelines suggest some options, 

different from each other [19-21].  

 

 
 
Figure 1 : – Mechanism of main electrochemical treatments and chemical 

reactions involved on the processes [6] 

 

The chloride extraction rate is mostly measured considering the 

total concentration of ions in the bulk concrete, rather than 

chloride profiles at different depths of the cover concrete, 
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although profiles may provide more direct and clear information 

on modified concentrations under electric charge, considering 

the penetration depths [22-26]. Various externalities can easily 

influence the treatment, such as the environmental temperature 

during treatment [27], a high concrete resistance on site which 

decreases efficiency of current passed, insufficient coverage of 

the anode, the arrangement of stirrups and steel rebars [28-30]. 

Due to that, different removal rates may occur at the same 

structural component and results based only on the chloride 

extraction rate of the bulk concrete can be inconclusive.   

 

Moreover, a change in the chloride mobility after ECE has been 

rarely taken into account. Chlorides are usually present in the 

cement matrix in the form of free and bound ones. Bound 

chlorides are divided into physically and chemically bound; the 

chemically bound being related to the reaction between chloride 

ions and C4AF or C3A, forming Friedel’s salt, while physical 

binding is related to the adsorption of chloride ions to the C-S-H 

hydration products. For a certain time, it has been taken as a 

statement that only free chlorides impose the mobility in 

concrete, which would be the only type possibly removed by 

electric charge. However, the removal of bound chlorides in 

concrete under electric charge is being proposed by few authors 

up to date [15]. According to Sun et al. [31], the majority of the 

physically bound chlorides can be easily extracted from C-S-H 

gel, by physical adsorption. An increased temperature can 

already accelerate the thermal vibration of absorbents releasing 

more free chlorides. In addition, some of chlorides adsorbed on 

the surface of hydrations are physically trapped in the unstable 

state and thus may be often mobilized by a strong driving such as 

the electro migration forces in ECE [32]. Chemically bound 

chlorides could achieve the mobility in concrete as well by 

acidification of the pore solution [33] and other modified 

environments of concrete.  

 

On which concerns the setup of ECE, up to date, standards are 

still being elaborated around the world. For example, concerning 

electrolytes, SHRP-S-347 [34], the most common American 

guideline, indicates the usage of a Borate Buffered electrolyte to 

avoid alkali silica reaction (ASR) during the process, while the 
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European Standard [35] do not specify any solution, just mention 

that it should be alkaline, and, the Norcure [36] patent suggests 

fresh water. Therefore, considering the lack of unified standards 

or guidelines pointing out the most efficient setup for ECE, in 

the present study, the chloride profile and chloride types for 

untreated and treated specimens were taken considering three 

different electrolytes, namely tap water, calcium hydroxide and 

lithium borate. Sodium chloride was added to the mixing water 

(3% Cl
-
 by mass of cement) to promote the corrosion onset from 

the beginning before applying the repair treatment. ECE was 

then applied at 2 A/m
2
 for 4 weeks. The pH of electrolyte 

solution and voltage of the circuit were constantly monitored. 

The corrosion state was checked in terms of electrical potential, 

corrosion rate and mass loss. The chloride profile was taken 

immediately after the completion of the treatment, differentiating 

acid soluble and water soluble chlorides to reflect the influence 

of chloride mobility under electrochemical treatment. 

Substantially, the change of chloride profiles after the treatment 

was interpreted paired with corrosion rate and corrosion potential 

measurements during treatment. 

 

Experimental Program  
 

The specimen preparation to investigate the chloride removal 

consists of casting the specimens, curing, and applying a DC. To 

reduce the possible influence of coarse aggregate on chloride 

distribution, mortar was used instead of concrete. The mixture 

proportions used in manufacturing the specimens for Ordinary 

Portland Cement: water: sand (Grade M) was 1.00: 0.45: 2.15. 

Table 1 shows the oxide composition of the binder. Sodium 

chloride was added to the mixing water (3% Cl
-
 by mass of 

cement) to promote the corrosion onset from the beginning 

before applying the repair treatment. Specimens were cast in a 

150 mm cubic mold with a centrally located 10 mm diameter 

mild plain steel bar, containing 3 replications each to guarantee 

accuracy of results. The ends of the steel bars were masked off 

using a cementitious coating and then covered with heat-shrink 

insulation to avoid corrosion under the masking material. The 

specimens were then cured for 28 days at 21 ± 2°C. After curing, 

the corrosion state of the rebar was evaluated by electrochemical 
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techniques before treatment. Both the corrosion potential (Ecorr) 

and Polarization Resistance (Rp) were periodically obtained. The 

Rp was obtained by linear scan sweep from -20 mV to +20 mV 

versus Ecorr at 10 mV/min. Applying the Equation of Stern and 

Geary [37, 38]; the corrosion current density (icorr) was obtained. 

Mean values are given for each sample.  

 

The chloride extraction treatment was performed using an 

impressed current density of 2 A/m
2
 of mortar surface for 4 

weeks. Three types of electrolyte, namely, saturated Ca(OH)2, 

tap water and Lithium Borate at 0.1 molar concentration were 

used.  Mortars were treated after approximately only 28 days of 

curing, which is standard for most experiments, as an alternative 

to optimize the experimental schedule, considering that the main 

focus of the manuscript is given to the influence of electrolytes 

less than to the microstructural changes. During application of 

the electric charge, the specimens were immersed in an acrylic 

box filled with the different electrolytes, one at each time. A 

15x15 cm
2
 titanium mesh plate with a thickness of 2 mm was 

used as the external electrode (anode) and placed inside the 

acrylic box as well close to the concrete surface in all directions.  

A direct electric potential was applied from the regulator 

between the reinforcement bars and the external electrode. 

Voltage was accordingly increased up to 20 ± 1 V in the 

beginning of the treatment to maintain the current density for 4 

weeks. The total charge passed substantially accounted for 1344 

Ah/m
2
. Figure 2 shows the experimental setup for applying the 

electrochemical chloride extraction to one specimen. The pH of 

the electrolyte solution and voltage of the circuit were constantly 

monitored to guarantee safety and efficiency of treatment as it 

can see in Figure 3.  After treatment was completed, specimens 

were removed from the acrylic box and kept in constant 

relatively humidity and temperature. To perform the corrosion 

measurements, the response of the rebars was periodically 

measured after 10 days (depolarization time) to evaluate the 

effectiveness of the treatment and the ability of repassivation of 

rebars according to different electrolytes.   
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Figure 2: – Schematic representation of the experimental setup for ECE using 

different electrolytes in aerial perspective. Each electrolytic tank contained 3 

replications of each sample for better confidence of results. 

 

 
 
Figure 3: – Electrolyte pH and voltage of circuit during treatment 

 

To measure the chloride ion concentration, mortar powder was 

drilled from the specimens at the core obtaining dust samples. 

Specimens were ground by a diamond-grit plate from the surface 

in the direction of steel rebar at 1.0 mm first, 5.0 mm and then at 
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consecutives increments of 5.0 mm up to 2 mm of the cover 

depth. Samples were diluted in solvents to extract chloride ions. 

The chloride concentration in solution was obtained before and 

after treatment, determining the concentration of free, bound and 

total chloride at every depth. To avoid biased results on chloride 

concentration, dust samples were obtained at all 3 replications 

and their average value was taken. The chloride concentration 

was then determined for both water soluble and acid soluble 

chlorides. In fact, the water soluble chloride measured by the 

following method was regarded as free, whilst acid soluble as 

total. Simultaneously, the concentration of bound chlorides was 

determined by subtracting free from total values. On what 

concerns the measurement of water soluble chlorides, dust 

samples were diluted in 50°C distilled water and stirred for 3 

minutes. After 30 minutes the suspension was filtered using 

paper filter. Then, the concentration of chloride ions was 

measured by the potentiometric titration against silver nitrate, 

and the values obtained are referred as free chlorides. 

Simultaneously, the sample was also used to determine the 

concentration of acid soluble chlorides by using on this turn 

distilled water and nitric acid. The obtained suspension was 

boiled for 1-2 minutes and filtered by the same paper filter, and 

followed by cooling down to the ambient temperature and the 

titration against silver nitrate to determine the acid soluble 

chloride concentration, which are referred as total chlorides. 

Untreated specimens were used to measure the chloride profile 

immediately after curing, therefore making results for before 

treatment.  

 

Results  
Chloride Removal Rates  
 

Figures 4, 5 and 6 illustrate the chloride concentration profiles 

before and after ECE process for the three different electrolytes 

which were determined in terms of total, free and bound. As all 

specimens were mixed in same conditions, the initial levels of 

chlorides before treatment are similar for all cases and for free 

chlorides always above the chloride threshold at all levels, 

implying a high risk of corrosion. The concentration of chlorides 

at shallower depths is higher as it is expected, considering that 
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near the core of the specimen hydration of cement is expected to 

be at a higher degree. From a first look at the figures, it is 

evident that the treatment was effective in extracting chloride 

ions for all cases at different extents. However, in all cases 

considering the total chlorides, the concentration at shallow 

depths (i.e. < 5.0mm) was less reduced as it is expected and may 

be attributed to a delayed dissolution of chlorides into the 

electrolytic solution after being transported to the surface of 

concrete during treatment. Due to the imbalance in ionic media 

between concrete substrate and liquid electrolyte, chloride ions 

could be intermittently present in the nearer surface. Moreover, 

the greater chloride content near the surface may be also 

attributed to the accumulation of chloride ions under the effect of 

migration, because chloride profiling was performed in the dry 

condition of concrete.  

 

Figure 4 represents results for tap water as an electrolyte, 

highlighting that three replications were used and the mean 

values are presented. Figure 4 a) shows that total chlorides 

before treatment ranged from 2.10 – 4.19% (by weight of 

cement) decreasing with the increase in depth. After treatment 

the total chloride concentration was reduced to 1.35 – 3.20% at 

all depths, resulting on a percentage removal efficiency of 23.6 – 

42.2% depending on the cover depth. Figure 4 b) represents 

profiles for free chlorides before and after treatment.  The 

concentration of free chlorides before treatment ranged from 

0.75-1.89% by weight of cement, increasing for shallower 

depths. After treatment, the free chlorides concentration was 

decreased at all depths accounting for 0.32 – 1.13% by weight of 

cement. It means that treatment was efficient in this point as 

expected to remove free chlorides at levels lower than the 

chloride threshold to initiate corrosion. Figure 4 c) presents the 

results obtained for bound chlorides. The quantity of bound 

chlorides ranged from 1.35 to 2.30% by weight of cement in 

untreated specimens, while after treatment a considerable 

reduction is perceived and the range of bound chlorides was 

limited distributed to about 0.96-1.87%. It implies that bound 

chlorides were partially removed under electric field, and for that 

they must have achieved some mobility. Moreover, for depths 
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greater than 5.0 mm, the residual bound chlorides converged to a 

continuous range of 1.37-1.87%.  

 

 
 
Figure 4: – Chloride profiles before and after treatment using water as 

electrolyte for at 2A/m2 constantly for 4 weeks, in terms of a) total * b) free** 

c) bound* **chlorides * (a) Total: acid soluble titration against silver nitrate at 

the ambient temperature ** (b) Free: water soluble chlorides dissolved in 50°C 

distilled water *** (c) Bound: value obtained by subtracting the free 

chloridesconcentration from the total at each depth 

 

In turn, Figure 5 represents results for Calcium Hydroxide as the 

electrolyte. Figure 5 a) shows that total chlorides before 

treatment ranged from 1.97 – 4.10% (by weight of cement) 

decreasing with the increase in depth. After treatment the total 

chloride concentration was reduced to 1.20 – 3.00% at all depths, 

resulting on greater removal efficiency than it was found for tap 

water as the electrolyte. Figure 5 b) represents profiles for free 

chlorides before and after treatment.  The concentration of free 

chlorides before treatment ranged from 0.72-1.77% by weight of 

cement, increasing for shallower depths, being above the 

chloride threshold at all levels as it was previously mentioned. 

After treatment, the free chlorides concentration was decreased 

at all depths accounting for 0.23 – 0.97% by weight of cement, 

being more efficient than water in this case as well, removing 

free chlorides at levels lower than the chloride threshold to 

initiate corrosion. Figure 5 c) represents the results obtained for 

bound chlorides. The quantity of bound chlorides ranged from 

1.26 to 2.33% by weight of cement in untreated specimens, 

while after treatment as it was seen for water, a considerable 

reduction is perceived and the range of bound chlorides was 

limited to about 0.83-1.78%. Moreover, at increasing depths the 
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concentration of bound chlorides also converged to a specific 

range between 1.38 and 1.78%.  

 

 
 

Figure 5: – Chloride profiles before and after treatment using calcium 

hydroxide as electrolyte for at 2A/m2 constantly for 4 weeks, in terms of a) 

total * b) free** c) bound***chlorides* (a) Total: acid soluble titration against 

silver nitrate at the ambient temperature** (b) Free: water soluble chlorides 

dissolved in 50°C distilled water*** (c) Bound: value obtained by subtracting 

the free chlorides concentration from the total at each depth 

 

Figure 6 represents the results obtained using Lithium Borate as 

electrolyte. Figure 6 a) shows that the concentration of total 

chlorides in the specimens initially ranged from 2.05 - 3.88% (by 

weight of cement) at all depths. After treatment, these values 

were reduced to 0.88 - 2.86% depending on the cover depth. In 

particular for this electrolyte, the sharpest reduction on total 

chloride level was obtained around 5.0 mm of the depth, where 

the residual chloride concentration accounted for only 1.15%, 

whilst untreated specimen contained 2.95%. For depths 

exceeding 5.0 mm, the total chloride content was reduced into a 

similar range of values being around 0.88-1.00%, being the most 

efficient removal among the three electrolytes. Figure 6 b) 

presents profiles for free chlorides before and after treatment.  

The concentration of free chlorides was found to be in the range 

of 0.86-1.95% by weight of cement immediately after mixing, 

increasing for the shallower depths, above the chloride threshold. 

After treatment, the free chlorides concentration was sharply 

decreased almost to an insignificant level for all depths 

exceeding 5.0 mm, accounting for less than 0.21% by weight of 

cement and less than 0.06% for depths exceeding 10.0 mm. It 

means that treatment was the most efficient in this case and 
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mostly free chlorides were in turn removed from concrete. At the 

surface of concrete (< 5.0 mm), the concentration of free 

chloride was higher than before treatment, ranging from 1.26 to 

1.93%, which is mainly due to the delayed dissolution of 

chloride ions in the electrolytic solution in the tank. However, 

the free chlorides at the nearer surface concrete could be easily 

removed by subsequently washing when the anodic system is 

removed, therefore imposing no risk of further corrosion process. 

Figure 6 c) presents the results obtained for bound chlorides. The 

quantity of bound chlorides ranged from 1.21 to 1.93% by 

weight of cement in untreated specimens, while after treatment 

again the reduction is perceived and the range of bound chlorides 

was distributed to about 0.87-1.81% depending on the depth. For 

depths greater than 10.0 mm, the residual bound chloride also 

converged to a limited range of 1.14-1.81%. The removal of 

bound chlorides for all electrolytes contradicts the idea that only 

free chlorides may be mobile on the concrete pore solution. In 

addition, seeing that ECE is able to reduce the concentration of 

all chloride types, the risk of further corrosion is surely reduced, 

although the residual concentration for water and Calcium 

Hydroxide was still above the chloride threshold level for some 

depths. 

 
 
Figure 6: – Chloride profiles before and after treatment using lithium borate as 

electrolyte for at 2A/m2 constantly for 4 weeks, in terms of a) total * b) free** 

c) bound* ** chlorides * (a) Total: acid soluble titration against silver nitrate at 

the ambient temperature ** (b) Free: water soluble chlorides dissolved in 50°C 

distilled water *** (c) Bound: value obtained by subtracting the free chlorides 

concentration from the total at each depth 

 

Figure 7 summarizes the results for the chloride removal rates in 

percentage, making a direct comparison among all three 
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electrolytes for each depth interval. In general, for Lithium 

Borate a more expressive chloride removal is perceived for all 

chloride types. As it is shown on Figure 7 a) the removal 

efficiency of total chlorides ranged from 26.3 – 61.0% 

depending on the cover depth, while for Water and Ca(OH)2, the 

removal occurred at more similar values, resulting on percentage 

removal efficiencies of 23.6 – 42.2% and 26.7 - 48.6%, 

respectively, showing only a slightly better performance of 

Ca(OH)2, but still not better than the first one. The chloride 

removal was always greater at increasing depths for reasons 

already mentioned. On Figure 7 b), taking into consideration 

only free chlorides, Lithium Borate again had a considerable 

better performance, accounting to a percentage removal 

efficiency of 36.9 – 98.8%. For Ca(OH)2, the reduction occurred 

at significant amounts as well but not as efficiently, showing a 

percentage removal efficiency of 45% – 82% depending on the 

cover depth. For tap water as the electrolyte, the free chlorides 

removal was less significant, being the least efficient one. The 

concentration of free chlorides after treatment was reduced at a 

percentage removal efficiency of 40% – 74% depending on the 

cover depth. On the same line, Figure 7 c) represents the direct 

comparison of results obtained for bound chlorides. A 

considerable removal could be perceived for all cases. In fact, 

different percentage removal was found for different electrolytes 

being the maximum 28% for tap water as electrolyte, 36% for 

calcium hydroxide and 33% for lithium borate. The removal was 

slightly more significant at greater depths. The fact that 

independent of the electrolyte, the efficiency on removing bound 

chlorides is always similar may implicate that part of bound 

chlorides cannot be removed under any circumstance, but cannot 

be turn into mobile neither, being stable and not participating on 

corrosion initiation.  
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Figure 7: – Direct comparison on the efficiency on chloride removal for each 

designated cover depth in terms of a) total b) free and c) bound chlorides 

 

Corrosion Potential and Corrosion Rate  
 

Concerning the repassivation of the steel bar during treatment, 

results are show on Fig. 8. Corrosion potential values at the 

beginning of treatment were nearly -700 to -600 mV vs SCE for 

all cases as it can be seen in Figure 8 b), which imply that the 

steel bar was much corroded and had lost the passivity. The 

values were constantly monitored during treatment for all 3 

different electrolytes and increased slowly during treatment, 

being the biggest increment between 1 and 3 weeks. At the end 

of treatment, values raised to -293, -315 and -350 mV vs SCE for 

Ca(OH)2, water and lithium borate, respectively, pointing to 

calcium hydroxide as a better option when considering 

repassivation after treatment and consequently protection against 

further corrosion. Corrosion potential values are not yet on the 

passive condition (>-275 mV vs SCE). However, as it was 

mentioned earlier in this paper, it seems inconclusive to analyze 

repassivation without a visual examination on the steel surface 

and without quantitative informative data such as corrosion rate 

or mass loss. Some authors [20, 21, 39] mentioned that it is not 

correct to rely in a fixed value to define if passivation is achieved 

by electrochemical treatment because many factors can influence 

that condition and ECE can induce more negative potentials of 

rebars because of strong polarization, meaning that readings one 

or two months after the end of treatment may show even a less 

negative potential than the one already achieved. In order to 
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minimize the doubts about repassivation, a quantitative 

technique was used to ensure the corrosion state after ECE and 

measure the corrosion rate by linear polarization [40]. Results 

shown on Figure 8 a) pointed that the corrosion rate was 

significantly reduced by the electrochemical treatment.  Before 

treatment values arose to around 500 to 1000 µA/cm
2
 which 

points to highly corroded state of the steel rebar. By the end of 

treatment values were reduced to around 23, 286 and 107 

µA/cm2 for Ca(OH)2, water and lithium borate, respectively.  

 

 
 

Figure 8: – Corrosion values measured at each given charge passed during and 

post treatment* in terms of a) Corrosion rate** and b) Corrosion Potential*** 

*Post treatment values are depicted in the highlighted area of the graph to show 

that no current was applied in that interval; measurements were performed at 5 

weeks to ensure the quality of results after depolarization time. ** (a) 

Corrosion rate values obtained by linear polarization at scan rate from -20 mV 

to +20 mV versus Ecorr at 10 mV/min and Stern and Geary Equation. Mean 

values are given for each sample. *** (b) Corrosion potential values obtained 

by half-cell potential and the measurement of corrosion potential of rebar with 

respect to a saturated calomel electrode (SCE). Mean values are given for each 

sample. 

 

Visual Inspection and Mass Loss  
 

In order to confirm visually and quantitavely the state of rebars 

after treatment, specimens were broken and the steel bar 

removed. Figure 9 shows the rebars after ECE treatment and 

immersion in hydrochloric acid (HCl, sp gr 1.19) at 25°C for 2 

hours to clean the rust. Bars were brushed in addition for better 

results. Results achieved from corrosion potential and corrosion 
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rate could be confirmed visually, considering that rebars from 

specimens treated with Ca(OH)2 were in a considerable better 

estate than the ones treated with water, where pit cracks can be 

easily seen. Table 2 summarizes the results.  The backscattered 

mass loss for not contaminated and not corroded specimens 

accounted for around 0.017 to 0.034%. For specimens treated 

with water, Calcium Hydroxide and Lithium Borate, the 

percentual mass loss ranged from 1.37 – 1.63%, 0.39 – 1.19% 

and 1.18 – 1.58% respectively. As it was expected the specimens 

treated with water had the biggest percentage of mass loss which 

suggested a still more corroded estate when compared to other 

cases. Moreover, the visual examination confirmed the 

hypothesis that the steel bar was in a more alkaline environment 

for the specimens treated with the other two electrolytes.  

 

 
 
Figure 9: - Visual aspect of bars after ECE treatment and immersion in 

hydrochloric acid (HCl, sp gr 1.19) at 25°C for 2 hours to clean the rust. Bars 

were brushed in addition for better results. The following cases depicted are in 

order from specimens treated with water, lithium borate and calcium hydroxide, 

respectively for a) right after treatment, b) after rust cleaning 
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Discussions  
Removal of Bound Chlorides  
 

At first, it is important to highlight for discussions that 

independent of the electrolyte solution bound chlorides were 

extracted at all depths. The presence of chlorides in the cement 

matrix is proved to be directly affected by some factors such as: 

chemical properties of the pore solution, alkalinity and hydration 

products. It is from common knowledge that in concrete, 

chloride ions are usually divided into three types according to 

their stability: free, physically bound and chemically bound. 

Chloride ions adsorbed or trapped to hydration products or 

chemically connected to other molecules such as for Friedel’s 

salt are often regarded as “bound chlorides,” and are originally 

regarded immobile in concrete at normal conditions (no 

acidification of the pore solution). On the other hand, free 

chloride ions have total mobility and can react easily to initiate 

the corrosion process, therefore being considered the main 

responsible for a high risk of chloride induced damage. 

Simultaneously, by having this high mobility, there is no doubt 

that free chloride ions tend to be mostly removed by 

electrochemical treatment, as it was proved by the experimental 

results exposed on this manuscript.  

 

Chemically bound chlorides, which connect C3A and C4AF 

molecules and form a compound referred as Friedel’s salt are 

unreactive and consequently immobile through the pore solution 

as long as the cement matrix is kept highly alkaline, on the way 

it is supposed to be. However, the acidification of the pore 

solution in concrete may often occur at the pit nucleation on the 

surface of steel, when corrosion is taking place, accompanying a 

build-up of chloride ions. The acidification is explained because 

during the corrosion initiation, H+ ions might evolve in the 

vicinity of steel, which simultaneously react with chloride ions 

and produce hydrochloric acid [41-43]. According to Elsener and 

Angst [1], there are two main steps: most bound chloride is 

released at pH values lower than 12.5 and then another part is 

dissolved around pH 12., suggesting that at even lower pH 

values nearly no bound chloride is left in the concrete. 

Consequently, part of these bound chlorides would be released 
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and turned into free chlorides by pH fall which would take place 

in the vicinity of steel rather than in the concrete body.  

 

Withal, according to the results shown by chloride profiles, 

bound chlorides were removed at all depths after electrochemical 

treatment and not only nearby the steel bar, which confirms that 

not only the chemically bound chlorides were being released. 

Bound chlorides removed at farther depths from the steel bar 

may be the physically adsorbed ones that are usually adsorbed on 

the surface on the C-S-H gel or trapped between precipitated 

Ca(OH)2 molecules. Physically bound chlorides can be easily 

released by changes on the environmental conditions, such as 

high temperature that can accelerate the desorption process and 

turn them into free ones [44]. Substantially, the desorption of 

chloride ions could occur, in despite of the acidification that 

affects the chemically bound chlorides, therefore being possible 

to occur at shallower depths. Furthermore, the removal of bound 

chlorides by electrochemical chloride extraction might be 

strongly dependent on the degree of chloride contamination in 

concrete [45], together with the applied current density and 

duration of the treatment, which may determine the driving force 

for free chloride ions and simultaneously affect the rate of 

decomposition for the bound ones. 

 

Differences between Electrolytes for the Efficiency of 

Treatment  
 

According to the results presented on the efficiency of the 

treatment on extracting chlorides overall Lithium Borate had the 

best performance followed by Ca(OH)2 and water. The smaller 

efficiency of calcium hydroxide might be explained by a process 

of electrodeposition of the electrolyte ions on pores of the 

cement matrix during treatment. The precipitation of certain ions 

on the concrete pores is proved from the late 80’s when 

electrodeposition method was developed in Japan as a crack-

repair treatment, where a direct current is provided between the 

reinforcing steel bar and an anode placed on the concrete surface, 

system which is pretty similar to the one used for chloride 

removal [46]. The effectiveness of this method for crack repair 

in marine concrete structures is confirmed by several authors and 
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in several cases Calcium Hydroxide is used. Therefore, during 

the electrochemical chloride removal process, the current applied 

probably induces the precipitation of Ca(OH)2 ions on pores of 

the cement matrix, blocking the network, reducing the mobility 

of chlorides ions, when compared to other electrolytes. 

Notwithstanding, tap water still showed a slightly lower 

efficiency, that on the other hand may be explained simply by 

the fast acidification of the electrolyte and a constant need of 

replacement, which may obviously influence the treatment by 

reducing electromigration forces.  

 

Moreover, electrodeposition may be also the factor to explain the 

better performance of Calcium Hydroxide to repassivate the 

structure after treatment. By filling up pores and consequently 

some possible cracks caused by the corrosion process, a partial 

recover on the repassivation of rebars could be achieved. 

Normally authors mention that the decrease of corrosion rate and 

partial recover of half-cell potential is only related to the chloride 

removal, which is not the only reason. The pH of the electrolyte 

solutions used during ECE and the voltage of circuit were 

monitored during the 4 weeks and as shown in Figure 3. After 

the first 2 weeks of treatment there was a decrease on the pH of 

electrolytes. The pH reduction of electrolytes could be explained 

by the chlorine gas evolution, prevenient of the chlorides 

removed during treatment, if analyzed individually. However, 

for Calcium Hydroxide, the pH decrease was smaller and there 

was a significant increase on the voltage of the circuit, meaning 

an increase of concrete resistance. This shows that the pH fall 

may be additionally attributed to a migration of alkaline ions 

from the electrolyte solution to the concrete pore structure, being 

one more supporting factor to prove that electromigration 

happens during the electrochemical treatment. Thus, Calcium 

Hydroxide may not be the most efficient on removing chlorides 

but it heals the structure at another level. In summary, depending 

on the main goal of the treatment, different electrolytes will 

show better performances, which also make it important to 

consider the pretreatment evaluation to see in which stage of 

corrosion damage the structure is. 
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Conclusions  
 

In this study, ECE treatment was applied to mortar specimens 

containing sodium chloride added to the mixing water (3% Cl
-
 

by mass of cement) to promote the corrosion onset from the 

beginning. ECE was applied at 2 A/m
2
 for 4 weeks using three 

different electrolytes, namely tap water, calcium hydroxide and 

lithium borate, while the pH of electrolyte solution and voltage 

of the circuit were constantly monitored. The chloride profile 

and chloride types for untreated and treated specimens were 

taken and the change of chloride profiles after the treatment was 

interpreted paired with mass loss, corrosion rate and corrosion 

potential measurements before and after treatment. The 

following conclusions were drawn from the experimental results: 

 

 In general, for Lithium Borate a more expressive chloride 

removal is perceived for all chloride types. The removal 

efficiency of total chlorides ranged from 26.3 – 61.0% 

depending on the cover depth, while for Water and Ca(OH)2, 

the removal was lower and at similar rates, resulting on 

percentage removal efficiencies of 23.6 – 42.2% and 26.7 - 

48.6%, respectively. The chloride removal was always 

greater at increasing depths, due to the fact that in the nearer 

surface, where chlorides were quite present still in the 

process of diluting in the electrolyte media. As expected, free 

chlorides were removed at considerably high percentages for 

all cases, and Lithium Borate showed a considerable better 

performance, accounting to percentage removal efficiency 

up to 98.8%. The concentration of bound chlorides was 

overall reduced by the electrochemical treatment, which 

challenges the hypothesis that all types of bound chlorides 

would be immobile under electric charge. The reduction of 

bound chlorides after the electrochemical treatment was 

hypothetically attributed to either a release of adsorbed 

chlorides by changes of physical factors or strong electro 

migration force or decomposition of the Friedel’s salt due to 

acidification of pore solution.  

 Concerning the mass loss, corrosion potential and corrosion 

rate readings, it can be said that ECE applied temporarily to 

the corroded concrete structure might be effective in only 



Prime Archives in Material Science: 2
nd

 Edition 

21                                                                                www.videleaf.com 

reducing the corrosion degree as the potential increased from 

nearly -700 to -600 mV vs SCE for all cases to -293, -315 

and -350 mV vs SCE for Ca(OH)2, water and lithium borate, 

respectively, pointing to calcium hydroxide as a better option 

when considering repassivation after treatment and 

consequently protection against further corrosion. In order to 

minimize the doubts about repassivation, a quantitative 

technique was also used to ensure the corrosion state after 

ECE and measure the corrosion rate by linear polarization. 

Results shown on pointed that the corrosion rate was 

significantly reduced by the electrochemical treatment.  

Before treatment values arose to around 500 to 1000 µA/cm
2
 

and by the end of treatment values were reduced to 23, 286 

and 107 µA/cm2 for Ca(OH)2, water and lithium borate, 

respectively, again pointing to Ca(OH)2 as the most efficient. 

Mass loss results and visual inspection confirmed the same 

statements.  

 The partial repassivation in terms of the corrosion rate and 

half-cell potential can be explained due to the removal of 

chlorides and the migration of alkaline ions from the 

electrolyte to vicinity of the steel bar, on a process of 

electrodeposition. A supporting clause for this hypothesis is 

that by measuring the pH of electrolyte solutions, for 

Calcium Hydroxide, the pH decrease was smaller and there 

was a significant increase on the voltage of the circuit, 

meaning an increase of concrete resistance. This shows that 

the pH fall may be additionally attributed to a migration of 

alkaline ions from the electrolyte solution to the concrete 

pore structure. By filling up pores and consequently some 

possible cracks caused by the corrosion process, a partial 

recover on the repassivation of rebars could be achieved. 

Moreover, the same factor can explain a lower performance 

of Calcium Hydroxide on chloride removal, because during 

the electrochemical chloride removal process, the current 

applied probably induces the precipitation of Ca(OH)2 ions 

on pores of the cement matrix, blocking the network, 

reducing the mobility of chlorides ions, when compared to 

other electrolytes. 

 Considering different electrolytes, Lithium Borate appeared 

to be the most efficient to extract chlorides from concrete 
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while Calcium Hydroxide has better performance on 

restoring the passive state after corrosion, healing the 

structure at another level, filling up possible cracks as well. 

Therefore, in summary, depending on the main goal of the 

treatment, different electrolytes will show better 

performances, which also make it important to consider the 

pretreatment evaluation to see in which stage of corrosion 

damage is the structure. This also highlights the need of 

better specifications on standards and guidelines about the 

treatment setup.  
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