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Passive layer formation and inhibitor adsorption on the 3Cr 

steel surface in the absence of an interface inhibitor, i.e. 

benzamide, has been investigated. Above a threshold of 

roughly 600 mM, benzamide rapidly adsorbed on the 

substrate surface and significantly inhibited the formation of 

passive layer.  

In the modern oil production systems, CO2-enhanced oil 

recovery (EOR) has attracted more attentions owing to its positive 

contributions to geological storage of Carbon.1 However, it is a 

serious and challenging problem in the oil production, gathering and 

transportation processes when CO2 meets water.2,3 Recently, 

corrosion inhibitor has become an effective way to control the CO2 

corrosion.4-6 Interface inhibitors, which control corrosion by forming 

a protective barrier at the metal/environment interface, are an 

important group of inhibitors. Amide inhibitors belong to interface 

inhibitors.7 Amino as polar group can provide lone pair electrons, 

forming the coordination bond with the empty d orbital in iron 

atoms.8 Therefore, a complete layer of inhibitor firmly adsorbs on 

the steel surface, thus inhibiting the corrosion of the substrate. 

3Cr steel is a new type of low alloy steel developed for using in 

CO2 environments, which is obtained by adding 3 % chromium to  

traditional carbon steel. In recent years, researchers have 

investigated the ability of this steel to control CO2 corrosion.9-11 One 

previous study reported that 3Cr steel can improve CO2 corrosion 

resistance by a factor of 3–10 and maintain a cost less than 1.5 times 

higher than that of conventional grades of carbon steel.12 Although 

3Cr steel has such excellent corrosion resistance, it is not stainless 

steel. Corrosion inhibitor is needed in the corrosion of 3Cr steel pipe 

in some critical conditions. As mentioned, interface inhibitors can 

adsorb on the steel surface. Meanwhile, a Cr-rich passive layer will 

form on the 3Cr steel surface as a result of 3% Cr addition.13 Then, 

whether the presence of interface inhibitors will affect the formation 

of this passive layer or not? Presently, little related research has been 

reported.  

Therefore, the aim of this work is to investigate the impact of 

interface inhibitors on the passive layer formation. In this study, the 

anodic polarization curves of 3Cr steels in CO2-saturated solutions 

with various benzamide concentrations were measured. Material 

tested was 3Cr low alloy steel with a chemical composition (wt %): 

0.07 C, 0.2 Si, 0.55 Mn, 2.96 Cr, 0.15 Mo, 0.03 Nb, 0.03 V and Fe 

balance. The working electrode is made from 3Cr steel in the form 

of cylindrical rods with an apparent surface area of 1 cm2. The 

composition of the test solution is listed as follows (mM): 432.8 

NaCl, 24.8 CaCl2, 8.6 KCl, 9.5 MgCl•6H2O and 1.4 NaSO4. The 

inhibitor used in this work was a simple amide inhibitor, i.e. 

benzamide, belonging to interface inhibitors. The chemical structure 

of this inhibitor is given below: 

 

Fig. 1. Molecular structure of benzamide. 
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Polarization curves for 3Cr steel RDE (1000 rpm) in CO2-

saturated solutions with various inhibitor concentrations are shown 

in Fig. 2. Fig. 2a shows that the anode polarization curve for 3Cr 

steel in the solution devoid of inhibitor exhibited a decrease in 

current between -580 mV and -500 mV. This phenomenon was 

identified as semi-passivation or prepassivation, which was probably 

related to the formation of a Cr-rich passive layer on 3Cr steel.13 The 

experimental verification of this Cr-rich layer will be given in the 

following page. 

When the inhibitor was added into the solutions (50 mM, 100 

mM, and 200 mM), the anode polarization curves for 3Cr steel were 

similar with that in Fig. 2a, in which the decreases in current 

between -570 mV and -520 mV were observed (Fig. 2b). However, 

if the inhibitor concentration reached 600 mM, the decrease of 

current in the anodic domain disappeared. Instead, a potential 

plateau characterized by a rapid current rise was observed (Fig. 2d). 

Cao14,15 believed that this potential plateau was probably caused by 

the inhibitor desorption from iron surface as it was anodically 

polarized. In Fig. 2d, the potential at point A was the desorption 

potential, Edes, corresponding to the potential at which the desorption 

rate was equal to the adsorption rate for the inhibitor. The potential 

at point B was Ef-des, at which the inhibitor desorption was basically 

finished. Fig. 2c shows the polarization curve for 3Cr steel in the 

solution containing 400 mM inhibitor. There is no current decrease 

and no potential plateau in its anodic domain. A small step was 

observed, which was probably caused by the combined effect of 

passive layer formation and inhibitor adsorption.  

 

 

 

 

Fig. 2. Potentiodynamic polarization curves for 3Cr steel RDE (1000 

rpm) in CO2-saturated solutions with various inhibitor 

concentrations at a scan rate of 0.2 mV/s at 80 ºC. (a) Blank; (b) 50-

200 mM Inhib; (c) 400 mM Inhib; (d) 600 mM Inhib. 

To investigate what substance had formed on the 3Cr steel 

surface and caused the decrease in current in anodic polarization 

curves when the inhibitor concentration was below 200 mM, Raman 

spectroscopy and X-ray photoelectron spectroscopy (XPS) 

measurements were conducted. In Fig. 2b, one potential was chosen, 

-550 mV, which was between -570 mV and -520 mV. The 3Cr steel 

sample for XPS and Raman tests was polarized from the open circuit 

potential (OCP) to -550 mV in the solution containing 50 mM 

inhibitor, and then quickly extracted from the solution.  

Fig. 3 depicts the Raman spectra of pure Cr(OH)3 powders, 

pure benzamide, and the layer on the 3Cr steel sample that was 

polarized to -550 mV at 50 mM inhibitor concentration. The pure 

Cr(OH)3 powders were prepared from ammonia and Cr(NO3)3. As 

shown in Fig. 3, regarding the layer on the 3Cr steel surface, two sets 

of peaks located at 578 cm-1 and 701 cm-1 were observed and were 

consistent with the peaks (555 cm-1, 713 cm-1) in the Cr(OH)3 

powders. Moreover, no peak was observed on the spectra of the pure 

benzamide, indicating that the inhibitor did not influence the Raman 

spectra of the steel surface. On the other hand, XPS was used to 

further confirm the composition of this passive layer. As shown in 

Fig. 4, the Cr 2p high resolution spectra of this passive layer reveals 

an Cr 2p1/2 peak at a binding energy of 577.4 eV and an Cr 2p3/2 

peak at 587.1 eV, both corresponding to Cr(OH)3.
16.17 Therefore, it 

can be suggested that the passive layer which covered on the 3Cr 

steel surface mainly consisted of Cr(OH)3. As the polarization 

progressed, Cr(OH)3 continually formed and covered on the 3Cr 
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steel surface, thereby causing the decrease in current observed in the 

anode polarization curves in Fig. 2b.  

Fig. 3. Raman spectra of pure Cr(OH)3 powders, pure benzamide, 

and the layer on the 3Cr steel sample that was polarized to -550 mV 

in CO2-saturated solution with 50 mM inhibitor. 

In Fig. 2d, two potentials were chosen: one was Ea (-460 mV) 

which was slightly below Edes, the other was Eb (-420 mV) which 

was between Edes and Ef-des. The two 3Cr steel samples were 

polarized from the OCP to Ea and Eb in the solution containing 600 

mM inhibitor, respectively, and then quickly extracted from the 

solution. Fig. 5 shows the macro and micro morphologies of these 

two 3Cr steel samples. As shown in Fig. 5a, the 3Cr steel surface 

that polarized to Ea was smooth and dark yellow. By contrast, a 

much rougher surface showed on the 3Cr steel sample polarized to 

Eb and most of the surface was dark gray (Fig. 5b). 

 

 

 

 

 

 

 

 

 

 

Fig. 5c shows the field-emission scanning electron microscopy 

(FE-SEM) image of the dark yellow area in Fig. 4a. It was found that 

there were many sub-micro floccules with the sizes of about 400 nm 

covering on the substrate surface. This sub-micro layer was probably 

related to the adsorption of the inhibitor on the steel surface. Figs. 

5(d and e) show the FE-SEM images of different regions in Fig. 5b. 

As shown in Fig. 5d, a layer with a few floccules, which was similar 

with that in Fig. 5c, covered on the steel surface of the yellow area in 

Fig. 5b. However, the coverage-ratio of these floccules in Fig. 5d 

was significantly below that in Fig. 5c. Moreover, in the dark gray 

area of Fig. 5b, no floccules were observed and a cracked corrosion 

film covered on the steel surface (Fig. 5e). This indicates that the 

inhibitor was desorbing from the steel surface when the steel was 

polarized to Eb. 
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Fig. 4. The Cr 2p XPS spectra obtained from the layer on the 3Cr 

steel sample that was polarized to -550 mV in CO2-saturated solution 

with 50 mM inhibitor. 
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Fig. 5. Macro morphologies of the layer on the 3Cr steel sample that was polarized to (a) -460 mV and (b) -420 mV in CO2-

saturated solution with 600 mM inhibitor; (c, d, and e) micro morphologies of the layer in different regions where the arrow is 

pointing. 
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As mentioned before, the potential plateau in Fig. 2d was 

probably caused by the inhibitor desorption. Ea was below Edes. 

Therefore, it can be speculated that the floccules on the steel surface 

polarized to Ea were probably the inhibitor. To determine the 

composition of the floccules, attenuated total reflection infrared 

spectroscopy (ATR-IR) measurements were realized on the steel 

surface in Fig. 5a. ATR-IR has become a kind of beneficial tool and 

means for analyzing surface properties. Fig. 6(a) shows the ATR-IR 

spectrum of the floccules layer in the frequency range (650–4000 

cm-1). The band located at 1648 cm-1 and 1571 cm-1 corresponds to 

the C=C bond in benzene ring. The band at 1648 cm-1 also 

corresponds to the C=O stretching vibrations of amide. There was a 

band at 1401 cm-1 which was due to the C-N stretching vibrations of 

amide. A broad peak in the range of 3200–3600 cm-1 corresponds to 

the vibrational mode of N-H bond. Therefore, the spectra exhibits 

bands corresponding to the benzamide, indicating that the adsorbed 

floccules layer on the 3Cr steel surface in Fig. 5c mainly consists of 

the inhibitor. On the other hand, ATR-IR tests were also realized on 

the 3Cr steel sample that was polarized to -550 mV in CO2-saturated 

solution with 50 mM inhibitor. As shown in Fig. 6(b), there was only 

one band at 3522 cm-1 which corresponds to the O-H bond of 

Cr(OH)3, indicating that there was no inhibitor adsorbing on the steel 

surface. This was consistent with the results of Fig. 3.  

 

Fig. 6. (a) ATR-IR spectra of the layer on the 3Cr steel surface in 

Fig. 5a; (b) ATR-IR spectra of the layer on the 3Cr steel sample that 

was polarized to -550 mV in CO2-saturated solution with 50 mM 

inhibitor. 

The results above demonstrated that the inhibitor concentration 

was a key variable governing the passive layer formation on the 3Cr 

steel surface. When the benzamide concentration was below 200 

mM, inhibitor molecules were dispersed in the solution with a low 

density and could not fully cover the steel surface in a short time. An 

incubation period is needed for the inhibitor adsorption. The bare 

steel substrate was quickly corroded during this incubation period 

and the continuous selective dissolution of Fe from 3Cr-steel surface 

resulted in an enrichment of Cr on the steel surface. The enriched Cr 

reacted with the water at the interface and Cr(OH)3 was generated. 

Therefore, a Cr-rich passive layer formed and covered on the steel 

surface, resulting in a current decrease in the anode polarization 

curves (Fig. 2b). That is, the presence of the inhibitor has no 

significant impact on the formation of Cr(OH)3 passive layer below 

the inhibitor concentration of 200 mM. However, if the benzamide 

concentration reached sufficient high, such as 600 mM, inhibitor 

molecules could quickly aggregate at the steel/environment interface 

in a short time. A complete layer of inhibitor formed and adsorbed 

on the steel surface. This inhibitor layer could effectively inhibit the 

corrosion of the substrate, thereby preventing the passive layer 

formation. Therefore, a typical potential plateau corresponding to the 

inhibitor desorption was observed in Fig. 2d. 

Conclusions 

In the absence of interface inhibitors, an interaction effect 

between the passive layer formation and the inhibitor 

adsorption was observed on the 3Cr steel surface. When the 

inhibitor concentration is below 200 mM, the presence of the 

inhibitor has no significant impact on the passive layer 

formation of 3Cr steel. However, above a threshold of roughly 

600 mM, inhibitors can quickly adsorb on the steel surface and 

significantly inhibit the formation of Cr(OH)3 passive layer. 
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