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Abstract 

ToF-SIMS and XPS are combined to study the adsorption of tetradecyl-benzyldimethyl-ammonium (BDA-C14) 

bromide corrosion inhibitor on carbon steel surface. BDA-C14 forms a protective layer with N-containing polar 

head group interacting with carbon steel surface. The adsorbed inhibitor surface coverage strongly depends on 

immersion time and inhibitor concentration. A maximum and uniform coverage is found for sufficiently long 

exposure times at a critical inhibitor concentration of about 25 ppmw. The uniform adsorbed inhibitor layer 

formed on the surface mitigates the formation of iron chloride/hydroxide intermediates and thus enhances the 

corrosion protection of carbon steel in aggressive environment. 
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Introduction 

For fast and convenient operation and large transportation volume of crude oil and natural gas, 

pipelines are an economical key answer to the continuous demand for oil and gas [1]. Pipelines are 

commonly produced out of carbon steel due to their good mechanical properties and low cost [2, 3]. 

However, it is known that carbon steel suffers from high corrosion risks in aggressive environments, 

which makes the internal pipeline corrosion a challenging problem and may cause huge economic 

losses and safety issues [1, 4]. Among the available corrosion mitigation methods, the use of corrosion 

inhibitor is the most cost-efficient and convenient way to slow down the internal pipeline corrosion 

rate [5].  
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Organic inhibitors protect the metallic substrate by forming an adsorbed layer which can impede the 

access to the surface by water molecules and other corrosive species [6]. The inhibition effectiveness 

depends on the ability of the inhibitor / surface system to form an adherent and continuous layer. The 

polar functional headgroups and the intermolecular interactions between the inhibitor molecule tails 

play a crucial role [7, 8]. Based on the interaction strength between surface and inhibitor, the inhibitor 

compounds have been described as being physisorbed or chemisorbed [9]. Physisorption describes the 

the weak electrostatic interactions between charged substrate/inhibitor molecules, as well as van der 

Waals interactions, dipole-dipole and London forces [9]. Heteroatoms contained in the polar 

headgroups, such as -NO2, NH2, -OH, -HS, -PO4 etc, usually act as adsorption centers [9-12]. Some 

organic inhibitors can adsorb on the carbon steel surface by sharing conjugative bonding or 

π-electrons between the inhibitor and metallic d-orbital, leading to stronger bonds, which is often 

referred to as chemisorption [10, 13, 14]. The heterocyclic compounds containing N or S atoms often 

exhibit good corrosion inhibition performance because they have high-density electron clouds around 

the substitutive atoms/groups on the ring, which makes them interact with the metal surface more 

readily, leading to chemisorption [6]. With chemisorption that involves charge sharing or charge 

transfer between inhibitor molecule and metal surface, the resulting adsorption is stronger and more 

persistent. Although chemisorption usually provides strong interactions with surfaces, it may have 

slow adsorption kinetics [15, 16] and has large chemical specificity [16-18]. The occurrence of 

chemisorption strongly depends on the type of surface and is very specific [16-18]. In contrast, 

physisorption provides weaker interaction with surfaces, but adsorption kinetics is faster and is not as 

sensitive to the surface type [16, 19-21].  

Previous studies of organic inhibitors have been mostly focused on exploring corrosion inhibition 

efficiency by electrochemical methods. Potentiodynamic polarization curves and electrochemical 

impedance spectra have been the most commonly used techniques for investigating organic inhibitor 

performance. By measuring the inhibitor layer capacitance, double layer capacitance, and charge 

transfer resistances using electrochemical impedance spectroscopy, the inhibitor layer structures and 

corrosion rates were estimated [22-26]. By measuring the variations of corrosion rates with the 

increase in inhibitor concentration at various temperatures, it was found that experimental data on 

inhibition studies can be described in terms of adsorption isotherms, by using Langmuir, Temkin or 

Frumkin models. In addition, by monitoring the positive or negative shifts of corrosion potential after 

adding inhibitors, some researchers proposed a selective inhibitor adsorption on anodic or cathodic 

sites where inhibitor preferentially retarded the anodic or cathodic reactions [27, 28]. Take the widely 

used quaternary ammonium inhibitor for example, some authors claimed that it mainly mitigates the 

anodic reaction by preferential adsorption on anodic sites, as indicated by the positive shift of 
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corrosion potential [28, 29]. However, this interpretation cannot be assumed valid for the conditions 

where a limiting current controls the cathodic reaction or passive current controls the anodic reaction. 

On the other hand, Dominguez et al. pointed out that a positive shift of corrosion potential does not 

mean that the added inhibitor preferable retards the anodic reaction. They gave a more comprehensive 

interpretation in which one can see a positive shift of the corrosion potential when the corrosion 

process is initially under mixed or limiting current control, even if both anodic and cathodic charge 

transfer reactions are equally retarded, whereas the limiting current is not [30]. 

These contradictions and discrepancies could be, at least in part, attributed to the limitation of 

traditional electrochemical techniques. The corrosion inhibition behaviour of organic inhibitor greatly 

depends on the metal-solution interface, which can strongly affect the adsorption properties. The 

commonly used electrochemical techniques only focus on the electrochemical process reactions and 

provide no or little direct evidence on surface adsorption. The use of advanced surface analysis 

techniques such as atomic force microscopy (AFM) [31-33], scanning tunnelling microscopy (STM) 

[34], X-ray photoelectron spectroscopy (XPS) [35-40] and time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) [36-39] have greatly contributed to a better understanding of inhibitor 

adsorption. The XPS and ToF- SIMS techniques are particularly appropriate to analyse the chemical 

structure of thin surface layers in corrosion studies [36, 37, 41, 42]. A few XPS and ToF-SIMS studies 

have been performed in the past to study corrosion inhibitors on brass [38, 39], copper [35], and 

aluminium [36, 37]. For example it was found by XPS that, on brass, an organometallic complex 

forms on top of a surface layer [38]. XPS can also identify the surface inhibitor density through 

detecting the N-containing (inhibitor related) species on aluminium or brass by principal component 

analysis or by quantitative high resolution XPS data analysis [37, 38]. ToF-SIMS can be used as a 

powerful technique to analyse the inhibitor bonding mechanism, the distribution of inhibitor 

molecules in the surface layer, and the thermal stability of surface layer, as already reported on 

aluminium [36, 38, 39]. 

Only few studies of corrosion inhibition of carbon steel using XPS and ToF-SIMS techniques have 

been found [43-45]. In the present work, both XPS and ToF-SIMS techniques were employed to 

explore the adsorption and inhibition mechanisms of a quaternary ammonium model compound on an 

extensively used UNS G1018 carbon steel in CO2 saturated NaCl solution. 

Experimental 

Substrate material and chemicals 

UNS G1018 steel specimen, which consist of 0.018% C, 0.75% Mn, 0.011% P, 0.021% S and 0.0067% 

Jo
ur

na
l P

re
-p

ro
of



 

 

4 

 

N and Fe in balance, were cut out in a form of a 1-3 mm thick flat square sheet with 1×1 cm2 area. 

These carbon steel specimens were polished using 600, 1200, 2400, and 4000 SiC papers, and then 

polished down to 0.25 μm with alumina oxide suspensions. The polished specimens were finally 

thoroughly rinsed with distilled water and quickly dried under a stream of compressed air.  

The organic corrosion inhibitor used in this work was a model quaternary ammonium compound 

which contains a polar headgroup, dimethylbenzylammonium and a hydrophobic tail consisting of 14 

carbon atoms-tetradecyl (-C14H17), and the counterion is bromide. This model compound (BDA-C14) 

was synthesized in-house in order to reach a high level of purity (99%), necessary to precisely 

investigate the role of the headgroup and tail during adsorption and corrosion inhibition. The purity of 

this BDA-C14 model compound was characterized by proton nuclear magnetic resonance (H-NMR or 

simply NMR). The molecular structure of this model compound is illustrated in Fig. 1. The details of 

the synthesis process of this compound were presented in previous publications [46, 47]. 

  

Fig. 1 The molecular structure of tetradecyl-benzyldimethyl-ammonium (BDA-C14) bromide. 

Aqueous 1 wt% NaCl solution containing different concentrations of BDA-C14 were used as 

corrosive medium, which are typically used for representing water environment with dissolved salt in 

oil and gas fields. The BDA-C14 inhibitor is completely soluble at all test concentrations in aqueous 

solutions. The solubility of BDA-C14 in 1 wt% NaCl is larger than 500 ppmw (parts per million by 

weight, equivalent to mg/L). The solutions were prepared using deionized water with a resistivity of 

18 MΩ.cm. Before specimen immersion, the solution was purged by CO2 bubbling for at least 2 hours 

to remove dissolved oxygen and saturate the solution.  

Immersion test 

Immersion tests were carried out in 50 mL glass vials at room temperature (25 ± 2 °C). CO2 

atmosphere was continuously maintained during the specimen immersion. The inhibitor 

concentrations used in immersion tests were 0, 5, 10, 25, and 100 ppmw. The initial pH of the test 

solution was 3.9 ± 0.1. The immersion times were 3, 10, 20 minutes, 1 hour, and 3 hours. After 
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immersion, the specimen was taken out, rinsed by distilled water, dried in a stream of CO2 gas and 

introduced in XPS and ToF-SIMS chambers where they were analysed.  

Surface analysis 

Time-of-flight secondary ion mass spectrometry measurements were performed using a dual beam 

ToF-SIMS V spectrometer (IONTOF GmbH, Muenster, Germany). The base pressure in the analysis 

chamber is maintained below 5.0 × 10-9 mbar in normal operating conditions. The total primary ion 

flux was less than 1012 ions cm−2 to ensure static conditions. For mass spectra measurements, the 

spectrometer was run in high-current bunched mode for optimum mass resolution (M/ ∆M about 

8000). A Bi+ primary ion source with a 1.2 pA current, scanned over a 500 × 500 μm2 square area (45° 

incidence to the specimen surface) was used as the analysis beam. Each specimen was analysed at 

least four times on different areas. Depth profiles measurements were performed in high-current 

bunched mode with dual beam using a pulsed 25 keV Bi+ primary ion source delivering 1.2 pA of 

target current over a 100 × 100 μm² area (45° incidence to the specimen surface) interlaced with a 500 

eV Cs+ sputter beam delivering 25 nA of target current over a 300 × 300 μm² area (45° incidence to 

the specimen surface). Both the positive and negative depth profiles were recorded (remark: 

ToF-SIMS being a destructive technique, positive and negative profiles have been obtained in two 

distinct areas). Since ToF-SIMS is a non-quantitative technique (due to a strong matrix effect on ion 

emission), the intensity of the plotted ions cannot be compared directly and do not reflect the 

concentrations of the associated species in the substrate. However, ToF-SIMS mass spectra and depth 

profiles can be used to evaluate the intensity evolution for a given ion if the matrix remains similar. 

Thus, when a comparison between two specimens is done for a similar matrix, it is considered that the 

ionization yield is similar for the two specimens. In this study, we assume that the ionization yields of 

the inhibitor on the specimen surface remain similar, making the comparison of the intensities of same 

ions between ToF-SIMS mass spectra and depth profiles possible to evaluate the composition 

variation as function of the immersion time and inhibitor concentrations. 

X-ray Photoelectron Spectroscopy analysis was performed using a Thermo Electron ESCALAB 250 

spectrometer. A monochromated Al Kα X-ray source (hν = 1486.6 eV) was used. The base pressure in 

the analytical chamber was maintained at 10−9 mbar. The take-off angle was 90° and the XPS analysed 

surface is a disk area with 500 μm diameter. Survey spectra were recorded with a pass energy of 100 

eV at a step size of 1 eV and high-resolution spectra were recorded with a pass energy of 20 eV at a 

step size of 0.1 eV.  
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Results and discussion 

 

Fig. 2 ToF-SIMS positive ion spectrum for BDA-C14 inhibitor deposited on a silicon plate. 

Fig. 2 shows the ToF-SIMS positive ion spectrum for BDA-C14 inhibitor, which was deposited on a 

silicon wafer by immersion in inhibitor saturated ultra-pure water, recorded between m/z = 0 and 340. 

This spectrum was obtained with sufficiently low primary ion current, providing static conditions, so 

that only the first layers of the specimen surface are probed (between 1 and 3 monolayers). Typical 

hydrocarbon related peaks, i.e., C+ at m/z 12.00, CH+ at m/z 13.00, C2H3
+ at m/z 27.02, C3H5

+ at m/z 

41.04 and C7H7
+ at m/z 91.05, are labelled in the spectrum [39]. The origin of these hydrocarbon 

peaks at low mass range is twofold: ionization of carbonaceous contamination from transfer in air of 

the specimen, and fragmentation of BDA-C14 inhibitor present on the surface. A good proof of the 

presence of BDA-C14 inhibitor on the surface is the signal of the molecular ions C16H34N
+ (m/z = 

240.27) and C23H42N
+ (m/z = 332.32) which correspond to the functional headgroup containing the 

heteroatom N the alkyl tail comprised of 14 carbon atoms, and the whole inhibitor molecule, 

respectively.  
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Fig. 3 ToF-SIMS positive ion mass spectra: (a) C16H34N
+ and (b) C23H42N

+, obtained on 1018 carbon steel after 

immersion for 1h in 1wt% NaCl solution saturated CO2 with different BDA-C14 concentrations. 

Fig. 3 shows the ToF-SIMS mass spectra recorded for the carbon steel surfaces after 1 hour 

immersion in 1 wt% NaCl solution with various concentrations of BDA-C14 inhibitor (0, 5, 10, 25, 

and 100 ppmw). From 0 to 25 ppmw the intensities of C16H34N
+ and C23H42N

+ signals increase from 

about a negligible value to about 4×106 counts. For higher inhibitor concentration (100 ppmw), the 

intensities of the characteristic C16H34N
+ and C23H42N

+ ions remain identical to those observed for 25 

ppmw (around 4×106 counts). This shows that (i) increasing inhibitor concentration in the solution 

lead to a higher level of inhibitor adsorption on the carbon steel surface, and (ii) the adsorption of 

inhibitor on the surface reaches a saturation level for about 25 ppmw concentration, indicating that the 

maximum surface coverage by the inhibitor was reached. Interestingly, this surface saturation 

phenomenon has also been observed during electrochemical corrosion rate measurements [33, 47]. It 

was found that the stabilized corrosion rates under inhibition usually decreased as inhibitor 

concentrations increased until the surface was saturated with inhibitor, and any further addition of the 

inhibitor to the bulk solution did not lead to a measurable/significant further decrease of the inhibitor. 

The value of surface saturation concentration obtained here from the ToF-SIMS mass spectra is in 

qualitative agreement with the saturation concentration of the same inhibitor model compound 

obtained by electrochemical methods (25 ppmw -50 ppmw) [33, 47].   

 

 

Fig. 4 ToF-SIMS depth profiles (for negative and positive ions) for layers formed on 1018 carbon steel (a) before 

and (b)-(f) after immersion for 1h in 1 wt% NaCl solution saturated with CO2 and with different BDA-C14 

inhibitor concentrations: (b) 0 ppmw, (c) 5 ppmw, (d) 10 ppmw, (e) 25 ppmw and (f) 100 ppmw. 
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In order to better understand the effect of inhibitor concentration on the corrosion protection of the 

carbon steel in 1 wt% NaCl solution saturated with CO2, and to elucidate the possible development of 

multilayers stacks of inhibitor on the carbon steel surface after immersion in high inhibitor 

concentration solutions (> 25 ppmw), ToF-SIMS depth profiles for negative and positive ions were 

recorded. Fig. 4 summarizes the depth profiles for a compilation of fragments originating from 

negative (Cl-, FeO2
- and Fe2

-) and positive (C16H35N
+ and C23H42N

+) ions for various inhibitor 

concentrations. Negative and positive profiles are not recorded on the same area, but on the same 

specimen, so they are plotted on the same graph. In the ToF-SIMS negative ion depth profiles, the Fe2
- 

signal is characteristic of the metallic substrate and the beginning of the intensity plateau is used to 

localize the metal and oxide/hydroxide layer interface. The FeO2
- and Cl- signals [48, 49] indicate iron 

oxide/hydroxide [50, 51] and chloride ions/iron chloride intermediates [52, 53], respectively. The 

exact composition of these intermediates is not readily known, but their presence on the surface of 

iron/steel corroding in acidic aqueous solutions is also evidenced by electrochemical studies [50, 52, 

53]. The FeCO2
-
 signal is used to indicate iron carbonate. On ToF-SIMS positive depth profiles, both 

the C16H34N
+ and C23H42N

+ signals represent the BDA-C14 inhibitor.  

The ToF-SIMS depth profile of the native layer formed in air on 1018 carbon steel is shown in Fig. 

4(a). Its comparison with depth profiles recorded after immersion in the NaCl solution with various 

concentrations of inhibitors will reveal the effect of the inhibitor on the nature, structure, composition 

and thickness of the surface layer. On the native surface, the FeO2
- signal is spread over the first 50 s 

of sputtering, indicating the presence of an iron oxide/hydroxide. As one probes deeper into the 

substrate, one enters a region which is characterized by the intense Fe2
- signal. This second region 

corresponds to the metallic substrate. A small FeCO2
- signal is observed in the inner oxide layer, close 

to the metal and oxide/hydroxide layer interface. The intensity of this signal, much lower than the 

intensity of the FeO2
- signal, indicates that traces of FeCO3 coexist with the iron oxide/hydroxide in 

the inner region of the layer. Before immersion in NaCl containing solution, a Cl- signal is observed 

during the first seconds of sputtering. It is not surprising considering the very high ionization yield of 

Cl in negative polarity. The Cl- signal is thus assigned to a chloride contamination of the surface 

during surface preparation, removed after a few seconds of sputtering. A similar observation has been 

reported for other metal surfaces [54].  

Fig. 4(b) shows the ToF-SIMS depth profiles obtained on carbon steel after 1 h immersion in CO2 

saturated NaCl solution without inhibitor. The FeO2
- peaks before 50 s and the intense Fe2

- ions in a 

deeper region indicate that the metallic substrate is still covered with a layer of iron oxide/hydroxide. 

Traces of FeCO3 are also observed, as indicated by the low intensity FeCO2
- signal located close to the 

metal and oxide/hydroxide layer interface. The immersion in CO2 saturated solution for relatively 

Jo
ur

na
l P

re
-p

ro
of



 

 

9 

 

short exposure time has very limited effect on the amount of FeCO3 in the surface layer. The Fe2
- 

signal progressively increases but does not reach an intensity plateau even after 400 s of sputtering, 

and the FeO2
- signal shows a slow intensity decreasing after 20 s of sputtering. This indicates a 

marked roughening of the surface, attributed to corrosion in the aqueous solution. Such observation 

has already been reported for other metals [48]. Focusing on the Cl- signal, a constant intensity, 

around 105 counts, is observed throughout the whole probed thickness, due to the saturation of the 

detector (which is function of the ToF-SIMS analysis conditions). This indicates that the surface layer 

formed on the carbon steel substrate contains a high concentration of Cl ions, and confirms that the 

specimen is significantly corroded when immersed in 1 wt% NaCl aqueous solution without inhibitor. 

The above discussed behaviors of FeO2
-, Fe2

- and Cl- signals can be related with the iron dissolution 

mechanisms deduced from electrochemical studies. Several studies [55-57] have reported that there 

are two parallel reaction pathways in the mechanism for iron dissolution in chloride containing acidic 

media, one involving the formation of hydroxide intermediates and another involving chloride 

intermediates. 

Fig. 4(c-f) shows the ToF-SIMS depth profiles recorded at various concentrations of inhibitor ranging 

from 5 ppmw to 100 ppmw on 1018 carbon steel immersed in 1 wt% NaCl aqueous solution, saturated 

with CO2. Looking at the C16H34N
+ and C23H42N

+ signals, the depth profiles show that their maximum 

intensities are located at the outer surface leading to the conclusion that the Fe oxide/hydroxide (still 

characterized by the FeO2
- signal) is covered by inhibitor molecules. Adsorption of BDA-C14 

inhibitor is detected at 5 ppmw and one observes that the thickness of the inhibitor layer remains 

unmodified at higher inhibitor concentrations. The C16H34N
+ and C23H42N

+ signals remain intense on 

the outer oxide/hydroxide surface only and decrease rapidly upon ion etching.  

The in-depth profiles for the Cl-, FeO2
- and Fe2

- negative ions obtained in the presence of the inhibitor 

are then compared to the in-depth profile obtained on the native layer in order to evaluate the 

protective effect of the adsorbed organic layer formed on the surface for various inhibitor 

concentrations in the aqueous solution. The observation of the FeO2
- and Fe2

- depth profiles allows us 

to conclude that after immersion in 1 wt% NaCl solution containing inhibitor, an oxide/hydroxide 

layer remains on the metallic substrate. The metal and oxide/hydroxide layer interface (assigned to the 

position where Fe2
- reaches an intensity plateau) is located at 70 s, 60 s and 50 s of sputtering for 

inhibitor concentrations of 5 ppmw, 10 ppmw and 25 ppmw and above, respectively. Thus, although 

with inhibitor concentrations lower than 25 ppmw longer sputtering times required to remove the 

oxide/hydroxide are observed, one observes that the oxide/hydroxide layer thickness for inhibitor 

concentrations of 25 ppmw and up is similar to the one observed on the native oxide/hydroxide layer, 

with a sharper metal and oxide/hydroxide layer interface. This indicates that a critical inhibitor 
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concentration, around 25 ppmw, is necessary to prevent corrosion of the 1018 carbon steel in 1 wt% 

NaCl solution, and thus limits the roughening caused by corrosion, which is responsible for a longer 

sputtering time. The roughness is also reflected by the long ―tail‖ of the FeO2
- signal into the metallic 

substrate region, which also supports the above interpretation. Finally, the high intensity of the Cl- 

signal saturating the detector for the lowest inhibitor concentrations shows that for lower inhibitor 

concentration, iron dissolution still proceeds significantly as indicated by the accumulation of Cl- and 

intermediates. The low concentration is not enough to form a protective barrier on the whole surface, 

therefore the surface is exposed to corrosive species in aqueous solution and therefore became 

roughened (as indicated by the thicker and less sharp FeO2
- signal at 5 and 10 ppmw) due to corrosion. 

The Cl- and OH- ions can adsorb and penetrate through the exposed surface layer, and then participate 

in the iron dissolution reactions.  

This study demonstrates that a critical inhibitor concentration exists for this chemical and that it is 

around 25 ppmw. It corresponds to the bulk inhibitor concentration at which the surface has reached 

its maximum coverage by the inhibitor molecules. At this critical concentration (25 ppmw) and above 

it, the oxide/hydroxide layer thickness remains similar to the one observed on the native surface. This 

indicates that the inhibitor layer is formed on the oxide/hydroxide layer surface, stabilizes it and 

strongly reduces the corrosion when the carbon steel is immersed in the aqueous solution. This critical 

inhibitor concentration is also consistent with the previous AFM observation [33] and electrochemical 

corrosion rates [33, 47] results within a reasonable small deviation. 

 

Fig. 5 ToF-SIMS positive ion mass spectra of (a) C16H34N
+ and (b) C23H42N

+, obtained for the 1018 carbon steel 

after immersion in 1 wt% NaCl and 25 ppmw BDA-C14 solution saturated with CO2, after different immersion 

times. (The red and black curves represent the lowest and highest intensity values obtained on the specimen 

surface at each immersion time) 

Since a critical inhibitor concentration enhances the corrosion protection of 1018 carbon steel 

immersed in 1 wt% NaCl solution saturated with CO2, it is interesting to investigate the effect of 
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exposure time to the inhibitor solution for this critical concentration. Thus, specimens were immersed 

in 1 wt% NaCl + 25 ppmw BDA-C14 solution for durations ranging from 3 minutes to 3 hours. Fig. 5 

presents the intensities of the ToF-SIMS peaks related to C16H34N
+ and C23H42N

+ ions (characteristic 

of the inhibitor, see above) obtained on the surface of the 1018 carbon steel after different immersion 

times. For each specimen, and each immersion time, five different areas with a size of 500×500 μm2 

were analysed for statistics, and the lowest intensity values (red curves) and highest intensity values 

(black curves) are plotted in Fig. 5.  

We observe a significant difference between the highest and the lowest intensity of the signals of the 

C16H34N
+ and C23H42N

+ ions for short immersion times, and this difference gradually decreases as 

immersion time increases. This indicates a non-uniform coverage by the inhibitor for short immersion 

times, whereas the coverage becomes uniform for longer times. Remarkably, the highest intensities 

(black curves) are similar for all immersion times (about 5×105 and 4×106 for C16H34N
+ and C23H42N

+, 

respectively), suggesting that densely covered regions on the surface already exist starting from 3 min 

of immersion. This is reasonable because it is well known that the kinetics of inhibitor adsorption via 

the positively charged headgroups is fast, as observed for the same inhibitor model compound by 

previous AFM [33], quartz crystal microbalance (QCM) [58] and electrochemical studies [33, 47]. For 

example, it has been shown by in situ AFM real time topography imaging [33] that carbon steel 

surfaces corrode significantly within a few minutes after immersing in inhibitor solution, while further 

continuous corrosion could hardly be detected as immersion time increased, indicating inhibitor 

adsorption occurred just within a few minutes of immersion of steel. Likewise, some QCM studies 

[58-60] have detected the adsorption of inhibitor on metal surfaces after exposure for a few minutes. 

Also, the observed shift of the open circuit potential towards positive potentials immediately after 

injection of inhibitor indicates a fast adsorption [61, 62].  

Looking closer at the lowest intensity of the signals of the C16H34N
+ and C23H42N

+ ions on Fig. 5 (red 

plots), i.e., at the regions not densely covered by the adsorbed inhibitor molecules after short 

immersion times, it is observed that these regions start with low intensities, and their intensities 

slowly grow as immersion time increases until a uniform inhibitor layer formed. Combining this 

finding with the rapid adsorption observed at the highest intensity region (black curve) as discussed in 

last paragraph, it is consistent with previous studies [63-66], where the adsorption of surfactant 

molecules starts with a rapid adsorption thanks to electrostatic interactions between N containing 

polar head group and the surface, then followed by the progressive lateral growth of these adsorbed 

region by lateral hydrophobic interactions between molecular alkyl tails to form islands that, at the 

end, extend and form a close-packed layer of adsorbed inhibitor on the surface. Previous AFM studies 

of BDA-C14 inhibitor layers [32] and molecular simulation studies [67, 68] also revealed this rapid 
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adsorption followed by slow lateral self-assembly process.  

 

Fig. 6 ToF-SIMS negative and positive ions in-depth profiles for 1018 carbon steel after immersion in 1 wt% NaCl 

solution saturated with CO2 with 25 ppmw BDA-C14 inhibitor concentration for different immersion times: (a) 3 

min, (b) 10 min, (c) 1 h and (d) 3 h. 

ToF-SIMS in-depth profiles were also recorded on the 1018 carbon steel after immersion in 1 wt% 

NaCl solution with 25 ppmw BDA-C14 for different times to investigate the effect of a uniform and 

compact inhibitor layer formation on the corrosion protection of carbon steel, and the results are 

presented in Fig. 6. The C16H34N
+ and C23H42N

+ depth profiles show that for all exposure times an 

inhibitor layer is adsorbed on outside surface of the oxide/hydroxide layer and the thickness of the 

inhibitor layer remains unchanged with exposure time. The similar shape of depth profiles for Fe2
- and 

FeO2
- signals suggests relatively low corrosion rates during immersion at all times. Another interesting 

point is that the plateau intensity variations for the Cl- depth profiles, which increases from 10 counts 

at 0 min immersion (Fig. 4(a)) to 103 counts at 3 min, and then maintains stable at 104 counts after 1 h 

immersion, reveal that a continuous Cl- diffusion into the oxide/hydroxide layer and formation of Cl 

intermediates through iron dissolution reaction take place for short immersion time and is then almost 

stopped after 1 h. Combining the discussion on the critical concentration (previous part) and the 

adsorption kinetics of the inhibitor layer on surface, one can conclude that, for short immersion time, 

a competition between the inhibitor adsorption and formation of Cl intermediates happens at the 
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surface. With increasing immersion time, the formation of a compact and continuous inhibitor layer 

on the surface reduces the Cl adsorption and diffusion through oxide/hydroxide layer and further 

mitigate the formation of reaction intermediates.  

 

Fig. 7 XPS high resolution spectra of (a) C 1s and (b) N 1s obtained for pure BDA-C14 inhibitor 

XPS measurements were performed to obtain data on adsorption of the inhibitor on the carbon steel 

surface. Firstly, pure BDA-C14 inhibitor was analysed by XPS to get the basic chemical information. 

Fig. 7 shows the XPS high resolution spectra of C 1s and N 1s obtained on pure BDA-C14 inhibitor. 

The C 1s core level spectrum is fitted with two peaks (C1 and C2) at binding energies of 285.8 eV and 

287.1 eV with peak areas of 93877 cps x eV and 22709 cps x eV, respectively. The N 1s core level 

spectrum is fitted with only one peak (N1) at a binding energy of 403.2 eV, with peak area of 8233 cps 

x eV. The atomic composition given directly by Avantage software after XPS peak fitting (the 

transmission, escape depth and sensitivity of each element were taken into account by the software) is 

C1: 78.4%, C2: 17.4% and N1: 4.2%, and the ratio between carbon and nitrogen is 4.3, in agreement 

with the stoichiometric ratio calculated from the number of nitrogen (1) and carbon (23) atoms in the 

BDA-C14 molecule. In addition, the experimental atomic ratio between C2 and N1 is 4.1, in 

agreement with the assignment of C2 to the four carbon atoms bonded to nitrogen in the functional 

headgroup. 
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Fig. 8 XPS high resolution spectra of (a1-d1) Fe 2p3/2, (a2-d2) N 1s and (a3-d3) C 1s obtained for 1018 carbon 

steel (a) before (native layer) and after 1h immersion in 1 wt% NaCl solution with various BDA-C14 inhibitor 

concentrations ((b) 0 ppmw, (c) 25 ppmw, (d) 100 ppmw). 

Fig. 8 shows the XPS high resolution spectra of Fe 2p3/2, N 1s and C 1s obtained for 1018 carbon steel 

before and after 1 h immersion in 1 wt% NaCl solution with inhibitor concentrations of 0, 25, and 100 

ppmw. The C 1s spectra are fitted with four peaks, corresponding to the C-C/C-H (BE = 285 eV), C-O 

and C-N (BE = 286,3 eV), O-C-O (BE = 288.2 eV) and O-C=O (BE = 289.1 eV). No iron carbonate 

species are observed in the C 1s spectra, indicating that if there is any FeCO3, its concentration in the 

surface oxide/hydroxide layer is below 1% (detection limit of XPS). The C 1s spectra are not used to 

characterize the inhibitor, since they contain the signals of adventitious carbonaceous species. The Fe 

2p3/2 spectra are fitted with two peaks, corresponding to metallic Fe (BE = 706.6 eV) and oxidized 

Fe(II/III) (BE = 710.3 ± 0.2 eV). For the native layer, i.e. before immersion (Fig. 8(a2)) and for the 
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specimen immersed in pure NaCl solution (without inhibitor) (Fig. 8(b2)), a single peak at a binding 

energy of 400.1 eV allows us to fit the N 1s spectra. The intensity of this peak is very low, and can be 

assigned to some surface organic contamination or nitrogen in the carbon steel (although the very low 

nitrogen content in the steel makes this unlikely). After immersion in NaCl solution with addition of 

25 ppmw and 100 ppmw inhibitor, the N1s peak intensities are higher and three peaks are necessary to 

fit the N 1s spectra. Among these three peaks, the one at a binding energy of 400 eV is assigned to 

nitrogen from some surface organic contamination or the nitrogen in carbon steel. The two others, at 

binding energies of 403.2 eV and 398.1 eV are assigned to the inhibitor adsorbed on the surface. It is 

noted that the peak at 403.2 eV corresponds to the exact same binding energy as that observed for the 

pure inhibitor adsorbed on silicon wafer (Fig. 7), and thus it is assigned to physisorbed inhibitor. 

As for the peak at 398.1 eV, the situation is more complicated and the different possibilities are 

discussed below. The first considers a scenario that is related to two different molecular orientations 

of the benzene ring. Khan et al. [69] did an all-atom molecular dynamics (MD) simulation for the 

BDA series inhibitor molecules. The simulation results showed the benzene ring could have strong 

affinity to metal surface, and tends to lie flat on the surface, perhaps with π-electrons interacting 

with metal [10]. The bond of the benzene ring with surface may change the electronic density of N in 

the molecule. Therefore, the two different molecular orientations of benzene ring (bonded to surface 

or not), may induce these two different N binding energies at 403.2 eV and 398.1 eV. Second scenario 

involves two different molecular orientations for head groups and tails. Based on Ko et al.’s [68] 

molecular dynamic simulation, the amphiphilic inhibitor molecules adsorb on surface with their polar 

head and hydrophobic tails towards the surface alternately, when forming a uniform layer. This could 

give two different binding energies for N because one type of molecules has its N atom 

electrostatically interacting with the surface (head group towards surface), and another type of 

molecules has its N atom towards the bulk without interaction with the surface (head group towards 

bulk). Interestingly, Wu et al [70] have also found that for a 2-mercaptobenzimidazole (2-MBI) 

inhibitor molecule adsorbed on copper, the N 1s spectrum is composed of two components N1 and N2 

at binding energies of 400.1 eV and 398.9 eV, corresponding to nitrogen bonded and not bonded to 

copper, respectively. One can also easily assign these two different binding energies as physisorption 

and chemisorption, however, BDA-C14 inhibitor as a quaternary ammonium compound does not have 

lone pair electrons on its N, therefore it is hard to imagine it can form a chemical bond with the steel 

surface. Therefore, this scenario is unlikely, and the first two scenarios with different molecular 

orientations are more plausible to explain the two peaks of N at 403 eV and 398.1 eV. 

The peak area ratio between nitrogen species (N (403 eV) / N (398.1 eV)) is the same for two 

different concentrations, showing that when the surface of the carbon steel is fully covered by the 
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inhibitor, the ratio between molecules with two different orientations remains constant. The 

mechanism of inhibitor adsorption strongly depends on the surface/inhibitor system. In the case of 

inhibitors with nitrogen-containing functional headgroups, the inhibitor adsorption can be by 

electrostatic interactions between N head group and steel surface with different molecular orientations 

[10-12, 71]. 

 

Fig. 9 Model used to calculate the thicknesses of inhibitor and oxide/hydroxide layers on a 1018 carbon steel 

surface, based on the ToF-SIMS results. 

Based on the ToF-SIMS in-depth profiles, a model of the inhibitor/oxide/metal system covering the 

carbon steel substrate is proposed and is presented Fig. 9. It is then used to calculate, from the XPS 

data, the inhibitor and oxide/hydroxide layer thicknesses. To do so, it is assumed that a continuous and 

compact oxide/hydroxide layer is formed on the metallic substrate, and that the inhibitor layer covers 

the oxide/hydroxide layer. Thus, the thickness can be calculated from the following set of equations 

(for an analysis take-off angle of 90°): 

I𝐹𝑒
𝑂𝑥𝑖𝑑𝑒 = 𝑘𝜎𝐹𝑒𝜆𝐹𝑒

𝑂𝑥𝑖𝑑𝑒𝐷𝐹𝑒
𝑂𝑥𝑖𝑑𝑒𝑇𝐹𝑒exp (−

𝑑𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟

𝜆𝐹𝑒
𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟) [1 − exp (−

𝑑𝑜𝑥𝑖𝑑𝑒

𝜆𝐹𝑒
𝑜𝑥𝑖𝑑𝑒)]                     (eq-1) 

I𝑁
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 = 𝑘𝜎𝑁𝜆𝑁

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟𝐷𝑁
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟𝑇𝑁 [1 − exp(−

𝑑𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟

𝜆𝑁
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟)]                           (eq-2) 

I𝐹𝑒
𝑀𝑒𝑡𝑎𝑙 = 𝑘𝜎𝐹𝑒𝜆𝐹𝑒

𝑀𝑒𝑡𝑎𝑙𝐷𝐹𝑒
𝑀𝑒𝑡𝑎𝑙𝑇𝐹𝑒exp (−

𝑑𝑜𝑥𝑖𝑑𝑒

𝜆𝐹𝑒
𝑂𝑥𝑖𝑑𝑒) exp (−

𝑑𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟

𝜆𝑁
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟)                          (eq-3) 

where I is the intensity of the photoelectrons, k is the constant dependent of the spectrometer, T is the 

transmission factor of the analyser, λ is the inelastic mean free path of an element estimated using the 

TPP2M [72], D is the density of the element, σ is the photoionization cross section of the element 

taken from Scofield [73], d is the thickness of the layer.   

The thickness of the oxide/hydroxide layer is estimated to 2.7 nm for the native layer, 2.9 nm for the 

specimen immersed in inhibitor free NaCl solution, and 2.6 nm for the specimen immersed in 

inhibitor (25 ppmw and 100 ppmw) containing NaCl solutions. The oxide/hydroxide layer thickness 

remains similar whatever the treatment given to the substrate. Concerning the inhibitor layer, a 

thickness of 0.15 nm is calculated for the two specimens exposed to the inhibitor-containing solutions 
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(25 ppmw and 100 ppmw). Considering the molecular tail length of BDA-C14, i.e. 1.64 nm (obtained 

from Avogadro software, or calculated from the 0.154 nm carbon-carbon bond length and 109°28′ 

bonding angle), one concludes that the inhibitor molecule (and particularly the long alkyl chains) are 

oriented along the substrate surface or tilted with an estimated angle of 5° between the molecule and 

the surface, i.e. the inhibitor molecules are adsorbed in the ―lying down‖ position. Considering the 

van der Waals radius of carbon atoms of 0.170 nm [74], the lying down adsorption seems to be the 

most likely inhibitor molecule orientations at the surface as analysed by XPS. This result is different 

from the one obtained by AFM on mica that concluded to a more tilted orientation of BDA-C14 

inhibitor with 1-1.5 nm layer thickness [32]. The apparent smaller layer thickness calculated from 

XPS data can also be related to the simplified model used for the calculation and/or a possible 

dehydration when introducing the specimen into the ultra-high vacuum chamber that could result in 

the collapse of the inhibitor alkyl chains on the surface, while the AFM measurements were 

performed in aqueous solution and inhibitor alkyl tail tended to ―stand up‖ due to hydrophobic 

interactions.  

Conclusions 

This study reports the investigation of adsorption of BDA-C14 molecule for corrosion inhibition of 

1018 carbon steel in CO2 saturated 1 wt% NaCl solution. Direct evidence of the inhibitor adsorption 

on the steel surface is provided by ToF-SIMS and XPS surface analyses. XPS detects N-containing 

polar head groups with two binding energies at 403.2 eV and 398.1 eV compared to the reference 

molecule with only one binding energy at 403.2 eV. This indicates that interactions between inhibitor 

and steel surface are assigned to two possibly different molecular orientations of benzene ring or 

headgroup. The thickness of the full inhibitor layer is estimated to be about 0.15 nm. This is consistent 

with the adsorption of flat-lying molecules on the steel surface. 

ToF-SIMS mass spectra and in-depth profiles confirm that the BDA-C14 corrosion inhibitor is 

adsorbed on the carbon steel surface, and the critical concentration for inhibitor adsorption and 

corrosion protection is about 25 ppmw in 1 wt% NaCl solution saturated with CO2. When the inhibitor 

concentration is below 25 ppmw, the amount of inhibitor is insufficient to get a full coverage of the 

steel surface and corrosion is observed on carbon steel. When the inhibitor concentration is above 25 

ppmw, the carbon steel is fully covered by the inhibitor and the carbon steel corrosion is remarkably 

reduced. This is the result of the formation of a compact and continuous inhibitor layer on the surface. 

Inhibitor concentrations higher than 25 ppmw do not modify the nature, structure and thickness of the 

adsorbed organic layer on the steel surface.  

The inhibitor adsorption kinetics on the carbon steel surface at 25 ppmw concentration was also 
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investigated by ToF-SIMS. For immersion times below 20 min, defective areas remain in the inhibitor 

layer where iron dissolution occurs with the formation of chloride/hydroxide intermediates. These 

defective areas are progressively sealed and a uniform and compact inhibitor layer covers the surface 

after 1 h of immersion time, mitigates the chloride diffusion through oxide/hydroxide layer and the 

formation of chloride/hydroxide intermediates.  
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Highlights 

 The adsorption of BDA-C14 corrosion inhibitor on carbon steel surface was studied by ToF-SIMS and 

XPS. 

 The inhibitor forms a protective layer with N-containing polar head group interacting with carbon steel 

surface. 

 The adsorbed inhibitor surface coverage strongly depends on immersion time and inhibitor 

concentration. 

 The critical concentration for a maximum and uniformed inhibitor coverage on carbon steel is 

determined. 

 The uniform adsorbed inhibitor layer on carbon steel can mitigate the formation of iron 

chloride/hydroxide intermediates. 
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