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Diamino((2-((2-aminoethyl)amino)ethyl)amino)methanethiol was synthesized, and its inhibition 

performance on carbon steel in simulated concrete pore solutions was studied by means of 

electrochemical techniques, scanning electron microscopy and quantum chemical calculation. The 

results showed that the inhibiting performance of this inhibitor was excellent, and the obtained 

inhibition efficiencies from different experiments were in good agreement from different experiments. 

Polarization curves revealed that the inhibitor acted as a mixed-type inhibitor, suppressing the anodic 

and cathodic corrosion reaction processes of carbon steel by forming a protective film on its surface. 

Electrochemical impedance spectroscopy measurements revealed that the charge transfer process in the 

corrosion reaction was retarded because of the protection film formed on the surface of the carbon 

steel. The absorption mechanism of the inhibitor molecules on the carbon steel surface was analysed 

using a quantum chemical study. 
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1. INTRODUCTION 

Carbon steel reinforced concrete structures have better compressive, tensile and bending 

strength than plain concrete structures. But the structure may be destroyed by the corrosion of carbon 

steel when the passive film on its surface is broken [1, 2]. Among all the destructive factors, chloride 
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corrosion plays an important role, especially in marine environments [3, 4]. To reduce steel corrosion 

in a concrete structure, different protection strategies such as cathodic protection, coatings and the 

addition of corrosion inhibitors have been investigated [5-7]. Among these strategies, adding corrosion 

inhibitor is the simplest and most effective strategy [8, 9].  

Inhibitors retard or prevent the corrosion of carbon steel by influencing the anodic or cathodic 

process of electrochemical corrosion reactions [10, 11]. Based on the inhibiting mechanism, inhibitors 

can be divided into three types: anodic-type inhibitors, cathodic-type inhibitors and mixed-type 

inhibitors. Anodic-type inhibitors such as nitrite, chromate and molybdate can effectively protect 

passive films of steel, but they may accelerate corrosion when pitting corrosion occurs [12, 13]. 

Cathodic-type inhibitors include organic compounds such as amines, amides, nitrogen-containing 

heterocycles and quinoline derivatives, which can absorb on the surface of steel and suppress the 

cathodic process [14-16]. Though they are eco-friendly, their inhibition performance is not as effective 

as that of anodic-type inhibitors [17, 18]. Efforts have been made to develop mixed-type inhibitors by 

synthesizing new chemicals because they contain the advantages of anodic-type and cathodic-type 

inhibitors. Organic compounds such as 4-(2’-amino-5’-methylphenylazo) antipyrine, 3 fatty acid 

triazoles, triazole and mercapto-triazole compounds have been proven to be as effective mixed-type 

inhibitors, that simultaneously act on the anodic and cathodic partial reaction of the corrosion process 

[19-25].  

Although many mixed-type inhibitors have been synthesized and studied, their inhibitory 

performance and mechanism on carbon steel in concrete environments have not been extensively 

investigated. In this work, a mixed-type inhibitor named diamino((2-((2-

aminoethyl)amino)ethyl)amino)methanethiol (DM) was synthesized. The main aim of this work was to 

research the effects and mechanism of this newly synthesized inhibitor on retarding corrosion of 

carbon steel in concrete structures. To rapidly evaluate this inhibition effect and analyse the acting 

mechanism accurately, electrochemical techniques and surface analysis were carried out in chloride 

polluted-simulated concrete pore solutions.  

 

 

2. EXPERIMENTAL 

2.1 Synthesis and characterization of inhibitor 

The raw materials diethylenetriamine and thiourea were purchased from Macklin Biochemical 

Co., Ltd, Shanghai and used without further purification. The studied DM inhibitor was synthesized in 

our laboratory according to the following steps. Diethylenetriamine (0.1 mol) and thiourea (0.1 mol) 

were mixed and stirred in a round-bottom flask first, and then heated from room temperature to 80 °C 

in a 300 mL oil bath under the protection of N2. The reaction time was 4 h and the product was stirred 

until its temperature decreased to the environmental temperature. Then, the product was purified by 

vacuum distillation to remove the unreacted diethylenetriamine and thiourea, and a brown oily liquid 

was obtained as the target inhibitor. 
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The synthesized inhibitor was identified by FT-IR spectroscopy (Nicolet IS10 infrared 

spectrophotometer, USA) using the KBr pellet method. FT-IR spectrum were obtained in the 

transmission mode by adding 128 interferograms at 4 cm
−1

 resolution. 

 

2.2 Materials and sample preparation 

The carbon steel specimens used in this research are made from Q235 carbon steel with the 

following chemical composition (wt.%): Mn 0.46, Si 0.26, C 0.17, S 0.017, P 0.0047 and Fe balance. 

The dimensions of the carbon steel specimens used were 1.00 cm×1.00 cm×1.00 cm and 3.00 cm×1.50 

cm×1.50 cm for the electrochemical and SEM experiments, respectively. The carbon steel specimens 

were ground with emery paper (grade 100, 240, 600, 1000 and 2000), degreased in acetone, rinsed 

with distilled water, and dried at room temperature before the electrochemical experiments. For the 

electrochemical experiments in the simulated solutions, a cubic carbon steel specimen with a surface
 

exposed to the electrolyte was connected to an electrochemical work station by a copper wire.  

The simulated concrete pore solution was prepared with double-distilled water and some 

analytical grade hydroxide. The concentrations of KOH, NaOH and Ca(OH)2 in the simulated solution 

were 0.60, 0.20 and 0.001 mol/L, respectively.  To simulate the corrosion environment of carbon steel, 

3.5 wt.% NaCl was added into the simulated concrete pore solution. The obtained solution was used as 

the corrosion solution. To evaluate the inhibiting effect and analyse the acting mechanism, the DM 

inhibitor was dissolved in the testing solution at different concentrations, and the solution without DM 

inhibitor was used as the blank for comparison. 

 

2.3 Electrochemical experiments 

The electrochemical experiments in this work were performed by a PARSTAT 2273 

potentiostat/galvanostat with a classical three-electrode cell system, where the carbon steel specimen 

acted as the working electrode, a saturated calomel electrode (SCE) was used as the reference electrode 

and a platinum slice of approximately 2 cm
2
 worked as the counter electrode. The three-electrode cell 

system was immersed in the chloride-polluted simulated concrete pore solution with or without DM 

for the electrochemical experiments. 

Electrochemical impedance spectroscopy measurements were started once the open circuit 

potential test potential was stable. The excitation signal was a 10 mV peak-to-peak sine wave with 

current frequency changing from 100 kHz to 10 MHz. The polarization curve measurement was 

performed after impedance spectroscopy measurement with a scanning rate of 1 mV s
−1

 from −1000 

mV to the potential at which the current density increased suddenly. The electrochemical experiments 

were carried out at 25 ± 1 °C to avoid the influence of the temperature. 

 

2.4. Surface observation and analysis 

The carbon steel specimens were ground with emery paper (grade 100, 240, 600, 1000 and 

2000), degreased with ethyl alcohol and acetone, and dried at room temperature. Then they were 
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immersed in the chloride-polluted simulated concrete pore solution with and without 1.0% DM 

inhibitor for 12 h. Then the carbon steel specimens were swashed with distilled water and dried at 

room temperature. The surface morphology of the specimens was observed using a scanning electron 

microscope (SEM) (Tabletop Microscope, S3400, HITACHI, Japan), and the elements on the surface 

of the specimens were obtained using an energy dispersive spectrometer (EDS) X-ray fluorescence 

(XRF) analysis system (OXFORD Link-ISIS-300, England). 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization of synthesized inhibitor 

Fig. 1 shows the FT-IR transmission spectrum of the synthesized inhibitor. The wide 

absorption peaks from 3200 to 3400 cm
-1

 correspond to the N–H bending of –NH2 and –NH; the sharp 

absorption peaks from 1300 to 1500 cm
-1

 correspond to the C–H bending of –CH2 and –CH3; and the 

sharp absorption peak near 730 cm
-1

 corresponds to  C–S bending. The absence of an absorption peak 

near 1100 cm
-1

 indicates that there is no C=S in the synthesized inhibitor molecule. Considering that 

no gas was simultaneously produced in the synthetic reaction process, the molecule of the synthesized 

inhibitor is NH2(CH2)2NH(CH2)2NHC(NH2)2SH. 

 

 
 

Figure 1. Fourier transform infrared transmission spectrum of the synthesized inhibitor 

 

3.2 Electrochemical impedance spectroscopy (EIS) 

The received electrochemical impedance plots of the carbon steel specimens immersed in 

simulated corrosion solutions without and with different DM inhibitor concentrations at 25 °C are 

shown in Fig. 2. It can be observed from the Nyquist plots that the impedance response changes and 

the radius of the impedance semicircle increases with the concentration of the DM inhibitor in the 
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simulated corrosion solution, which indicates that the corrosion resistance of the carbon steel increases 

with the amount of DM in the corrosion solution [26, 27]. The Bode plots show that the value of the 

impedance modulus of the corrosion system increases with the concentration of DM inhibitor in the 

test solution. The phase angle also increases with the concentration of the DM inhibitor, especially in 

the low-frequency areas. These changes in the Nyquist and Bode plots indicate that the DM inhibitor 

forms a protective film on the surface of the carbon steel in the test solutions [28, 29]. 

 

  
 

Figure 2. Nyquist plots (a) and Bode plots (b) for carbon steel in corrosion solution without and with 

different concentrations of the DM inhibitor at 25 °C 

 

The electrochemical impedance data obtained from this corrosion system can be analysed and 

interpreted by the equivalent circuit model illustrated in Fig. 3 [30, 31]. The resistance of the corrosion 

solution, the resistance of the protective film on the carbon steel surface and the charge transfer 

resistance of the corrosion process are represented by Rs, Rf and Rct respectively. CPE1 is the constant 

phase angle element that includes the film capacitance (Cf) and deviation parameter n1, while the 

constant phase angle element CPE2 includes the double-layer capacitance (Cdl) and deviation 

parameter n2.  

 

 
 

Figure 3. Equivalent circuit model used to fit EIS experiment data 
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The fitted data of the parameters in the equivalent circuit model for carbon steel are listed in 

Table 1. The value of Rf increases with the amount of inhibitor in test solution, which reveals that the 

thickness of the formed protective film on the carbon steel/solution interface increases with the 

concentration of DM inhibitor [32, 33]. Also, the value of Rct dramatically increases with the 

concentration of the DM inhibitor, which indicates that the corrosion process is obviously retarded 

[34]. According to the electrochemical impedance test results and equivalent circuit model fitted 

results, the rate of the corrosion reaction is mainly determined by the charge transfer process. 

Therefore, the EIS measurements can be used to obtain the inhibition efficiency (ηz) of the inhibitor in 

the test environment in the following equation [35]: 
0

ct ct
z

ct

-
100%

R R

R
                                     (3) 

where 0

ctR  and Rct represent the charge transfer resistance of the corrosion process without and 

with the DM inhibitor in the corrosion solution, respectively. The value of ηz increases with the 

concentration of the DM inhibitor, while Cdl decreases with the DM concentration based on the 

calculated data in Table 1. According to the Helmholtz model, Cdl can be expressed as follows [36]: 

                              
0

dlC A
d

 
                                    (4) 

where ε
0
 represents the vacuum permittivity, ε represents the local dielectric constant, d 

represents the thickness of the protective film and A represents the surface area of the exposed carbon 

steel electrode. Therefore, the decreased value of Cdl is most likely caused by a decrease in the of 

electrode surface area due to adsorbed inhibitor molecules and the increase in the protective film 

thickness in this experiment [37-39]. 

 

Table 1. Electrochemical parameters calculated from the EIS data for carbon steel immersed in 

corrosion solutions without and with different concentrations of DM inhibitor at 25 °C 

 

Conc. (%) Rs (Ω cm
2
) CPE1 (μF cm

-2
) n1 Rf (kΩ cm

2
) CPE2 (μF cm

-2
) n2 Rct (kΩ cm

2
) ηz (%) 

0 6.74 58.48 0.91 10.85 1875.0 0.34 1.01 / 

0.1 7.31 64.43 0.92 22.96 217.4 0.93 10.01 89.9 

0.5 6.51 47.27 0.93 52.96 73.5 0.79 39.03 97.4 

1.0 7.49 49.63 0.93 101.30 232.4 0.38 1.48e11 100 

 

3.3 Polarization measurements 

The polarization curves of the carbon steel specimens in corrosion solutions without and with 

different DM contents at 25 °C are shown in Fig. 4. The shapes of the anodic and cathodic polarization 

plots did not change obviously when adding DM inhibitor into the test solution, which suggested that 

the presence of DM did not change the metal dissolution at the anode and the oxygen reduction 

reaction at the cathode [40, 41]. The anodic and cathodic polarization curves moved towards current 

reduction when adding DM inhibitor into the corrosion solution, which indicated that the anodic and 

cathodic reactions were inhibited and that the corrosion rate was significantly reduced. The inhibitory 
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effect on the anodic and cathodic reactions increased with the concentration of DM inhibitor in the 

corrosion solutions. Thus, the inhibition mechanism of DM involves the formation of a protective film 

on the surface of carbon steel and a reduction in the number of active reactive points [42]. 

 

 
 

Figure 4. Polarization curves of the carbon steel specimens in corrosion solutions without and with 

different DM contents at 25 °C 

 

The protective film that formed on the carbon steel surface exhibited different characteristics in 

corrosion solutions with different concentrations of DM inhibitor. For the anodic polarization curve of 

the carbon steel specimen in a corrosion solution with 0.5% DM inhibitor, the current density 

increased rapidly when the potential of the working electrode was higher than -220 mV. Under these 

conditions, the DM molecules desorbed from the electrode surface; thus, this potential was called the 

desorption potential [43]. The desorption of DM molecules from the electrode surface was caused by 

obvious carbon steel dissolution, upsetting the adsorption and desorption balance [44]. The anodic 

polarization curve of the carbon steel specimen in corrosion solution with a 1.0% DM inhibitor, it 

became unstable and irregular when the electrode potential was between -300 mV and 15 mV. This 

may be caused by the desorption and reabsorption of DM molecules from the surface of the carbon 

steel. The desorption of DM molecules was caused by the common function of its own weight and the 

metal dissolution.  

The values of the electrochemical parameters such as the corrosion potential (Ecorr), corrosion 

current density (icorr), anodic Tafel slope (βa) and cathodic Tafel slope (βc) were calculated from the 

polarization measurements and are listed in Table 2. The icorr value decreased as the concentration of 

DM inhibitor in the corrosion solution increased, which suggested that the corrosion rate of the carbon 

steel was retarded. The Ecorr value slightly shifted in the positive direction when DM was added into 

the corrosion solution, and all the changed values of Ecorr were less than 85 mV, which indicated that 

the inhibitor was a mixed-type corrosion inhibitor [45]. In other words, the DM inhibitor retards the 

corrosion rate by reducing the reaction surface area of the working electrode without changing the 
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mechanism of anode or the cathode reaction. The inhibition efficiency (ηi) can be calculated by the 

following equation using the obtained polarization measurements [35]: 

                                    
0

corr corr

corr

-
100%i

i i

i
                                 (5) 

where 0

corri  and icorr present the corrosion current density without and with the DM inhibitor in 

the corrosion solution, respectively. The table shows that the inhibition efficiency increases with the 

concentration of DM inhibitor, which agrees with the EIS results. 

 

Table 2. Polarization parameters for carbon steel specimen in corrosion solutions without and with 

different DM contents at 25 °C 

 

Conc. (%) Ecorr (mV) βc (mV dec
-1

) βa (mV dec
-1

) icorr (μA cm
-2

) ηz (%) 

0 509 230 288 8.99 / 

0.1 501 264 332 1.17 87.0 

0.5 435 196 332 0.48 94.7 

1.0 496 270 309 0.19 97.9 

 

3.4. Surface observation and analysis 

The SEM images of the carbon steel specimens immersed in the corrosion solution without and 

with 1.0% DM inhibitor for 12 h are presented in Fig. 5. Compared with the specimen immersed in the 

simulated solutions with DM inhibitor, the surface of the carbon steel specimen in the absence of 

inhibitor is relatively rough, and many polishing scratches and local corrosion pits can be observed on 

the surface. Thus, the carbon steel without the inhibitor was obviously corroded by chloride ions. 

However, the carbon steel surface is relatively smooth and has few pits in the presence of the DM 

inhibitors, indicating that the carbon steel specimen is well protected from corrosion.  

 

  
 

Figure 5. SEM morphology of the carbon steel specimens after immersion in corrosion solution 

without (a) and with (b) 1.0% DM inhibitor for 12 h at 25 °C 

 

(a) (b) 
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Fig. 6 shows the EDS results of the carbon steel specimens immersed in the corrosion solution 

without and with 1.0% DM inhibitor for 12 h. Compared with the energy diffraction spectrum of the 

carbon steel specimen immersed without DM inhibitor, the characteristic peaks of N and S elements 

appeared on the energy diffraction spectrum of the carbon steel specimen with the DM inhibitor. The 

components of the DM inhibitor revealed that the DM inhibitor can adsorb on the surface of the carbon 

steel specimen in the corrosion solution. Based on the SEM images and EDS analysis, the DM 

inhibitor can absorb on the surface of carbon steel and suppress the corrosion of carbon steel.  

 

  
 

Figure 6. EDS results for the carbon steel specimens after immersion in corrosion solutions without 

(a) and with (b) 1.0% DM inhibitor for 12 h at 25 °C 

 

3.5. Quantum chemical study 

  

 
 

Figure 7. The frontier molecular orbital density distribution of the DM molecule: (a) HOMO and (b) 

LUMO 
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Table 3. Calculated quantum chemical parameters for the DM inhibitor, where EHOMO is the energy of 

the HOMO, ELUMO is the energy of the LUMO, and △E is the energy gap 

 

Name EHOMO (eV) ELUMO (eV) △E (eV) Dipole (debye) 

DM inhibitor -5.76 0.05 5.817 2.68 

 

Quantum chemical calculations with DM molecules were used to explain the adsorption 

mechanism of DM on the surface of the carbon steel. The electric/orbital density distributions of the 

highest and lowest occupied molecular orbitals (HOMO & LUMO) for the DM inhibitor are shown in 

Fig. 7, and the calculated quantum chemical parameters are listed in Table 3. EHOMO is associated with 

the electron donating ability, while ELUMO is associated with the electron accepting ability of a 

molecule [46, 47]. Lower absolute value of EHOMO and ELUMO indicate stronger electron donating and 

accepting abilities, respectively, of a molecule, and the higher value of △E indicates the higher 

stability of a molecule [48]. The very low energy value of the LUMO, indicates that the DM inhibitor 

molecule can adsorb on the surface of carbon steel based on acceptor–donor interactions between the 

unstable electrons in the semi-full d-orbitals of the iron atoms and the –C–N–H and –C–S–H groups of 

the DM molecule.  

 

 

 

4. CONCLUSIONS 

In this research, the inhibition performance of a synthesized DM inhibitor on the corrosion of 

carbon steel in a chloride-polluted simulated concrete pore solution was studied systematically. The 

carbon steel electrochemical experiments in the simulated solution allowed a rapid evaluation of the 

inhibition performance of the synthesized DM inhibitor, and the electrochemical analysis, carbon steel 

surface analysis from SEM and EDS and quantum chemical calculations revealed the inhibition 

mechanism of the DM inhibitor. From the obtained results, the following conclusions can be drawn: 

1. The synthesized DM inhibitor showed a good inhibition effect for the carbon steel immersed 

in a chloride-polluted simulated concrete pore solution. The inhibition effect gradually increased as the 

concentration of the DM inhibitor increased from 0 to 1.0% in this work. 

2. The DM molecules can absorb on the surface of the carbon steel specimen and form a 

protective film in the corrosion solution, which can suppress both the anodic and cathodic processes of 

the carbon steel corrosion reaction by reducing the number of active reactive points.  

3. The adsorption of DM inhibitor molecules on the surface of carbon steel specimens is based 

on acceptor–donor interactions between the unstable electrons of the semi-full d-orbitals of iron atoms 

and the –C–N–H and the –C–S–H groups of the DM molecules. 

4. The DM inhibitor performed as a mixed-typed inhibitor in effectively inhibiting the 

corrosion process of carbon steel in an alkaline environment, which indicates its potential to be used as 

a carbon steel inhibitor in real concrete structures. 
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This work shows that the DM inhibitor has the capacity to retard the corrosion of carbon steel 

in an alkaline environment. However, our work was limited to evaluating the performance of the DM 

inhibitor in a simulated medium rather than in anactual application environment. For example, we used 

a simulated pore solution to simulate the actual concrete environment without considering ions such as 

SO4
2-

 and CO3
2-

, and we used a 3.5% NaCl solution to simulate seawater corrosion medium without 

considering other positive or negative ions. In addition, the corrosion process of carbon steel in a 

concrete structure is a slow, long and complex process influenced by many parameters such as the 

external environment and properties of concrete. Considering all these factors, a long process of static 

coupon testing of reinforced concrete in an actual marine environment may be the most objective and 

effective method to assess the inhibiting effect of DM.  
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