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Highlights: 

 Citrate ions do not adsorb on passive steel in pore simulating solutions 

 Citrate ions are clearly harmful to carbon steel and accelerate the corrosion 

process 

 Citrate ions cannot be recommended as inhibiting agents for steel in pore 

simulating solutions 
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Abstract 

The effect of citrate ions on the passive film stability on carbon steel, at pH 13, was 

evaluated. The study involved cyclic voltammograms, potentiodynamic polarization 

curves, micro-Raman spectroscopy and weight-loss tests. No beneficial effects on 

delaying or inhibiting pitting were observed in the presence of citrate ions. Organic 

compounds with carboxylate groups are promising corrosion inhibitors. However, the 

incorporation of citrate ions is clearly harmful to carbon steel in alkaline solutions and 

accelerates the corrosion process. Citrate ions adsorption is not observed on passive 

steel. Instead, citrate ions can unexpectedly dissolve the passive layer facilitating the 

corrosion process. 
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1. Introduction  

Corrosion inhibitors have been used to prevent reinforcement bar (rebar) corrosion in 

concrete [1-3]. The stability of the protective passive layer naturally formed on steel can 

be compromised in aggressive conditions, such as those associated to concrete 

carbonation or chloride ions contamination. The use of simulated pore solution 

facilitates the control of the many factors that influence rebar corrosion and this is the 

approach chosen in the present investigation. The extrapolation to the behaviour of 

carbon steel in mortar or concrete requires additional investigation. 

Organic compounds with carboxylate group have been presented as promising corrosion 

inhibitors of carbon steel in high alkaline media contaminated with chloride ions [4-7]. 

Ormellese and col. [6] studied different organic compounds with carboxylate groups 

using anodic polarization curves. Citrate ions were presented as good pitting inhibitors, 

as they could adsorb on the bare metal (without a passive layer), avoiding chloride ions 

adsorption due to a steric effect. However, citrate ions present a chelating effect, 

forming soluble complexes with Fe(II) and Fe(III) [8]. Nevertheless, other authors 

proposed that organic compounds with carboxylate groups suppress the formation of a 

Fe3O4/γ-Fe2O3 bilayer passive film in borax pH 8.4, by forming a soluble Fe(II)-

complex. This avoids oxidation to Fe(III) and subsequently, prevents Fe(III) 

oxo/hydroxide formation in the passive layer [9]. In particular, citrate ions increase the 

active dissolution of carbon steel in borax pH 8.4 [10]. In addition, passivated iron 

weakens the adsorption of carboxylate groups, which is stronger on bare iron (active) 

[11]. Citrate ions could adsorb on bare surfaces to prevent chloride ions adsorption but 

the presence of a passive layer (a more realistic service condition) could interfere in this 

competition. Furthermore, the protective passive layer could suffer a detrimental effect 

in the presence of citrate ions. Hence, the effectivity of citrate ions as potential 
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corrosion inhibitors at pH 13 (typical of concrete) needs to be evaluated. The aim of this 

work is to study the stability of a passive film on carbon steel in a concrete pore 

simulated solution (pH=13) contaminated with chloride ions when citrate ions are also 

present.  

 

2. Materials and methods 

2.1. Electrodes preparation 

Reinforcement bars were used to cut disks, embed them in acrylic resin and prepare the 

electrodes with appropriate back contacts. Average composition is as follows: Mn 0.635 

wt%, C 0.299 wt%, Si 0.258 wt%, Cu 0.227 wt% and others impurities 0.245 wt %. The 

exposed area was 0.503 cm2. The surfaces were abraded with 1000 emery paper.  

 

2.2. Electrolyte composition 

A pH 13 pore simulating solution (PSS) was used as electrolyte, containing KOH 0.08 

mol/L, NaOH 0.02 mol/L and Ca(OH)2 0.001 mol L−1 [12]. To evaluate the effect of 

chloride and citrate ions (cit), NaCl 0.3 mol L−1 and C6H5Na3O7.2H2O 0.15 and 0.3 mol 

L−1 were incorporated. In order to compare to the behaviour of a corrosion inhibitor 

frequently used in concrete, PSS incorporating 0.3 mol L−1 nitrite ions were also tested 

[13-16].  

 

 

2.3. Electrochemical techniques  

A conventional three-electrode cell was used. As reference electrode a mercuric oxide 

Hg/HgO electrode was employed (MOE, 1 mol L−1 KOH solution, E = 0.123 VNHE). All 

the potential values will be referred to this electrode. The auxiliary electrode was a 

platinum wire. Electrochemical tests were carried out using a Voltalab PGZ 100 

potentiostat in stagnant solutions.  
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Cyclic voltammograms were recorded at 10 mV s−1 in deaerated electrolytes after pre-

reducing 5 minutes at −1.2 VMOE.  

The corrosion potential (ECORR) was followed during 24 h in each condition 

investigated. Not less than five individual measurements were registered and averaged.  

Polarization resistance (RP) was calculated as V/i, from potential sweeps at 0.1 mV s-

1 scanning ± 0.015 V from the ECORR.  

Anodic polarization curves were registered at 0.1 mV s-1 using two different starting 

conditions: a) bare metal (electrodes pre-reduced for 5 minutes at −1.2 VMOE); b) 

passivated electrodes (aged for 24 h at ECORR). Each potentiodynamic scan started at the 

pre-treatment potential.  The scan direction was inverted when reaching 100 µA cm-2. 

The experiments were designed according to the ASTM norms [16]. After these tests, 

the electrodes were dried under N2 to register Raman spectra of the corrosion products.  

Tests were performed at ambient temperature (20  2 ºC). 

 

2.4. Weight loss determinations 

Weight-loss tests were performed as recommended in ASTM D 2688 [17]. Disks with 

5.67 cm2 as geometrical area were cut from the rebars and abraded with grade 120 

emery paper. Weighted coupons were immersed for 90 days in PSS, PSS + Cl- , PSS + 

[cit]/[Cl-]=0.5 and PSS + [cit]/[Cl-]=1. Three coupons were simultaneously immersed 

at room temperature in each flask. One of them was dried under N2 atmosphere to 

record ex-situ Raman spectra on the corroded surface. The other two coupons were 

cleaned by immersion in HCl 1 mol L-1, and then neutralized with a Na2CO3 saturated 

solution, rinsed with distilled water, dried and weighted.  
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2.5. Ex-situ Raman spectra 

The Raman measurements were recorded using a 514 nm laser and an Invia Reflex 

confocal Raman microprobe. Settings were chosen as reported before [12]. At least five 

representative spots were evaluated and observed to be reproducible.  

 

3. Results 

3.1. Electrochemical evaluation on bare metal 

 

3.1.1 Cyclic voltammetry 

Figure 1 presents the first cycle of the cyclic voltamograms performed in PSS, PSS + 

Cl- and PSS + [cit]/[Cl-]=1. The curves in PSS and in PSS + Cl- were described in more 

detail in a previous work [12]. The discussion of those results is summarised here so as 

to compare with the effect of citrate ions.  In PSS, the four anodic peaks have been 

previously described by different authors [12, 19-22]. The first anodic peak at -0.92 

VMOE (Ia) has been associated to the oxidation of hydrogen atoms formed during pre-

reduction. Then, peak IIa at -0.74 VMOE has been attributed to the formation Fe3O4 

together with hydrated Fe(II) and Fe(III) species. Peak IIIa at -0.6 VMOE corresponds to 

Fe(OH)3 and/or - or -FeOOH. Peak IVa at -0.30 VMOE involves Fe(OH)2 transforming 

into Fe(OH)3 or -FeOOH [20]. The two cathodic peaks registered in PSS, Ic at -0.69 

VMOE and IIc at -0.89 VMOE, are associated to the reduction of Fe(III) and Fe(II) species, 

respectively. The total reduction charge is lower than the oxidation charge because the 

inner magnetite layer is quite insoluble and prevents further dissolution of the outer part 

of the surface film [20, 21].  

When chloride ions are added (PSS + Cl-), four oxidation peaks appear at the same 

potentials observed in PSS (see Figure 1). Peaks IIa and IIIa are more intense because 

iron is readily oxidized when chloride ions are present in the electrolyte. Also, as iron 
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oxides and hydroxides are more soluble in SSP + Cl-, there is only one reduction peak 

[23]. 

In PSS + [cit]/[Cl-]=1, the anodic sweep can extend to potential values higher than 

those reached in PSS + Cl-. The intensity of peak IIIa decreases compared to that of PSS 

+ Cl- probably due to the lower concentration of Fe(II) species present on the metal 

surface. Even if it is possible to continue the sweep until 0.5 VMOE without observing 

localized attack, the current density at potentials higher than -0.5 VMOE is higher in the 

presence of citrate ions. This increment in the current could be associated to the 

formation of an iron-citrate soluble complex resulting from the dissolution of the 

protective iron oxide [10]. After reversing the scan, one anodic peak at 0 VMOE could be 

observed. This peak has been observed before in the presence of citrate ions on steel 

[10, 24]. It has been related to Fe(II) species in solution, suggesting that the passive 

layer is partially soluble in citrate-rich media.  

Figure 2 shows the 10th cycle of the voltammograms recorded in PSS, PSS + Cl- and 

PSS + [cit]/[Cl-]=1 . In PSS and PSS + Cl- , one anodic peak (IIIa) at -0.6 VMOE and one 

cathodic peak (Ic) can be observed, in agreement with results from other authors [20, 

21]. The charge of these two peaks increases progressively with each new cycle [12,19, 

20, 25] (results not shown) and can be explained by the growth of corrosion products on 

the metal surface, as the inner layer of magnetite is never completely reduced. In 

contrast, when citrate ions are incorporated, the charges corresponding to the anodic 

(IIIa) and the cathodic peak (Ic) remain almost constant with cycling. This behaviour 

could be related to the formation of a soluble Fe(II)-complex which would leave a lower 

amount of iron(II) compounds available to be oxidized within the potential range 

associated to peak IIIa [19]. In the presence of citrate ions, the potential can be scanned 

up to 0.5 VMOE without observing localized attack, even after ten cycles. In the first 
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cycle (Figure 1) oxidation of soluble Fe(II) compounds was observed. However after 

cycling, this peak is no longer visible, probably due to the development of a compact 

oxide layer on the metal surface which limits dissolution. However, the current density 

at potentials higher than -0.5 VMOE is, for this condition, the highest. This behaviour 

suggests that citrate ions have two different effects depending on the composition of the 

metal/electrolyte interface: they could adsorb on bare iron desorbing chloride ions and 

preventing localized attack. In parallel, on a passive surface, citrate ions could favour 

Fe(II) dissolution producing a superficial layer with properties that are very different 

than those found in PSS and PSS +  Cl-  [9]. 

 

3.1.2. Anodic polarization curves 

Figure 3 presents the polarization curves of bare carbon steel in PSS + Cl- and PSS + 

[cit]/[Cl-]=1. The electrodes were pre-treated at -1.2 VMOE. 

 In SPP + Cl-, the region between -1.2 and -0.4 VMOE, corresponds to the cathodic 

branch (oxygen reduction).  A pseudo passivity current of 5 mA cm-2 is registered, 

together with a pseudo-pitting potential of -0.08 VMOE. In PSS + [cit]/[Cl-]=1, the 

cathodic range extends from -1.2 to -0.7 VMOE. At potentials higher than -0.5 VMOE, a 

decrease in the current density as the potential is scanned in the positive direction could 

be indicating the formation of a protective surface film. This protective layer could be 

either an oxide layer growing on the alloy’s surface, an adsorpted layer of citrate ions on 

the alloy, or both. The positive end of the potential sweep may reach values higher than 

0.5 VMOE without any signs of localized attack. These results are in agreement with 

those presented by other authors for organic substances with mono and poli-carboxilate 

groups such as sodium citrate [6, 7]. These findings show the beneficial effects of citrate 

ions in delaying localized attack. Citrate ions could adsorb on bare metal surfaces 
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competing with chloride ion adsorption. However, in real service conditions, carbon 

steel embedded in concrete is in an alkaline environment and presents a passive surface, 

with an oxide layer existing on top of bare material.  

 

 

3.2. Electrochemical evaluation on the passive metal 

The electrodes were aged 24 h at ECORR because this condition represents a closer 

approach to the service condition in which steel bars exposed to the atmosphere for long 

periods of time are embedded in concrete. 

 

3.2.1. Corrosion potentials 

Corrosion potentials values were found to be constant and stable after 24 h. Table 2 

shows values obtained in each case as an average of not less than three independent 

measurements.  The values obtained for each different condition are typical of passive 

steel, as discussed before [12].  

 

3.2.2. Linear polarization resistance  

The RP values were calculated using the linear polarization resistance method (LPR). 

The slope (dE/di) at zero-current potential is the polarization resistance. Table 2 shows 

the results for RP measurements after 24 h at ECORR. It can be seen that the RP values are 

close to 100 kΩ cm2 in PSS + Cl-, PSS + [cit]/[Cl-]=0.5 and [NO2
-]/[Cl-]=1. This value 

is typical of passive electrodes [26-28]. But surprisingly, when the citrate content 

increases in a factor of 2 (PSS + [cit]/[Cl-]=1),  the polarization resistance decreases 3 

times. In the presence of a high concentration of citrate ions, RP values end up being 
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close to those typical of carbon steel in active dissolution (lower than 10 kΩ cm2) [26-

28].  

 

3.2.3 Anodic Polarization Curves 

Figure 4 shows the anodic polarization curves registered after ageing the electrodes 24 h 

at ECORR in PSS, PSS + Cl-, PSS + [cit]/[Cl-]=0.5, PSS + [cit]/[Cl-]=1 and PSS + [NO2
-

]/[Cl-]=1. Electrochemical parameters such as passivity current densities (iPAS) and 

pitting potentials (EPIT) were calculated from an average of not less than 6 anodic 

polarization curves and are presented in Table 3.  

In PSS, carbon steel remains passive with the lowest iPAS registered [12]. When chloride 

ions are incorporated into the electrolyte, pitting is observed at potentials around 0.06 

VMOE together with an increment in iPAS.  

The highest EPIT (higher than 0.6 VMOE) together with the highest difference (EPIT-

ECORR) were registered in PSS + [NO2
-]/[Cl-]=1. In addition, the iPAS measured when 

nitrites and chlorides are present is close to that measured in PSS. This behaviour is 

characteristic of this type of anodic inhibitor in alkaline solutions heavily contaminated 

with chloride ions [27]. After reversing the sweep, the current density decreases up to 4 

µA cm2 in the proximity of ECORR. This would indicate a beneficial effect of nitrite ions 

on the repassivation process inside of the pit [15]. 

When citrate ions are used instead of nitrites, no significant differences were observed 

on EPIT and (EPIT-ECORR) when compared to PSS + Cl- . No beneficial effects of citrate 

ions were observed on localized attack. Conversely, iPAS increases by a factor of 2 for 

the highest citrate ion concentration tested. This would indicate a detrimental effect of 

citrate ions on the passive film. Citrate ions seem to favour Fe(II)-oxide dissolution 

producing a less compact and more unstable passive film [9, 10, 29].  
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Images of the electrode surfaces after having performed the anodic polarization curves 

in PSS + [cit]/[Cl-]=1 (A) and PSS + Cl- (B) are presented in Figure 5. In both 

conditions, pitting attack is observed. However the corrosion products look different. 

The black corrosion product when citrate ions are present indicates the participation of 

Fe3O4; while in PSS + Cl- corrosion products are red, indicating the presence of iron(III) 

oxide/hydroxide. 

  

3.3. Weight loss tests 

The effect of citrate ions on the passive film stability at longer times was also evaluated. 

Weight-loss tests lasted 90 days, as described in detail in section 2.4. The corrosion 

current density (iCORR) in each condition was calculated using Faraday’s law [30] 

   
MtA

zFm
i

CORR
                                                                             (3) 

 

where m represents the mass lost, F accounts for the Faraday constant, A is the exposed 

area, t is the exposure time, M is the atomic mass and z is the electron number (taken as 

2). The calculated values for the corrosion current density are presented in Table 4. 

Figure 6 shows images of the coupons after the immersion and cleaning stages.  As 

expected, in PSS no attack or corrosion products were detected. Weight loss was 

negligible and the iCORR is typical of passive carbon steel [12, 31, 32]. In contrast, an 

important degree of pitting attack is evident on the coupons immersed in PSS + Cl-, 

accompanied by a noticeable increment in iCORR. Abundant red corrosion products were 

striped by chemical cleaning before the coupons were weighted. No sign of localized 

corrosion was observed on the surface of the coupons immersed in PSS + [NO2
-]/[Cl-

]=1. As in PSS, the calculated values for iCORR turned out to be typical of passive steel, 

even after the coupons were immersed for 90 days in a chloride-containing electrolyte.  
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As regards citrate ions, pitting was observed in both PSS + [cit]/[Cl-]=1 and PSS + 

[cit]/[Cl-]=0.5, after 90 days of immersion. The mass lost in the presence of citrate ions 

was the highest. Also the attack was more severe when the citrate ions concentration 

increased. The iCORR value in PSS + [cit]/[Cl-]=1 was four times higher than in PSS + 

Cl-. There were some black corrosion products present on the coupons before chemical 

cleaning. However, after removal of these black corrosion products, many holes could 

be observed (see Figure 6). In addition, to evaluate the effect of citrate ions itself, the 

weight-loss test was repeated in PSS + cit. After 90 days, and even when no chloride 

ions were present in this condition, pitting attack was observed after removing the 

corrosion products. The iCORR in PSS + cit was three times higher than in PSS + Cl-, 

showing that citrate ions acted as pitting promoting agents, as chloride ions did. 

 

3.4. Raman confocal spectroscopy 

Ex-situ Raman spectra were registered to characterize corrosion products and passive 

films in two conditions: after accelerating the pitting process by anodic polarization and 

after performing the weight-loss tests. These measurements require a relatively high 

laser power, given that the most common iron oxides and oxyhydroxides are poor light 

scatters [33]. Precautions were taken so as not to induce chemical changes by laser 

heating. Figure 5 shows images of the steel surfaces after having registered anodic 

polarization curves in PSS + Cl- and PSS + [cit]/[Cl-]=1. Raman spectra of the surface 

products are presented in Figure 7. Bands at 220, 280, 395 and 595 cm-1 in spectrum B 

are typical of α-FeOOH and/or α-Fe2O3 [19, 27, 34]. The band at 680 cm-1 can be 

associated to the presence of Fe3O4 [19, 27, 34]. In spectrum A, the band at 680 cm-1, 

related to Fe3O4, can be also observed, but the bands characteristic of α-FeOOH and/or 

α-Fe2O3 were not clearly observed.  
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Raman spectra of the corrosion products, before chemically cleaning the coupons, and 

after the weight-loss tests in PSS + Cl- and PSS + [cit]/[Cl-]=1 are presented in Figure 

8. Also, the Raman spectrum of the passive film present in PSS + [NO2
-]/[Cl-]=1 is 

shown in Figure 8 for comparison. These results agree with those presented in Figure 7, 

which evaluated the surface after recording anodic polarization curves. In the case of 

PSS + Cl-, bands associated to α-FeOOH and/or α-Fe2O3 are present, indicating the 

participation of Fe(III) oxides/oxyhydroxides in the red corrosion products. When nitrite 

ions are present there is no evidence of sharp bands in this spectrum, except for a poorly 

defined band at 280 cm-1 related to the main band of α-FeOOH. The fact that no 

characteristic signals were observed could be explained if a very thin passive film were 

present on the steel surface. Also, iron oxides or oxo-hydroxides could be present as a 

disordered or amorphous structure, hindering a clear identification [34]. In PSS + 

[cit]/[Cl-]=1, the characteristic signal of α-FeOOH and Fe3O4 was not observed. 

Instead, a band at 680 cm-1 related to the presence of Fe3O4 was observed, indicating a 

poor participation of Fe(III) oxide/hydroxide in the black corrosion products.  

 

 

4. Discussion 

 

In PSS carbon steel remains passive and when chloride ions are incorporated pitting 

attack is triggered. Nitrite ions behave as efficient inhibiting agents and are able to 

overcome the presence of chloride ions. 

Instead, in the presence of citrate ions, the properties of the passive layer are very 

different than those developed in PSS and PSS + Cl-. The effect is just the opposite to 

that expected for an inhibitor, as citrate ions favour the dissolution of the passive film. 
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As Fe(II) compounds dissolve, no Fe(III) oxide/hydroxide incorporates to the passive 

film. Polarization curves with electrodes aged 24 h at ECORR show passive behaviour, 

but with a high corrosion density value, in agreement with the low RP values measured. 

No beneficial effects on delaying or inhibiting pitting were observed in the presence of 

citrate ions. These short-term results are in agreement with weight-loss analysis. After 

90 days of exposure, the highest weight-loss registered was that in PSS + [cit]/[Cl-]=1, 

together with severe pitting attack. Weight-loss was 3.7 times higher than that found in 

PSS + Cl-. To confirm the effect of citrate ions a weight-loss test without chloride ions 

was included in the analysis. In PSS + [cit]/[Cl-]=1, the weight lost was higher than that 

found for PSS + cit and for PSS + Cl-. This indicates a synergic effect between chloride 

and citrate ions in the deterioration of the protective passive layer. Raman spectra 

recorded after the anodic polarization curves and weight-loss tests show, that in the 

presence of citrate ions, black corrosion products are mainly composed by Fe3O4.  

The incorporation of citrate ions to PSS + Cl- is clearly harmful to carbon steel and 

favours the corrosion process.  However, some authors [6, 7] have pointed out that 

organic compounds with carboxylate groups, could act as pitting inhibitors in alkaline 

solutions. However, the conditions used to evaluate them as potential inhibitors are 

similar to those employed in section 3.1.2, namely no passive film is present. Under this 

condition, citrate ions could adsorb on the bare metal while the electrodes are polarized, 

hindering the access of chloride ions to the metal surface. At highly anodic potentials 

this adsorbed layer could break locally. On the other hand, if citrate ions are not present, 

an oxide layer grows while the electrode is polarized. Eventually, as this is a chloride-

rich environment, this surface layer break down leading to pitting attack at lower 

potentials than those registered in the presence of citrate ions. However, after a 24 h 

immersion at ECORR, a passive layer grows on metal surface which inhibits citrate ions 
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adsorption. In contrast, citrate ions favour iron dissolution forming soluble iron-

complexes and producing a superficial layer of corrosion products that is porous, poorly 

adhered and unable to provide protection against localized attack. 

 

5. Conclusions  

 

1. In alkaline solutions that simulate the contents of concrete pores, carbon steel 

remains passive. When a passivating film is present on the steel surface, citrate 

ion do not seem to adsorb.  

2. Under these conditions, citrate ions do not function as corrosion inhibitor. 

Instead, and by contrast, citrate ions enhance dissolution of the passive layer, 

thereby accelerating the corrosion process. This was unexpected.  

3. When the steel surface is pre-passivated, a synergic effect between chloride and 

citrate ions that leads to the deterioration of the protective passive layer was 

observed.  

4. In spite of being an organic compound with carboxylate groups, citrate ions 

behave as corrosion accelerators, instead of acting as inhibiting agents.  

5. During the evaluation of potential inhibiting agents it is then very important to 

use conditions that mimic the real service environment as closely as possible. In 

the case of steel in concrete, a real service condition involves a passive surface 

and long exposure times. 
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Figure captions 

Figure 1. Cyclic voltammograms for carbon steel (first cycle) in PSS (—), PSS + Cl- (–

Δ–); PSS + [cit]/[Cl-]=1 (–○–). Sweep rate: 10 mV s−1. 

Figure 2. Cyclic voltammograms for carbon steel (tenth cycle) in PSS (—), PSS + Cl- 

(–Δ–); PSS + [cit]/[Cl-]=1 (–○–). Sweep rate: 10 mV s-1. 

Figure 3.  Anodic polarization curves registered after pre-reducing carbon steel 

electrodes 5 minutes at −1.2 VMOE (bare metal) in PSS + Cl- (–Δ–) and PSS + [cit]/[Cl-

]=1 (–○–). Sweep rate: 0.1 mV s-1. 

Figure 4. Anodic polarization curves registered after ageing carbon steel electrodes for 

24 h at the ECORR (passivated metal) in PSS (—), PSS + Cl- (–Δ–); PSS + [cit]/[Cl-]=1 

(–○–); PSS + [cit]/[Cl-]=0.5 (–□–) and PSS + [NO2
-]/[Cl-]=1 (--). 

Figure 5. Images of the electrodes’ surface after carrying out the anodic polarization 

curves on passivated carbon steel in PSS + [cit]/[Cl-]=1 (A) and PSS  + Cl-  (B). 

Electrode exposed area: 0.503 cm2. 

Figure 6. Images of the coupons’ surface, after being immersed for 90 days at ECORR in 

each electrolyte (as indicated).  Coupons exposed area: 5.67 cm2.  

Figure 7. Raman spectra of corrosion products on passivated electrodes after 

performing anodic polarization curves in (A): PSS + [cit]/[Cl-]=1 and (B): PSS  + Cl-  .   

Figure 8. Raman spectra of corrosion products in PSS + Cl- (–Δ–) and PSS + [cit]/[Cl-

]=1 (–○–). Raman spectra of passivated carbon steel in PSS + [NO2
-]/[Cl-]=1 (--). 

Coupons were immersed for 90 days in each electrolyte at ECORR. 
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Table 1. Corrosion potential and Rp values, evaluated after 24 h of immersion in each 

solution. 

 

  PSS + Cl- 

 

PSS +  

[cit]/[Cl-]=0.5 

 

PSS + 

[cit]/[Cl-]=1 

 

PSS + 

[NO2
-]/[Cl-]=1 

 

ECORR / mVMOE -229 ± 51 -300 ± 87 -250 ± 82 -268 ± 90 

RP / kohm cm2  86 ± 15 93.1 ± 18 28.9 ± 7 78.1 ± 25 

 

Table 2. Corrosion potentials and polarization resistance values evaluated from LPR, 

after 24 h of immersion in each solution. 

 

 

  PSS + Cl- 

PSS + 

[cit]/[Cl-]=0.5 

PSS + 

[cit]/[Cl-]=1 

PSS + 

[NO2
-]/[Cl-]=1 

ECORR / mVMOE -229 ± 51 -300 ± 87 -250 ± 82 -268 ± 90 

RP / kohm cm2  86 ± 15 93.1 ± 18 28.9 ± 7 78.1 ± 25 
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Table 3. Electrochemical parameters obtained from at least six anodic polarization 

curves for steel in the conditions evaluated. 

 

 

Condition ECORR / mVMOE EPIT / mVMOE EPIT-ECORR / mV iPAS/ µA cm-2 

PSS -208 ± 22 --------- --------- 0.7 ± 0.1 

PSS + Cl- -229 ± 51 6 ± 64 182 ± 81 5.4 ± 2.6 

PSS+ [cit]/[Cl-]=0.5 -300 ± 87 -14 ± 8 286 ± 53 2.8 ± 1.8 

PSS+ [cit]/[Cl-]=1 -250 ± 82 -16 ± 42 227 ± 64 9.3 ± 5.8 

PSS+ [Cl-]/[NO2
-]=1 -268 ± 90 658 ± 55 926 ± 87 1.7 ± 1.1 

 

Table 4. Weight loss result after 90 days of immersion at ECORR in the different 

solutions tested 

 

 

Condition Type of attack 
Weight loss 

/ mg 

iCORR 

/  µA cm-2 

PSS None 0.1 0.006 

PSS +  Cl-  Pitting 110 6.77 

PSS+ [Cl-]/[NO2
-]=1 None 0.1 0.006 

PSS+ [cit]/[Cl-]=0.5 Pitting 242 13.21 

PSS+ [cit]/[Cl-]=1 Pitting 412 25.33 

PSS + cit  Pitting 319 19.62 

 

 


