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The corrosion inhibition effect and mechanism of D-sodium gluconate for reinforcing steel in the 

simulated concrete pore solution containing Cl
-
 were studied by electrochemical techniques, including 

corrosion potential, potentiodynamic polarization, and electrochemical impedance spectroscopy 

measurements. The results indicate that 0.01 M D-sodium gluconate showed a good corrosion 

inhibition effect on reinforcing steel in the simulated concrete pore solution containing 0.1 M NaCl 

because it strongly hindered the anodic reactions. The inhibition mechanism could be explained on the 

basis of the competitive adsorption between gluconate anions and chloride ions on the reinforcing steel 

surface. And D-sodium gluconate could eventually form a compact adsorptive film by strong chelation 

and effectively inhibit the initiation of reinforcing steel corrosion. 
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1. INTRODUCTION 

Reinforcing steel corrosion is a major cause of premature degradation of concrete structures, 

and has been a serious and significant problem in modern society. 

It is well known that reinforcing steel in concrete is normally protected against corrosion by the 

passive film formed on its surface under high alkaline conditions of concrete. However, the reinforcing 

steel corrosion may take place if the condition of passivation is destroyed by the presence of Cl
-
 and/or 

the carbonation of concrete, etc [1-4]. When the Cl
-
 concentration reaches a threshold value at the 
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steel/concrete interface, the Cl
-
 attack will cause local depassivation and pitting corrosion of the 

reinforcing steel [3-6]. The process of carbonation, leading to a pH decrease in the concrete pore 

solution, can also break down the passive film [2,3,7-9]. The development of the reinforcing steel 

corrosion can lead to the damage or even local ruin of the reinforced concrete structures due to the rust 

formation and/or loss in cross-section of the reinforcing steel. 

Many techniques have been developed to prevent the corrosion of reinforcing steel in concrete, 

including the sue of corrosion inhibitors [3, 10-14], cathodic protection [3, 15-17], electrochemical 

treatment [18-20], epoxy coated rebar [21,22] and galvanized rebar [23,24], etc. Among these 

available techniques, the use of corrosion inhibitors has been developed rapidly in the past twenty 

years, which is more attractive from the point of view of low cost and easy application.  

Many compounds have been tested as corrosion inhibitors against the corrosion of reinforcing 

steel in concrete. For example, The nitrites, mainly calcium and sodium nitrites are mostly used as 

inorganic corrosion inhibitors [25-27], but they are toxic. Sodium monofluorophosphate are widely 

applied in carbonated and chloride-contaminated concrete [28-30]. Over the last decades, the use of 

organic inhibitors has been increased. The organic inhibitors mainly include aminoalcohol [31-33], 

amines, fatty-acid esters or their mixtures [34-37]. Although many organic inhibitors have been 

investigated, there are still many problems to be solved regarding their applications and inhibition 

effects.  

There is an increasing demand for eco-friendly inhibitors for use in concrete. Gluconates and 

gluconic acid have been reported to be effective non-toxic inhibitors for iron and mild steel in cooling 

water systems [38-42]. Sodium gluconate can provide the complete protection of mild steel immersed 

in a weak alkaline media [43]. However, few studies can be found regarding the gluconate used as the 

inhibitor for reinforcing steel in concrete [34].  

Electrochemical impedance spectroscopy (EIS) is widely used to study the corrosion inhibitors, 

which can provide the information about both the inhibitive efficiency and the inhibition mechanism of 

the investigated inhibitors [31,32,44,45].  

The objective of this work is to study the electrochemical behavior of reinforcing steel in the 

simulated concrete pore solution (SPS) in the presence of Cl
-
 and the corrosion inhibition effect of D-

sodium gluconate on the steel by electrochemical methods.  

 

 

 

2. EXPERIMENTAL 

The specimens (Ø1.14 cm × 0.4 cm) were cut from a R235 reinforcing steel rod. After 

degreased and cleaned, each specimen was mounted with epoxy resin and only one cross section 

(Ø1.14 cm) was exposed as working surface (approximately 1cm
2
). The working surface was polished 

successively with emery papers of grade from 400 to 1500, and then rinsed with de-ionized water. All 

solutions were prepared with de-ionized water and AR chemicals. The saturated Ca(OH)2 solution, 

used as the SPS, containing 0.1 M NaCl was employed to simulate the chloride-contaminated inner 

electrolytic medium of concrete. D-sodium gluconate with the concentration of 0.01 M was used as the 

corrosion inhibitor and added to the SPS containing 0.1 M NaCl. 
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Corrosion potential (Ecorr), potentiodynamic polarization curve, and EIS measurements were all 

performed by Autolab Potentiostat Galvanostat (Eco Chemie, the Netherlands) with PGSTAT30. The 

potentiodynamic polarization curve and EIS measurements were all carried out in a three-electrode 

cell. The reinforcing steel was used as the working electrode, a platinum sheet as the counter electrode, 

and a saturated calomel electrode (SCE) as the reference electrode connected with the test cell by a salt 

bridge. The potentiodynamic polarization was conducted at a scan rate of 1 mV s
-1

. The EIS 

measurements were made by the Autolab with PGSTAT30 and FRA module at the corrosion potential 

over a frequency range between 10
5
 Hz and 10

-2
 Hz. The amplitude of the wave was 10 mV. The 

experimental impedance spectra were fitted to the equivalent circuit by the FRA software of Autolab. 

All the tests were carried out at room temperature (25 ± 2 ℃). 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Corrosion potential evolution 

Figure 1 depicts the Ecorr evolution of the reinforcing steel immersed in SPS containing 0.1 M 

NaCl without and with 0.01 M D-sodium gluconate. From Figure 1, it can be seen that the Ecorr 

evolution was very different in the presence and absence of D-sodium gluconate. The Ecorr values for 

the reinforcing steel in the SPS containing 0.1 M NaCl without the inhibitor decreased slowly during 

the first 36 h immersion, reaching low values about -0.520 V.  

 
Figure 1. Evolution of the corrosion potential of reinforcing steel immersed in SPS containing 0.1 M 

NaCl (a) without and (b) with 0.01 M D-sodium gluconate. 

 

This decay of Ecorr suggested that Cl
-
 induced the initiation of corrosion. After that, the Ecorr 

increased slowly with time and stabilized about -0.490 V after 60 h of immersion, related to the 

development and final severe corrosion of the reinforcing steel. At the very beginning of immersion, 
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the Ecorr showed almost the same values with and without the inhibitor. However, with the addition of 

D-sodium gluconate, the Ecorr declined sharply to very low values (about -0.690 V) during the initial 36 

h of immersion. This decrease may be the result of the competitive adsorption between the chloride 

ions and the gluconate anions on the steel surface. Then, the Ecorr shifted largely towards the positive 

direction and became higher than that without the inhibitor after about 84 h of immersion. After 132 h, 

the Ecorr changed very little with time, attaining values about -0.350 V. The increase and then little 

change of the Ecorr indicated that the adsorption of gluconate anions was becoming predominant and 

finally formed a compact adsorptive film on the steel surface. 

 

3.2. Potentiodynamic polarization curves 

Potentiodynamic polarization curves for the reinforcing steel in SPS containing 0.1 M NaCl 

without and with 0.01 M D-sodium gluconate are shown in Figure 2. Because the shift of the Ecorr was 

not always towards one direction, potentiodynamic polarization curve measurements were carried out 

in the presence of D-sodium gluconate during different immersion times. It can be seen that, with the 

addition of D-sodium gluconate, both the anodic and cathodic currents of the reinforcing steel were 

inhibited. The decrease in the anodic currents was significant, while the decrease of the cathodic 

currents was rather slight, showing the anodic polarization was more significant than the cathodic 

polarization. These results suggested that the anodic reactions were hindered strongly and the cathodic 

reactions were held back slightly. The D-sodium gluconate might behave as a mixed-type inhibitor, but 

its influence on the anodic processes was dominant. These variations of potentiodynamic polarization 

curves were likely to be related to the protective film formed by the adsorption of D-sodium gluconate 

on the steel surface so as to impede the reinforcing steel corrosion in SPS containing 0.1 M NaCl. 

The corrosion potentials obtained from the potentiodynamic curves at different immersion 

times were in good agreement with that obtained from Ecorr measurements. In the case of the addition 

of D-sodium gluconate, there were high current density transients appeared in the potentiodynamic 

polarization curves at the range between -0.080 and 0.010 V. The density current transients had a 

shape of a quick rise followed by a slow recovery. The typical current density transients indicated the 

initiation of metastable pitting. The sharp rise of the current was caused by the local breakdown of the 

adsorptive film. After a short time of pit growth, the repair of the pitted area caused the current to 

recover to the original value. Therefore, the current density transients directly reflected the initiation, 

growth and repair processes of metastable pits. Although the metastable pitting occurred, it did not 

develop to a stable pitting process even after 168 h immersion. The adsorptive film formed by the 

gluconate anions had some self-repairing capability.  
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Figure 2. Potentiodynamic polarization curves for the reinforcing steel immersed in SPS containing 

0.1 M NaCl (a) without D-sodium gluconate after 1 h immersion and with 0.01 M D-sodium 

gluconate after different immersion times: (b) 1 h, (c) 12 h, (d) 48 h and (e) 168 h. 

 

3.3. EIS behaviors 

The EIS spectra of the reinforcing steel immersed in SPS with 0.1 M NaCl at different 

immersion times are presented in Figure 3, where Figure 3(a) and (b) are the Bode plots, and Figure 

3(c) is the Nyquist plots. On the Bode plots, only one time constant was observed in the low frequency, 

corresponding to the corrosion process of the reinforcing steel. Moreover, the total impedance 

decreased gradually with the time and then the large drop was observed for the 36 h immersion. On the 

Nyquist plots, the semi-circles were observed and the diameter of them decreased during the initial 

immersion time. The diameter declined significantly for the 36 h immersion. Thereafter, the diameter 

continued to decrease slowly. The presence of the tail on the plots in Figure 3(a) and (c) indicated the 

existence of the diffusion process after 36 h of immersion. 

The EIS spectra of the reinforcing steel in SPS with 0.1 M NaCl and 0.01 M D-sodium 

gluconate at different immersion times are shown in Figure 4, where Figure 4 (a) and (b) are the Bode 

plots, and Figure. 4 (c) is the Nyquist plots. The presence of 0.01 M D-sodium gluconate in SPS 

containing 0.1 M NaCl significantly changed the electrochemical behavior of the reinforcing steel. 

Only one time constant was observed in the low frequency in Figure 4 (a), which could be related to 

the interaction of D-sodium gluconate and/or Cl
-
 with the reinforcing steel surface. The phase angle in 

the low frequency region reached values close to –90 and phase angle maxima were quite broad in 

Figure 4 (a), approaching pure capacitive behavior. 
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 Figure 3. Impedance spectra of the reinforcing steel in SPS with 0.1 M NaCl for different immersion 

times, (a) and (b) Bode plots, (c) Nyquist plots. 

 

The total impedance showed some fluctuation but no notable change in Figure 4 (b). However, 

the values of the total impedance were much higher than that without the  inhibitor. On Nyquist plots, 

semi-circles were also observed and the diameter of them changed slightly with immersion time.  

The impedance spectra of the reinforcing steel immersed in SPS with 0.1 M NaCl can be 

described by the equivalent circuit shown in Figure 5, where Rs is the electrolyte resistance, W is the 

Warburg impedance, Rct is the charge transfer resistance of the corrosion process, and CPE is the 

constant phase element of the double-layer at the reinforcing steel/electrolyte interface. The Warburg 

impedance element was added only after 36 h of immersion, corresponding to the oxygen diffusion 

process. The diffusion of oxygen was slower than the corrosion process and became the control step 

after 36 h of immersion [46]. With the addition of 0.01 M D-sodium gluconate, the EIS spectra can be 

fitted by the equivalent circuit shown in Figure 6 during all the immersion time. In Figure 6, Rs is the 

electrolyte resistance; Rct is the charge transfer resistance and CPE is the corresponding constant phase 

element, related to the adsorption process of the inhibitor. 
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Figure 4. Impedance spectra of the reinforcing steel in SPS with 0.1 M NaCl and 0.01 M D-sodium 

gluconate for different immersion times, (a) and (b) Bode plots, (c) Nyquist plots. 

 

The CPE is usually interpreted as the non-ideal behavior of the electrochemical interface. Its 

impedance is defined as follows: 

 ZCPE = Y0 
-1

( jω)
-n

                                               [1]  

where ZCPE denotes the impedance of the CPE, Y0 is a parameter with dimensions of Ω
-1

 cm
-2

 

s
n
, which is directly proportional to the double layer capacitance (Cdl) of pure capacitive electrodes, ω 

is the frequency in radians per second, and n is a frequency exponent with values between 0 and 1. 

When n = 1, the CPE can be regarded as the pure capacitance; when n = 0, it represents the pure 

resistance; when n = 0.5, it represents Warburg (diffusion) impedance [47-50]. The CPE-parameters Y0 

and n can reflect the change of the electrode surface. A number of studies have shown that the CPE-

parameters Y0 and n varies with the homogeneous of the electrode surface, bigger values of Y0 and 

smaller values of n being characteristic of more inhomogeneous surfaces [51-53]. The change of the 

homogeneous was mainly caused by the electrochemical process occurring on the steel surface in this 

study. The CPE-parameters Y0 and n could reflect the initiation and development of the 

electrochemical process. 
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Figure 5. Equivalent circuit for the reinforcing steel immersed in SPS with 0.1 M NaCl. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Equivalent circuit for the reinforcing steel immersed in SPS with 0.1 M NaCl and 0.01 M D-

sodium gluconate. 

 

The variations of Rct in the presence and absence of 0.01 M D-sodium gluconate in SPS 

containing 0.1 M NaCl are shown in Figure 7.  

 
Figure 7. Variation of Rct with time for the reinforcing steel immersed in SPS containing 0.1 M NaCl, 

(a) without inhibitor, (b) with 0.01 M D-sodium gluconate. 

 

It can be seen that, in the absence of the inhibitor, the Rct value decreased rather quickly during 

the first 36 h of immersion, and then slowly. After 120 h of immersion, Rct tended to keep stable values 

(about 1.00 kΩ cm
2
). The initial large drop of Rct might be caused by the initiation and propagation of 
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the reinforcing steel corrosion, and then the slow decrease by the severe corrosion under the oxygen 

diffusion control. However, in the presence of 0.01 M D-sodium gluconate in SPS with 0.1 M NaCl, 

the Rct change exhibited a very different trend. The Rct value showed a slight increase during the first 

36 h of immersion, due to the competitive adsorption between chloride ions and gluconate anions. 

After that, Rct droped to the relative low values and then kept almost unchanged (about 1000 kΩ cm
2
), 

indicating the adsorption of D-sodium gluconate and the following formation of an inhibitive film on 

the reinforcing steel surface. The Rct values in the presence of D-sodium gluconate were much higher 

than that without the inhibitor during all the immersion time, revealing that D-sodium gluconate had a 

good corrosion inhibition effect for reinforcing steel in the chloride-contaminated simulated concrete 

pore solution. 

Figure 8 shows the variation of Y0 in the presence and absence of 0.01 M D-sodium gluconate 

in SPS containing 0.1 M NaCl. Without D-sodium gluconate, the Y0 value increased with time during 

the first 24 h and then was basically stable, indicating the initiation and development of the steel 

corrosion induced by Cl
-
. However, with the addition of 0.01 M D-sodium gluconate, the variation of 

Y0 showed a completely different trend. During the initial 36 h of immersion, the Y0 value largely 

increased with time due to the competitive adsorption between chloride ions and gluconate anions on 

the steel surface. Then the Y0 value began to decrease significantly. After about 132 h of immersion, 

the Y0 value kept almost unchanged, suggesting that a protective layer was formed on the steel surface 

due to the adsorption of gluconate anions on the steel surface. The values of Y0 for the reinforcing steel 

in SPS containing 0.1 M NaCl with D-sodium gluconate were higher for the initial 60 h immersion and 

became lower than that without the inhibitor after 72 h immersion. The change of the Y0 value 

reflected the inhibition process of D-sodium gluconate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Variation of Y0 with time for the reinforcing steel immersed in SPS containing 0.1 M NaCl, 

(a) without inhibitor, (b) with 0.01 M D-sodium gluconate. 

 

Figure 9 depicts the variation of n with time for the reinforcing steel in SPS containing 0.1 M 

NaCl with and without 0.01 M D-sodium gluconate addition. In the presence and absence of 0.01 M 
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D-sodium gluconate, the n values all showed the almost opposite change trends as that of the Y0 values. 

Therefore, the variations of n also reflected the same inhibition process of D-sodium gluconate on the 

steel surface.  

 
Figure 9. Variation of n with time for the reinforcing steel immersed in SPS containing 0.1 M NaCl, 

(a) without inhibitor, (b) with 0.01 M D-sodium gluconate. 

 

3.4. Inhibition mechanism of D-sodium gluconate 

The changes of all the parameters (Rct, n, Ecorr and Y0) obtained from electrochemical 

measurements showed good agreement with each other. Three stages of the inhibition process of D-

sodium gluconate could be distinguished from the variations of these parameters with immersion time. 

Obviously, there was a critical transition time between the 24 h and 48 h immersion for all parameters. 

The first stage ranged from the beginning to the time of the critical transition. The second stage started 

from the critical time to the 132 h of immersion, and the last stage began after 132
 
h immersion. The 

scheme of these three stages is illustrated in Figure 10. The first stage might correspond to the 

competitive adsorption between the gluconate anions and chloride ions on the reinforcing steel surface, 

resulting in the increase of Rct and Y0, and the decrease of Ecorr and n. At the second stage, the 

adsorption of gluconate anions became the dominant process, while the adsorption of Cl
-
 was 

suppressed and becomes weaker. The gluconate anions might be adsorbed more easily and firmly on 

the active sites of the reinforcing steel surface, which blocked the adsorption of Cl
-
. With time, more 

gluconate anions were adsorbed on the steel surface, and the adsorptive film formed by gluconate 

anions was developing on the steel surface, inducing the increase of n and the decrease of Y0 values. 

The changes of Ecorr and Rct also reflected this process. The final stage was related to the formation of a 

protective film of gluconate anions on the steel surface. In this stage, gluconate anions were adsorbed 

onto the reinforcing steel surface and formed a compact adsorptive film, meanwhile, the adsorption of 

Cl
-
 was inhibited. The adsorptive film exhibited a good barrier effect and could be reflected in the little 

changes of all the parameters. Therefore, the evolution of all the parameters during the investigation 

period indicated that the D-sodium gluconate retarded the reinforcing steel corrosion primarily through 
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the adsorption of gluconate anions and the following formation of a compact adsorptive film on the 

reinforcing steel surface.  

As mentioned above, the corrosion inhibition mechanism of D-sodium gluconate could be 

based on the adsorption of gluconate anions and then the protective film formed on the reinforcing 

steel surface. The strong adsorption gluconate anions were mainly due to the chelation. From the 

structural formula of D-sodium gluconate shown in Figure 11, it can be seen that the gluconate anion 

contains functional groups (–COO
– 

and –OH), which could bond with iron atoms or ions, suggesting 

that surface chelate formation might occur [36]. Therefore, gluconate anions could be adsorbed onto 

the reinforcing steel surface. The chelation could strongly enhance the adsorption of gluconate anions 

on the steel surface, and significantly suppressed the adsorption of Cl
-
. The adsorption of gluconate 

anions eventually formed an adherent and compact protective film on the steel surface, strengthening 

the corrosion inhibition and retarding the destructive action of Cl
-
. 

 

 
Figure 10. Scheme of three stages of inhibition process of gluconate, (a) the first, (b) the second and 

(c) the third stage. 

 

 

 
Figure 11. The structural formula of D-sodium gluconate. 
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4. CONCLUSIONS 

The corrosion inhibition effect of D-sodium gluconate on reinforcing steel in SPS with 0.1 M 

NaCl has been studied by electrochemical techniques. The EIS results were in good agreement with 

the corrosion potential and potentiodynamic polarization measurements. The results indicated that D-

sodium gluconate had a good corrosion inhibition effect on the reinforcing steel in SPS with Cl
-
. 

Therefore, D-sodium gluconate may be used as a good candidate inhibitor applied in concrete for 

protecting reinforcing steel from corrosion. D-sodium gluconate effectively inhibited the initiation of 

reinforcing steel corrosion mainly by suppressing the anodic reaction. The inhibition mechanism could 

be explained based on the competitive adsorption between gluconate anions and chloride ions on the 

reinforcing steel surface. Gluconate anions could be adsorbed onto the reinforcing steel surface and 

finally formed a compact adsorptive film by strong chelation, effectively retarding the Cl
-
 attack. 
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