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Abstract 

 
Corrosion is an issue in oil and gas industry leading to major economic losses. This thesis 

investigated efficacy of amines, imidazolines and aloe vera in corrosion inhibition of 1 Cr steel 

in CO2 or H2S environment. Different electrochemical techniques such as Linear Polarization 

Resistance (LPR), Electrochemical Impedance Spectroscopy (EIS), Potentiodynamic Sweep 

were used throughout this research work to follow the corrosion process. To investigate the 

morphologies and cross sections of the corrosion products and scales, Scanning Electron 

Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) were used.  In order to 

examine phase analysis of corrosion products, X-ray Diffraction (XRD) was used. For the 

chemical analysis, Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Photoelectron 

Spectroscopy (XPS) were used. In addition, molecular modelling were used to investigate the 

molecular mechanisms (adsorption energy) underlying the corrosion inhibition of different 

inhibitor molecules. Amines, imidazolines, and aloe vera were found to be effective in 

corrosion inhibition of 1 Cr steel. The inhibition properties depended on different factors such 

as concentration of the inhibitor, pH, temperature and presence of H2S. In pure CO2 

environment, iron carbonate (FeCO3) is the main corrosion product at higher temperatures, 

which may or may not be protective against corrosion. Among the tested amines, Ethanolamine 

had the best corrosion inhibition efficiency.  Addition of amines before FeCO3 formation 

delayed the formation of FeCO3. Among imidazolines, 2-PI had better corrosion inhibition 

efficiency due to the presence of the phenyl group, which provides additional site for bonding 

with the Fe surface facilitating its adsorption. The aloe vera led to substantially higher 

efficiency when used in higher concentrations (8000 ppm). In the presence of H2S, iron sulfide 

(FeS) is the corrosion product, which can offer corrosion prevention; however, higher 

concentration of H2S can lead to localized corrosion. Higher concentrations of H2S also 

lowered the effectiveness of aloe vera. Addition of other organic molecules such as mono 

ethylene glycol led to greater corrosion inhibition of the inhibitors used in this thesis likely due 

to binding to active sites of the steel surface. The molecular modelling results confirmed the 

binding of the molecules to the active sites on the Fe surface explaining their corrosion 

inhibition mechanisms. Molecular modelling-based calculation of adsorption energy was found 

to be associated with the corrosion inhibition efficiency of the molecules in this thesis. 

Molecular modelling can therefore be a useful tool for screening inhibitor molecules and 

identifying those with potentially good corrosion inhibition properties. 
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Dansk Resume´  

 
Korrosion er problemstilling af olie- og gasindustrien, som giver store økonomiske tab. Denne 

afhandling undersøgte virkningsgraden af aminer, imidaxonliner og aloe vera som 

korrosionshæmmere for 1 Cr stål i et CO2 eller H2S miljø. Forskellige elektrokemiske teknikker 

så som Linear Polarization Resistance (LPR), Electrochemical Impedance Spectroscopy (EIS), 

Potentiodynamic Sweep blev anvendt gennem hele dette forskningsarbejde for at følge 

korrosionsprocessen. Scanning Electron Microscopy (SEM) og Energy Dispersive X-ray 

Spectroscopy (EDS) blev anvendt til at undersøge morfologien og tværsnittene af 

korrosionsprodukterne og det korroderede lag. Henholdsvis, X-ray diffraction (XRD), Fourier 

Transform Infrared Spectroscopy (FTIR) og X-ray Photoelectron Spectroscopy (XPS) blev 

anvendt til at undersøge fase- og kemiske kompositioner. Derudover, blev molekylær 

modellering anvendt til at undersøge de underliggende molekylære mekanismer 

(adsorptionsenergi) af forskellige inhibitormolekyler, som hæmmer korrosion. Aminer, 

imidaxonliner og miljøvenlig, grøn aloe vera viste sig at være effektive til korrosionshæmning 

af 1 Cr stål og deres inhibitionsegenskaber afhang af forskellige faktorer så som koncentration 

af inhibitoren, pH, temperatur og tilstedeværelsen af H2S. I et rent CO2 miljø er jernkarbonat 

(FeCO3) det primære korrosionsprodukt ved højere temperaturer, som måske eller måske ikke 

er beskyttende mod korrosion. Blandt de testede aminer havde ethanolamin den bedste 

virkningsgrad af korrosionsinhibition. Tilføjelsen af aminer før formationen af FeCO3 

forsinkede formationen af FeCO3. Blandt imidazoliner havde 2-PI bedre virkningsgrad af 

korrosionsinhibition grundet tilstedeværelsen af en phenylgruppe, hvilket giver yderligere 

lokationer for binding med jernoverfladen, som faciliterer dens adsorption. Aloe vera gav en 

substantielt højere virkningsgrad, når det blev anvendt i høje koncentrationer (8000 ppm). Ved 

tilstedeværelse af H2S dannes jernsulfid (FeS) som korrosionsprodukt, hvilket kan yde 

korrosionsbeskyttelse, men høje koncentrationer af H2S kan lede til stedvis korrosion. Højere 

koncentrationer af H2S sænkede også effektiviteten af aloe vera. Tilføjelsen af andre organiske 

molekyler så som ethylenglykol gav den højeste korrosionsinhibition af de inhibitors anvendt 

i denne afhandling, sandsynligvis på grund af binding til aktive lokationer på ståloverfladen. 

Resultaterne af molekylær modellering bekræftede bindingen af molekylerne til de aktive 

lokationer på jernoverfladen, hvilket forklarer mekanismerne for deres korrosionsinhibition. 

Beregning af adsorptionsenergi baseret på molekylær modellering viste sig at være relateret til 

virkningsgraden af korrosionsinhibition af molekylerne i denne afhandling. Molekylær 

modellering kan derfor være et nyttigt værktøj til at screene inhibitormolekyler og identificere 

de molekyler med potentielt gode egenskaber som korrosionsinhibitorer.  
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1. Introduction 

1.1. Corrosion in oil and gas industry and corrosion inhibition 
 

Oil and gas industry is a significant contributor to the economy of many nations. In Denmark, 

oil and gas is mainly produced from the North Sea since 1972, which has contributed 

significantly to the economy. The economic impact of the oil and gas industry is reflected from 

the exorbitant value from 1963-2014, which has been over DKK 1000 billion [1]. The oil and 

gas production value for recent years have been over DKK 40 billion/year [1]. Due to such 

high production, the Denmark has been a net exporter of oil and gas since 1997. The onshore 

and offshore facilities are also a major source of employment opportunities for Danish residents 

[1]. Due to its socioeconomic contributions, the oil and gas industry has an important role in 

Denmark and many other countries.  

Corrosion in oil and gas industry poses serious threats to safety and causes economic burden 

on the industry. Corrosion and its products can account for 25% of the operational safety 

incidents (pipeline, production tubing explosion), 8.5% increase in capital expenditure and 

11.5% increase in the lifting costs [2]. At a national level, annual corrosion cost in upstream 

oil and gas industry is estimated at around 1.3 billion USD and about 33% of this expense 

(~463 million USD) is associated with downhole corrosion and material challenges [3,4]. Clean 

oil production is also most important for reducing environmental impact, and therefore for 

sustainable oil production.  

The problem of corrosion is accentuated by multiple factors – use of low carbon steel, extreme 

environmental conditions such as high temperature and pressure, and gases like CO2 and H2S 

that are highly corrosive in presence of water. Low carbon steel is most preferred due to its low 

cost and structural stability; however, it is conducive to corrosion especially in extreme 

conditions. In the presence of water, CO2 and H2S forms corrosion products such as FeCO3 and 

FeS, which leads to deposition of scales on the steel surface. The corroded steel loses its 

structural integrity in different forms (pitting, pores, erosion, etc.), which can lead to its 

accidental failure. When this metal failure is unexpected and undetected, this can lead to 

accidents, production shutdown, and requires frequent inspections and repair. This adds 

substantially to the oil production costs. 

Due to the significant challenges imposed by the corrosion, various mitigation techniques are 

used in the oil and gas industry. These techniques can be broadly categorized into 3 categories 

[5]:  

 

 Corrosion Resistant Alloys 

 Internal Lining/Cladding, and 

 Chemical Treatments (corrosion inhibitors) 

 

The use of corrosion inhibitors is the most preferred methods because of its low cost, ease, and 

the ability to prevent corrosion from inside of the production tubings. Inhibitors can be easily 

injected into the production tubings as shown in Fig.1.1. These inhibitors get adsorbed on the 

metal surface (physisorption and chemisorption), forms a protective film, and protects the 

underlying metal from corrosion. The commonly used corrosion inhibitors include amines and 

imidazolines that have been used on different metals and in different environments. Lastly, the 
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use of commercially synthesized corrosion inhibitors poses a risk of environmental 

degradation. As a result, there is a growing interest in environmentally friendly “green 

inhibitors”. The green inhibitors utilize naturally occurring compounds (e.g. aloe vera, banana 

peel, ginger extract, etc.) that have corrosion inhibition properties as many of these natural 

extracts have molecules with hetero atoms providing lone pair of electrons for chemical 

bonding to the metal surface. The mechanism of action of commercially available and green 

inhibitors is thought to result from heteroatoms O, N, P and S that bind to the metal surface 

and helps in adsorption of the inhibitor. In order to use the corrosion inhibitors effectively, the 

inhibitor must also be compatible with the metal surface and the expected environment 

conditions. Especially for oil & gas, effect of inhibitor on oil and water separation is an 

important factor, which depends on the partition coefficient.  

 

 
Figure 1.1. Schematic showing injection of inhibitor through the capillary tube [5]. 

 

1.2. Scope of the thesis 
 

Although, many inhibitor chemistries are used commercially in form of organic molecules, 

there is still lack of understanding of the characteristics of corrosion inhibitor molecules, their 

adsorption to the metal surface, and corrosion inhibition properties.  Firstly, there is a limited 

understanding on the exact inhibition properties of molecules such as amines, imidazolines etc. 

on the corrosion inhibition of L-80 1Cr steel in CO2 and H2S. In addition, the relationship 

between the corrosion inhibition properties and adsorption of the inhibitor molecules to the 

metal surface needs to be studied. Also it is not clear how the adsorption of the inhibitors to 

the metal surface and scale formation change the inhibition behaviour. This is an important 

aspect in connection with the use of inhibitor in actual practice and its consumption. In addition, 

adsorption is a critical mechanism for the inhibitors to work on metal surface for corrosion 

inhibition. Studying the adsorption properties will help in understanding the mechanisms with 

which these inhibitors get adsorbed on the steel surface and cause corrosion prevention. Also, 

effect on inhibitors on environment is a serious concern today when using commercially 
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available inhibitors leading to an increased demand for making oil production more 

environmental friendly and sustainable. Therefore, there is a need to investigate corrosion 

inhibition properties of environmentally friendly “green” inhibitors that offer alternative ways 

for corrosion prevention while offsetting the toxicity caused by commercially available 

inhibitors. Testing the corrosion inhibition properties of the inhibitors and identifying the 

underlying mechanisms is the first step towards their application in the oil and gas industry. 

 

The overall purpose of this thesis was to combine experimental and molecular modelling 

techniques to investigate the corrosion inhibition properties and underlying adsorption 

mechanisms of inhibitor molecules. The first part of this thesis focuses on commonly used 

molecules (amines and imidazoline) on L-81 1Cr in CO2 and H2S environments, while the 

second part deals with corrosion inhibition properties and adsorption mechanisms of eco-

friendly green inhibitor aloe vera. Various experimental techniques and molecular modelling 

were employed for the investigations.  

 

This thesis has been structured into 4 studies to answer the following questions: 

Objective – I: Electrochemical and molecular modelling studies of CO2 corrosion inhibition 

characteristics of alkanolamine molecules for the protection of 1Cr steel. 

 The effect of amine-based organic corrosion inhibitors on bare 1Cr steel at different 

temperatures using a combination of experimental and molecular modelling.  

 Effect of amines on the pre-and post-formed FeCO3 scale using electrochemical techniques 

as well as molecular modelling. 

 Understanding of inhibitor injection frequency in order to elucidate the role of the 

application method in corrosion mitigation.  

Objective - II: Electrochemical and molecular modelling studies of corrosion inhibition 

characteristics of Imidazoline based inhibitors on 1Cr steel in sweet conditions and annexure 

to the investigation of corrosion inhibition effects of 2-Phenyl-2-Imidazoline on 1Cr steel with 

CO2: Effect of H2S. 

 Influence of different pendant groups attached to imidazoline on corrosion inhibition of 

steel using molecular modelling and experimental study.  

 Effect of ethylene glycol addition on the enhancement of inhibition efficiency and related 

mechanisms.   

 Impact of repeated doses of imidazoline to understand if the effects of degrading inhibitors 

can be lowered with subsequent doses. 

 Effect of 2-Phenyl-2-Imidazoline on corrosion inhibition of 1Cr steel in presence of H2S. 

Objective - III: CO2 corrosion inhibition capability of an eco-friendly inhibitor containing 

green aloe vera plant extract on 1Cr steel: experimental and molecular modelling studies.  

 New approach for corrosion inhibition using ecofriendly green inhibitor (aloe vera) over 

commercial inhibitors at 40 ºC. 

 Effect of aloe vera extract concentration in combination with MEG to study the synergistic 

effect on 1 Cr steel surface at 40 ºC.  

 Impact of injection frequency of aloe vera on corrosion inhibition with time. 
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Objective - IV: Corrosion inhibition properties of eco-friendly green inhibitors containing 

aloe vera plant extract on 1Cr steel under H2S conditions with CO2. 

 H2S concentration effect on corrosion inhibition of 1Cr steel in 1%NaCl solution with and 

without aloe vera extract as green inhibitor and understanding of its surface morphology. 

 Study the synergistic effect of addition of MEG with aloe vera extract in H2S environment. 

 

1.3. Structure of the thesis 
 

The thesis is organized in 12 sections, which is shown with the help of flow chart in Fig.1.3. 

Chapter 1 gives the comprehensive introduction about corrosion issues in oil and gas 

production tubings and its inhibition together with objective of this thesis. Chapter 2 contains 

detailed literature review related to the topic and the prior information on CO2 and H2S 

corrosion. This chapter also includes, corrosion mitigation using different types of inhibitors 

and its corrosion mechanism. In addition, this chapter also gives a detailed information about 

adsorption studies using DFT molecular modelling. Further, chapter 3 includes material, 

electrochemical and characterization techniques used in this thesis. Later, chapter 4 presents 

summary of all experimental work and their connection with each other. The experimental 

work is further divided into separate chapters (5-9) under two categories - first category is 

“Studies on organic molecules as inhibitors” and second is “Eco-friendly green inhibitor 

chemistries”. Chapter 5 presents the effect of alkanolamines on corrosion inhibition of L-80 1 

Cr steel in CO2 environment with the help of electrochemical and molecular modelling studies. 

In addition, the effect of alkanolamines on iron carbonate scale formation was also studied. In 

chapter 6, the effect of different types of imidazoline inhibitor alone and in mixture with 

ethylene glycol was reported. Chapter 7 is annexure to chapter 6 where corrosion inhibition 

effects of 2-Phenyl-2-Imidazoline on 1Cr steel under H2S conditions with CO2 are discussed. 

Chapter 8 shows the new approach for corrosion inhibition of L-80 1 Cr steel in CO2 

environment using eco-friendly green inhibitor (aloe vera). In addition, the synergistic effect 

of MEG in combination with aloe vera extract was studied. In last experimental chapter 9, the 

effect of aloe vera alone and in combination with MEG at different concentration of H2S of 

was studied. The latter three chapters (10-12) of this thesis include all-inclusive discussion, 

overall conclusion and future work respectively. 
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Figure 1.2. Flow chart representing the structure of the Ph.D. Thesis. 
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2. Literature review 

2.1. Corrosion issues in oil and gas production tubings 
 

The oil and gas industry can be viewed to have three major domains - upstream, midstream, 

and downstream. The upstream deals with exploration, localization, and production of crude 

oil and natural gas from onshore (underground) and offshore (underwater) fields. The 

midstream sector consists of transportation, processing, storage, and wholesale marketing of 

crude or refined petroleum products. The downstream sector includes refining of crude oil in 

refineries, generation of various petroleum products (lubricants, fertilizers, antifreeze, etc.) in 

petrochemical plants, and their distribution [1].  Corrosion is prevalent in all streams of oil and 

gas industry, is detrimental to the safety, and leads to huge expenditure. 

 

Carbon steel, due to its cost effectiveness, is the most commonly used material for oil and gas 

tubing. Production tubing are able to withstand operational and extreme load conditions during 

production as long as the production standards are met. The American Petroleum Institute 

(API) have published Specifications, Recommended Practices, and Bulletins (API-5CT) for 

steel tubing that meet the standards to be used in the oil and gas industry [2]. According to 

these specifications, steel grades are standardized according to the manufacturing processes, 

chemical content, and heat treatments, and therefore have different mechanical properties. 

Some of the common types of steel that are used in the oil and gas industry are Type 1Cr, 9Cr 

and 13Cr. Amongst these, the Type 1Cr is the most commonly used due to its lower price. The 

Type 1Cr steel type offers resistance to Sulfide Stress Cracking (SSC), but may suffer from 

uniform corrosion [3]. It is not uncommon for oil and gas tubing to be functional without any 

corrosion control measures for several decades as long as the environment conditions are not 

extreme [4]. However, in most cases due to extreme conditions imposed by the environment in 

oil and gas tubing, corrosion is a very serious concern impacting the operational cost.  The 

bottom-hole temperature and pressure can rise to very high levels adding to the extreme 

environmental conditions. For example, the bottom-hole temperature can reach to values higher 

than 200 °C (∼390 °F), and the pressure can rise to over 90Mpa (~13000 psi) [4]. In addition, 

there can be gases like CO2 and H2S that can accelerate the corrosion process. Lastly, water 

from chemical reactions and natural sources creates an environment favoring the corrosion 

processes [4].  

 

2.2. Forms of corrosion in oil and gas production Operations 
 

Corrosion in oil and gas especially for production tubing occurs usually under sweet (CO2 

corrosion) or under sour condition (H2S). Depending on the deaeration efficiency related to 

different treatment, sometime oxygen related corrosion can also occur. Among the type of 

corrosion caused by these environments together with involved tubing alloys include uniform, 

or general, galvanic or two-metal, crevice, pitting, intergranular, erosion, stress, acid, under-

deposit, and microbiologically influenced corrosion (MIC). Common factor for the above 

mentioned types of corrosion is the presence of an aqueous medium, which comes in contact 

with the metal surface. Corrosion under CO2 and H2S conditions and corrosion mechanisms 

are pertinent to this thesis work, therefore discussed in detail.  However, a short description of 

other types of corrosion is provided prior to this. 
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1. Oxygen Corrosion 

Oxygen can contribute significantly during the cathodic reaction during electrochemical 

process of corrosion. Due to its strong oxidative properties, it can lead to fast reduction as per 

the following equation [4]: 

 1

2
O2 + H2O + 2e

− → 2OH− 

 

(1) 

 

The oxygen can be introduced through drilling, leaking pump seals, casing and process vents, 

commonly leading to drill pipe corrosion. The presence of oxygen accelerates and substantiates 

the corrosive effects of CO2 and H2S adding to the challenge of corrosion prevention. 

 

2. Uniform Corrosion 

Uniform corrosion is a form of corrosion where the surface is removed almost evenly. The 

partial reactions (metal dissolution and oxygen reduction or other cathodic reactions depending 

on the environment) are distributed over the surface, leading to more or less homogenous 

dissolution of the metal and uniform formation of corrosion products (e.g. red rust on carbon 

steel). Uniform corrosion takes place on unprotected carbon steel (in oil and gas production 

when tubing is not exposed to inhibitors) under production conditions. In reality, purely 

homogenous corrosion attack is unlikely to take place [5], although overall it can be called as 

uniform corrosion. 

 

3. Galvanic or Two-Metal Corrosion 

A potential difference between the two metals when they are connected with a conductive 

electrolyte medium leads to a flow of current. Similarly, if two different metals (i.e. with 

different redox potential) are exposed to corrosive environment or solution (electrolyte), there 

is a flow of electron between these two metals, which can lead to corrosion. The corrosive 

properties of the involved metals have an influence of the Galvanic corrosion [6]. The metal 

with more negative potential (see Fig. 2.1) will exhibit a greater extent of galvanic corrosion. 

Whereas, the metal with less negative potential will demonstrate lesser corrosion than that 

observed when it is not in contact with the other metal. This behavior is likely because the less 

resistant metal becomes anodic, whereas the more resistant metal turns cathodic and the 

cathodic surface shown little to no corrosion. For example: in oil and gas industry galvanic 

corrosion usually occur in carbon steel coupled with brass or high nickel alloy as completion 

tools [7].  
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Figure 2.1. Galvanic series of different materials in seawater at 10˚C and 40˚C [8].  

4. Crevice Corrosion 

It is a form of localized corrosion typically seen within the gaps/fissures/cracks and other 

shielded areas on metal surfaces when exposed to a corrosive environment. This type of 

corrosion can occur at the contact surfaces between metal and another metal or non-metal, for 

example, gaskets, couplings, and joints. In this type of corrosion, the metal contact surface is 

exposed to small volumes of conductive solution that remains stagnant due to holes, gasket 

surfaces, lap joints, surface deposits, and crevices under bolt and rivet heads [6]. For example, 

in the oil and gas industry this type of corrosion is seen in threads of tubing (see Fig. 2.2). 

Another area that is vulnerable to crevice corrosion is the area between the pipe and its supports 

(see Fig. 2.3). 

 

 
 

Figure 2.2. Selective attack on the internal surface at the thread juncture of the tubing and the tubing box [6]. 
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Figure 2.3. Crevice corrosion between pipe bottom and pipe support [6].  

5. Pitting 

Pitting is another localized form of corrosion that can be highly destructive and deceptive. The 

rate of corrosion for this type can be 10-100 times that of uniform corrosion. It can lead to 

multiple pits or holes in the metal, which can be deceptive causing sudden and unexpected 

failures. These pits can be small or large, in various shapes, highly localized and isolated, or 

connected to each other (Fig. 2.4). Like many other forms of corrosion, the rate of pitting is 

influenced by several factors including diffusion, temperature, and conductivity, type of ions, 

pH value, and electrochemical potential [6]. 

 

 

 

 
 

Figure 2.4. Deep, round, and elongated pits at the internal surface of tubing [9]. 

6. Erosion corrosion 

Erosion–corrosion occurs due to the relative motion between the metal and the environmental 

solution that is in contact with the metal causing mechanical wear leading to increase in 

corrosion. There is also the removal of the protective corrosion film. There can be visible 

grooves, gullies, waves, rounded holes, and valleys [9]. The patterns are typically directional, 

such as horseshoe or bullet marks or beach marks.  An example of erosion–corrosion is shown 

in Fig. 2.5. 
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Figure 2.5. Changeover 3 in. × 6 in. diameter, gas producer with 4.5% CO2, erosion–corrosion damage on the 3 in. 

side [9]. 

 

7. Stress-Corrosion Cracking (SCC) 

Stress-corrosion cracking (SCC) is caused by a tensile stress in the presence of a corrosive 

environment. The failure seen by a combination of the tensile stress and the corrosive 

environment would not occur in the absence of either. The failure is directly related to the 

amount of stress on the material such that higher stress leading to quicker cracks. The stresses 

can be residual (cold working, welding, surface treatment such as grinding, etc.) or applied 

(hydrostatic, vapor pressure of contents, bending, etc.). The failure from SCC may not 

necessarily results from the corrosion-related damage itself, but the pits may act as stress 

concentrators leading to initiation of metal cracking [6].  

The most common type of SCC is sulfide stress cracking or sulfide stress corrosion cracking 

(SSCC), which is a commonly observed cracking mechanisms in the oil and gas industry (see 

Fig. 2.6). This type of cracking occurs in the presence of H2S with a partial pressure > 0.05 psi 

and water. Also, the corroding material is typically under tensile stress (residual or applied) 

[6]. 

 

 

Figure 2.6. SCC attack on a pipeline section [10]. 

 

8. Under-Deposit Corrosion (UDC) 

This is another common form of localized corrosion that causes failures in oil and gas 

operations. There is no single mechanism that explains this type of corrosion; however, the 

corrosion develops around or beneath the deposits (sand, elemental sulfur, wax, or corrosion 

products like iron carbonate) seen on the metal surface [11]. The UDC is typically a secondary 

form of reaction that follows a uniform or general corrosion. Although secondary to the other 
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forms, UDC is difficult to predict and cause extensive damages. At certain localized sites there 

can be deposition of chemicals (e.g. chloride) in higher quantity than that seen in the 

environment, which leads to UDC. Fig. 2.7 shows a simplified sequence of UDC leading to 

metal failure.  

 

 
Figure 2.7. Schematics of under-deposit corrosion [9]. 

 

9. Microbiologically Induced Corrosion (MIC) 

As the name suggests, this type of corrosion is induced by the bacteria that may be present in 

the corroding environment. The bacteria are capable of producing waste products like CO2, 

H2S, and organic acids that adds to the toxicity of the solution leading to corrosion of the metal 

surface in contact with the solution [12]. In an environment conducive to bacterial growth, the 

microbes can form colonies exaggerating the corrosive effects (see Fig. 2.8). Different species 

of microbes have reported to be involved in corrosion, such as Bacillus, Pseudomonas, 

Micrococcus, Mycobacterium, Clostridium, and Escherichia [6,13–15]. This type of corrosion 

appears as black slimy waste material on the metal surface and as pitting of the pipe wall 

underneath these deposits.  

 

 

Figure 2.8. FE-SEM images (a): biofilm produced by a SRB and (b): resultant pitting of the API 5L X52 line pipe 

steel [16]. 
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2.3. Literature review on CO2 corrosion (sweet corrosion) 
 

Carbon dioxide itself is a weak acid. However, it hydrates to form carbonic acid (H2CO3) and 

creates an acidic environment. The carbonic acid promotes an electrochemical reaction 

between the aqueous phase and the steel, leading to iron dissolution (see electrochemical 

reactions section) [17–21]. There is a formation of corrosion product i.e. iron carbonate 

(siderite, FeCO3) scale on the steel surface due to its reaction with the carbonic acid depending 

on the temperature conditions, partial pressure of CO2, and iron concentration. The CO2 

corrosion involves electrochemical, chemical and mass transport processes that take place on 

the corroding surface [22]. The current understanding of the equilibrium reactions and 

electrochemical processes involved in the CO2 corrosion are discussed below: 

 

Chemical equilibrium reactions 

The following equation shows chemical equilibria related to dissolved CO2 with corresponding 

equilibrium constant [23–27]. The dissolution of CO2 in water is shown in Eq. (2). The 

dissolved CO2 reacts with the water molecules and yields carbonic acid, H2CO3, as shown Eq. 

(3) [28]. The carbonic acid is a diprotic weak acid, which dissociates in two steps. In the first 

part of the dissociation, there is a release of bicarbonate (HCO3
-) and hydrogen ions (H+), Eq. 

(4) [17,28]. In the second step, the HCO3
- dissociates further to release more H+ and carbonate 

(CO3
2-), see Eq. (5). The chemical equilibria reactions for CO2 dissolution in pure water 

including water dissociation, Eq. (6) are given below [29]: 

 

Dissolution of CO2 

CO2(g) ↔ CO2(aq) KCO2 =
[CO2(aq)]

pCO2(g)
 

(2) 

Where KCO2is the proportionality constant, represented by the Henry´s constant for ideal gas 

and solutions. 

CO2 hydration 

CO2(aq) +H2O(l) ↔ H2CO3(aq) Khyd =
[H2CO3]

CO2(aq)
 

(3) 

 

Carbonic acid dissolution 

H2CO3(aq) ↔ H(aq)
+ + HCO3(aq)

−  
Kca =

[H+][HCO3
−]

[H2CO3]
 

(4) 

 

Bicarbonate anion dissociation 

HCO3(aq)
− → H(aq)

+ + CO3(aq)
2−  

Kbi =
[H+][CO3

2−]

[HCO3
−]

 
(5) 
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Water dissociation 

H2O(l) ↔ H(aq)
+ + OH(aq)

−  Kw = [OH
−][H+] (6) 

 

 

Electrochemical processes 

 

In aqueous CO2, the corrosion of carbon steel is an electrochemical process consisting of anodic 

and cathodic reactions. The following paragraphs discuss the current understanding of the 

cathodic and anodic reactions that take place during CO2 corrosion on steel surface: 

 

Cathodic reactions 

 

There are different cathodic reactions that take place during corrosion and lead to the release 

of hydrogen gas i.e. “hydrogen evolution” [30–33]. The dissociation of H2CO3 is not direct, 

and takes place at the metal-solution interface. A buffer of H+ is created that are then reduced 

according to Eq. (2.6) [34,35]. These processes are influenced by the pH. For example, direct 

reduction of H2CO3, Eq. (8) contributes to the cathodic reaction at 4 < pH < 6 [36]. Another 

step involving HCO3
- reduction Eq. (9), may be possible in less acidic conditions where pH > 

6 [37]. Water reduction is shown in Eq. (10) and its contribution under typical oil & gas 

conditions is minimal due to its slower kinetics.  

 

Cathodic electrochemical reactions associated with CO2 corrosion in pure water are given 

below [29]: 

Hydrogen reduction 

2H(aq)
+ + 2e− → H2(g)  (7) 

 

 Carbonic acid reduction 

2H2CO3(aq) + 2e
− → H2(g) + 2HCO3(aq)

−   (8) 

 

Bicarbonate reduction 

2HCO3(aq)
− + 2e− → H2(g) + 2CO3(aq)

2−    (9) 

 

Water reduction 

2H2O(l) + 2e
− → H2(g) + 2OH(aq)

−   (10) 

 

Anodic reactions 
 

The electrochemical dissolution of iron is the main reaction that characterizes the corrosion of 

steel. This dominant anodic reaction involves oxidation of Fe to Fe2+ ions Eq. (11). The sweet 

corrosion is completed by this anodic reaction [38–45].This reaction is also pH dependent. 

 

Fe → Fe2+ + 2e−  (11) 
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Siderite (FeCO3) precipitation 

  

The precipitation of FeCO3 is seen when the concentration of Fe2+and CO3
2- generated from 

the anodic and cathodic reactions exceed the solubility of FeCO3. The thermodynamic equation 

for the formation of FeCO3 from is shown in the Eq. (12) [20,22]: 

 

Fe(aq)
2+ + CO3(aq)

2− → FeCO3(s)  (12) 

 

The FeCO3 forms a protective layer that can have an effect on the corrosion process. The extent 

of protection depends on the surface structure of the FeCO3 layer and the rate of its formation. 

Precipitation depends on the rate of saturation, which especially, governs the saturation ratio 

or super-saturation Eq. (13) [46]: 

 

S =
aFe2+ + aCO32−

Ksp
 

 (13) 

 

Where, aFe2+and aCO32− are the ferrous and carbonate ion activities (in mol/L) and Ksp is the 

solubility product of FeCO3.  

The FeCO3 film formation described above depends on factors that affect the species activity 

(Ksp). For example, supersaturation value is one of such factors. Typically, FeCO3 precipitation 

can occur at values > 1; however, significant precipitation is only seen at higher values of 

supersaturation [47,48].  Four regions of FeCO3 growth have been identified on the basis of 

levels of supersaturation as seen in Fig. 2.9 [49]. 

The Region 1 is the Dissolution characterized by a saturation level < 1. Since the saturation 

level is at the sub-optimal levels, dissolution of crystals may occur leading to no crystal growth. 

The Region 2 is Metastable/Seeded growth where the solubility limit is exceeded, but the 

growth occurs only on seed crystals.  

The Region 3 is the Heterogeneous Nucleation/Growth, nucleation is induced by foreign factors 

(surface roughness, defects, etc. [50].), which is subsequently followed by crystal growth.  

The Region 4 is the Homogeneous Nucleation/Growth, which takes place when the saturation 

level goes above and beyond the Region 3. Region 4 is characterized by spontaneous nucleation 

and growth [50]. 

 

 
 

Figure 1.9.  Regions of FeCO3 crystal growth adapted from the work of Lasaga [48]. 
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2.3.1. Factors affecting formation of iron carbonate formation 
 

2.3.1.1. The effect of temperature 

 

Experimental and modelling techniques have been utilized to study the effects of temperature 

on FeCO3 solubility [51–56]. The overall consensus in the literature is that higher temperatures 

are conducive to faster FeCO3 formation increasing the protectiveness, kinetics and adhesion 

of FeCO3 film [29]. However, the critical temperature above which a protective FeCO3 is 

formed is not clear. In the literature, a range of 50 ºC to 70 ºC have shown to be critical in 

formation of a protective FeCO3 layer [57,58]. Increase in temperature is also thought to relate 

to supersaturation such that higher temperature leads to lower supersaturation (equation 

14)[59]. As a result, at higher temperatures the corrosion layer can be dense and crystalline 

offering good protection against corrosion. However, at lower temperatures (<40 ºC), a non-

protective porous Fe3C network with minimal FeCO3 precipitation is observed.  

Cross-sectional images have been used to study the morphology and protectiveness of the 

FeCO3 layer on carbon steel in super-saturated solutions at different temperatures (Fig. 2.10a-

c). At 40 ̊ C and S < 40 (Fig. 2.10a) a non-protective porous Fe3C network with minimal FeCO3 

precipitation is observed. At 40 ˚C and S > 40, a loose and low crystalline layer is observed 

(Fig. 2.10b), which does not offer much protection. At 80 ˚C and S < 10, a dense and protective 

layer is observed (Fig. 2.10c).  

 

 
Log(KSP) = −59.3498 − 0.041377(TK) −

2.1963

TK
+ 24.5724. Log(TK) 

(14) 

 

 

 

 

 

Figure 2.10. Cross sectional view of samples exposed at (a): 40 °C and S < 40 in the bulk solution, (b): 40 °C and S > 

40 in bulk solution and (c): 80 °C and S < 10 in bulk solution [22]. 
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2.3.1.2. The effect of pH 

 

The pH of the solution also influences the rate of FeCO3 precipitation [60–62]. At higher value 

of pH, the solubility limit of FeCO3 is decreased requiring lesser concentration of Fe2+ ions for 

formation of FeCO3 film [29]. At lower pH, there is an increased degradation of the iron, likely 

due to the presence of higher concentration of H+ ions. A higher concentration of H+ ions 

support the cathodic reactions that were discussed previously, facilitating the corrosion in the 

presence of CO2. A decrease in pH can also contribute towards increased solubility of FeCO3, 

reversing the direction of chemical processes and reversing the carbonate scale precipitation 

towards increased corrosion [63].  

 

Fig. 2.11 shows an example of the association between the pH levels and the Fe2+ in 1 wt.% 

NaCl solution [22]. The higher values of pH are associated with the lower Fe2+ values. This 

can likely be due to local release of Fe2+ and consumption of H+ ions during the corrosion 

process [27,64,65]. This results in an increase in supersaturation at the steel surface, with 

possible FeCO3 precipitation on the metal surface. 

 

 

Figure 2.11. Amount of Fe2+ required to reach FeCO3 saturation as function of pH in the brine [22]. 

The pH plays a significant role in the morphology of iron carbonate film in terms of 

protectiveness. The protectiveness of iron carbonate layer increases with increase in pH value. 

The formation of nano-polycrystalline iron carbonate film takes place at pH = 3.6 (see Fig. 

2.12a). Whereas, at pH = 6.6 the nano-polycrystalline film is replaced by protective cubic 

crystal shaped film (see Fig.2.12b), followed by rhombohedral crystal shaped film at pH = 7.5 

as shown in Fig. 2.12c [66]. 
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Figure 2.12. SEM images of X65 steel surfaces after exposure to a 3.5 wt.% NaCl solution at a temperature of 50 °C 

for 168h; (a:) starting pH of 3.8 (b): pH 6.6 and (c): pH 7.5 [66]. 

 

The role of pH at different temperatures has been studied. Since lower temperatures are not 

favorable for FeCO3 formation, pH of at least 6 is needed for formation of a protective FeCO3 

layer [67]. At higher temperatures (>65 °C), most protective layer is formed at pH of 6.5 [68]. 

These findings from the literature show that the FeCO3 formation is dependent on the 

interaction between pH and temperature levels. 

 

2.3.1.3. The effect of CO2 partial pressure 

 

An increase in partial pressure of CO2 (pCO2) has shown to result in higher corrosion rate [69]. 

The changes in the pH level that are associated with a change in pCO2 are thought to contribute 

to changes in the corrosion rate [70,71]. A relationship between CO2 partial pressure and 

solution pH was established by De Waard and Milliams [71], on the assumption of Henry’s 

law approximation. According to Henry’s law, a higher pCO2 can lead to a greater solubility 

of CO2 in the dissolved form facilitating the formation of H2CO3, Hence, the relation; see 

equation 15 [71].  

 

 
𝑝𝐻 = −

1

2
log𝑃𝐶𝑂2 + 𝑘 

(15) 

 

Where, k incorporates Henry’s constant (H) and dissociation constant (K) as −
1

2
log 𝑃𝐶𝑂2 +

𝑘.  

An increase in corrosion rate can also cause an increase in concentration of Fe2+ and CO32- 

ions leading to a supersaturated solution.  Over time, depending on the other factors, the 

supersaturated solution can lead to increase in precipitation and FeCO3 scale formation, which 

offers protection against the corrosion. Previous literature has shown that an increase in pCO2 

can accelerate the formation of FeCO3 scale on carbon steel [72].  
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Videm et al. [72] in their experiments at 80 ˚C and pH = 5 reported that film formation on 

carbon steel occurred much faster when the pCO2 was increased from 1 bar to 10 bar. However, 

depending on pH (more acidic condition), despite of accelerated FeCO3 formation, there can 

be pitting and localized forms of corrosion [73].  

 

2.4. Literature review on H2S corrosion (sour corrosion) 
 

Corrosion resulting from the presence of  >10 ppm H2S can be classified as sour corrosion. 

Sour corrosion is a highly prevalent problem in the oil and gas industry but is relatively an 

under-studied area. Natural gas, oil, and the water that is produced in the oil wells contains H2S 

in the gaseous or dissolved forms. The H2S produced during the chemical reactions react with 

the metal surface to form metal sulfides that precipitates over the metal surface.  

 

Corrosion is typically seen when the H2S partial pressures is above 0.30 kPa [8]. Based on the 

concentration of H2S, four regions of corrosion (shown in Fig. 2.13) have been identified - 

region 0 (trace H2S concentration), region 1 (H2S slightly higher than the threshold leading to 

mild sour corrosion), region 2 (higher H2S leading to intermediate sour corrosion), and region 

3 (very high H2S leading to severe sour corrosion with low in-situ pH value) [74,75].  

 

Overall, the H2S corrosion is affected by the presence of CO2. The dominant corrosion 

mechanism i.e. sweet or sour corrosion, is ascertained by the ratio of the partial pressures (p) 

of the gases. A pCO2: pH2S ratio of < 20 causes H2S dominant corrosion, whereas if the ratio 

> 500, then CO2 corrosion is dominant. A ratio between 20 and 500 will lead to a mixed 

corrosion mechanism (sweet and sour corrosion) [74,75]. 

 
Figure 2.13. NACE MR 0175/ISO 15156 “region of service” for sour conditions [30]. 

 
The water chemistry of H2S helps in understanding the mechanism of H2S corrosion. The 

dissolution of H2S in water leads to a vapor-liquid equilibrium as shown below [76–79]: 

 

H2S(g)
KH2S
↔   H2S(aq) 

 (16) 

 

The dissolved H2S then dissociates into bisulfide and sulfide in two steps: 

 

H2S(aq)
K1
↔H+ + HS− 

 

 (17) 
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HS−
K2
↔ H+ + S2− 

 

 (18) 

 

Where KH2S and Ki (i=1, 2) represented the solubility constants and ionization constants, 

respectively. 

On the anodic site, carbon steel oxidation takes place according to the following reactions 

[76,80–82]: 

 

Fe + H2S + H2O ↔ FeSHads
− + H3O

+ 

 

 (19) 

FeSHads
− ↔ Fe(SH)ads + e

− 

 

 (20) 

Fe(SH)ads ↔ FeSH+ + e− 

 

 (21) 

FeSH+ + H3O
+ ↔ Fe2+ + H2S + H2O 

 

 (22) 

2FeSH+ ↔ FeSads + HS
− + H+ + Fe2+ 

 

 (23) 

2nFeSads → nFe2S2 → 2nFeSmackinawite 
 

 (24) 

 

Where FeSHads
−  and Fe(SH)ads are adsorbed mesophases and FeSads is the adsorbed 

amorphous FeS. The hydrolysis of FeSHads
−  mesophase promotes the formation of Fe2+. 

 

There are a series of depolarization processes involving H2S, H2S
−and H+ in the corresponding 

cathodic reactions (see below equations 25-27). There is reduction of the H+ions that are 

produced by the ionization of H2S to H2 [78]: 

 

H2S + e
− → H+ + HS− 

 

 (25) 

HS− + e− → H+ + S2− 
 

 (26) 

2H+ + 2e− → H2 
 

 (27) 

 

 The overall H2S corrosion reaction for Fe in aqueous medium is therefore given as: 

 

Fe + H2S → FeS + H2  (28) 

 

The H2S corrosion leads to formation of iron sulfide that is formed from the reaction between 

the steel surface and H2S [83,84]. The formation of the iron sulfide on the metal surface controls 

the rate of corrosion. Upon introduction of small concentration of H2S, a slower rate of 

corrosion is observed. Over time, this layer of corrosion product continues to grow until a 

critical level of thickness is reached. Following this, the corrosion product layer cracks due to 

the development of internal stresses [85]. As a result, more corrosive species such as H2S or 

H+ enter into the now porous iron sulfide layer, further corroding the metal.  

 

There are different forms of iron sulfide that can be formed during H2S corrosion such as 

mackinawite, pyrrhotite, greigite, marcasite, and pyrite. At low H2S concentration, 
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mackinawite is typically the first iron sulfide corrosion product [86]. Mackinawite is a sulfur 

deficient iron, which is thermodynamically less stable as compared to other iron sulfide forms, 

such as pyrrhotite [87]. The pyrrhotite is a form of iron sulfide that is formed in lower 

concentration of iron with a composition range from Fe7S8 to FeS (which is called troilite) 

[88,89]. Smythite is another form of iron sulfide that is morphologically and structurally similar 

to Pyrrhotite and Troilite (hexagonal pyrrhotite [86]), but is even more deficient in iron. 

Smythite is also strongly ferromagnetic [90]. Smythite can be converted to pyrrhotite at high 

temperatures [86]. Mackinawite, upon reaction with sulfur can also convert to greigite, pyrite, 

and marcasite [86]. Greigite (Fe3S4) is isostructural with magnetite (Fe3O4) and has been 

identified as a corrosion product of steel in the presence of H2S [86].  

Pyrite is commonly found in corrosion products where sulfur is present in the environment. 

Pyrite has a cubic structure and is the most common iron sulfide because of its stable structure. 

Marcasite (FeS2) is also called “white iron pyrite” as it has the same formula as Pyrite. The 

Marcasite structure is not very stable, so it tends to undergo transformations to other phases. 

Irrespective of the form, iron sulfide layer formation in the presence of H2S decreases the 

corrosion rate. 

In the H2S environment, the iron sulfide layers can get partially removed leading to localized 

(pitting) corrosion. These regions with partially or fully removed iron sulfide layer forms active 

anodic and cathodic sites for localized corrosion. This localized and pitting corrosion is an 

understudied area concerning the oil and gas industry. 
 

2.4.1. Factors affecting formation of iron sulfide  
 

There are several factors which are interdependent and affects the formation of iron sulfide. 

These factors may include: H2S concentration, temperature and exposure duration, metal 

chemistry and surface deposits (i.e. corrosion products, scales, wax, etc.), and fluid chemistry 

(i.e. water chemistry, pH, water cut, organic acids, phase ratios, oil wettability, etc.). Only few 

factors (concentration, temperature and pH) are in scope of this thesis work and are discussed 

further [81]:   

 

2.4.1.1. Effect of H2S concentration 

 

The concentration of H2S has a direct effect on the corrosion rate of carbon steel such that a 

higher concentration leads to a higher level of corrosion. This higher level of corrosion is 

mediated by enhancement of hydrogen evolution reaction [91]. The first layer of mackinawite 

film also depends on the concentration of H2S. For example, the first layer of mackinawite film 

during sour corrosion is unstable for H2S concentrations of up to 0.035 mol/l [92,93]. The 

breakdown of mackinawite film increases the susceptibility of carbon steel to localized and 

pitting corrosion. 

 

In a CO2/H2S coexisting environment, addition of small amount of H2S leads to a decrease in 

the corrosion rate of the steel. With further increase in H2S concentration, the protective film 

can even become loose and detach from the metal surface due to the higher thickness of the 

scale, leading to an increase in corrosion rate [94]. 
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2.4.1.2. Effect of temperature and exposure duration 

 

At the initial exposure to the sour environment, the corrosion rate of carbon steel increases with 

the rise in temperature. The increased corrosion rate with increase in temperature is thought to 

be mediated by different mechanisms such as decrease in solubility of gases leading to increase 

in pH, changes in kinetics of film formation, and rate of corrosion processes at metal – brine 

interface of steel [70,95]. As the exposure time increases, the effect of temperature on the 

corrosion process are diminished, likely due to formation of iron sulfide layer [85,91,96–98]. 

This also suggests that the effect of “direct” or “solid state” reactions have a stronger effect 

than the effect of temperature on the corrosion process. However, higher temperature along 

with changes in pH can lead to thermodynamic changes causing breakdown in the H2S film 

causing initiation and propagation of pits in the metal surface [99–103]. 

 

  

2.4.1.3. Effect of pH 

 

Like CO2 corrosion, the sour corrosion is affected by the pH of the solution. At a given 

temperature and H2S concentration, the corrosion rate generally decreases with an increase in 

pH [70,95]. This reduction in corrosion rate is likely due to a reduction in the number of the 

H+ ion available for reduction at cathodic sites [70,95]. In the presence of trace amounts of 

H2S in CO2 environment, the solution is under-saturated with FeCO3 and FeS, as a result the 

corrosion rate decreases linearly with increase in pH, especially at lower pH (4 - 4.5) values 

[77]. However, with increase in H2S concentration, there is formation of FeS on the metal 

surface, which significantly controls the overall corrosion behavior [77,85,101,102]. Due to 

the FeS layer, the further corrosion is dependent on the “solid state” or “direct reduction” 

reaction of H2S and Fe and there is a reduced effect of solution saturation on the corrosion. For 

example, a potentiodynamic experiment was conducted at 10% H2S concentration in H2S-CO2 

gas mixture (shown in Fig. 2.14).  From Fig. 2.14 It can be seen that the limiting current was 

almost the same at pH of 4 and pH of 5, which means the corrosion reaction has shown to be 

governed fully by the presence of H2S gas between pH values of 4 and 5 [104,105]. However, 

there is a different behavior to the effect of changing the pH in a pure CO2 corrosion 

environment. The thermodynamic states of the iron sulfide also depend on the pH level. At 

neutral pH values (~ 7), thermodynamically more stable form of iron sulfide i.e. mackinawite 

is formed; however, at lower pH (~4) there is a greater tendency of pyrrhotite formation 

reducing the stability of the iron sulfide film. By influencing the type of thermodynamic states 

of iron sulphide, the pH can have an impact on the integrity of the iron sulphide corrosion 

product layers and may lead to pitting corrosion [101–103]. 
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Figure 2.14. Effect of pH on potentiodynamic sweeps of mild steel corrosion in the solution purged with 10% H2S in 

the CO2-H2S gas mixture at total pressure of 0.1MPa, 30 ºC, 1wt% NaCl,1000rpm rotating speed, exposure time < 2 

hours [105]. 
 

2.5. Corrosion control techniques for oil and gas production 

tubings 
 

It is not uncommon for oil and gas tubing to be functional without any corrosion control 

measures for several decades. However, given extreme conditions in the oil wells due to the 

water and different chemical compounds that result from the chemical reactions, the corrosion 

becomes frequent and problematic. As a result, the industry has adopted several corrosion 

mitigation techniques that can be categorized into 3 categories – Corrosion Resistant Alloys, 

Internal Lining/Cladding, and Chemical Treatments (Fig. 2.15) [4]. 
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Figure 2.15. Downhole corrosion control techniques [4]. 

 

Among the available corrosion resistant alloys, low carbon steel is most commonly used in the 

oil and gas industry. Although, low carbon steel is preferred due to its low cost and structural 

integrity, it is susceptible to corrosion during oil and gas production.  

Coating is another mitigation technique, but it is mainly used against external corrosion as their 

application requires routine maintenance [4]. When used on the internal surface of the 

pipelines, they are prone to damages during the process of welding/joining pipe sections [106]. 

Further it is very difficult for the coating to withstand the extreme conditions in the production 

tubing caused by the aqueous and oil phase, flow characteristics, temperature, and pressure 

together with CO2 and H2S conditions.  

 

The use of corrosion inhibitors allows to overcome the limitations of the first two mitigation 

techniques. Firstly, the inhibitors offer a cheaper alternative than expensive corrosion resistant 

alloys. Secondly, the inhibitors can be easily injected into the production tube through capillary 

tubes [107]. Also, inhibitors can offer good corrosion inhibition efficiencies and can be injected 

frequently without any complications.  

 

2.6. Inhibitor application methods 
 

The application of the inhibitor should take into consideration two important factors - the initial 

dose, and the subsequent doses and frequency of the inhibitor. The initial dose should be of 

sufficient concentration to cover the entire exposed surface of the metal. Secondly, the 

subsequent doses of inhibitor should be able to replace the degrading inhibitor layer and should 

spontaneously form another layer. Below are some of the commonly used corrosion inhibitor 

application methods [108,109]: 
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2.6.1. Continuous treatment  
 

This method is used on production wells, injection wells, pipelines, and flow lines. In this 

method, corrosion inhibitor is injected continuously, preferably through a small tube that runs 

in the annulus. Typically, water-soluble inhibitors such as quaternary amines, amine salts, or 

salted imidazolines are used in this form of treatment. In the process, the injected fluid converts 

into a sticky material that can eventually clog of the injection valve. This clogging should be 

avoided, especially in the case solvents have a high boiling point [109]. In addition, if due to 

slow injection rate, if the inhibitor remains in the annular space for too long, it can cause 

degradation of the inhibitory material, reduce its efficiency and can clog the valve. Table 2.1 

gives the general criteria for selecting the treatment dosage.  

 

 
Table 2.1. General Criteria for selecting treatment dosage [76].  

 

Corrosion severity Recommended dosage rate (ppm)* 

Mild corrosion 10-15 

Moderate corrosion 15-25 

Severe corrosion >25 

       *These concentrations are based on total produced fluid. 

 

 

The concentration of inhibitors should be between 25 to 100 ppm [76]. At high temperatures 

(>150 ºC), the organic chemical inhibitors may not condense on the tubing wall until they reach 

high up on the tubing string, therefore such inhibitors should be avoided in this method. The 

commonly used water-soluble inhibitors in continuous injection of water containing systems 

include quaternary amines, amine salts, or salted imidazolines. Alternatively, oil-soluble 

inhibitors include long-chain primary amines, imidazolines, fatty acids, and phosphate esters 

[76].  

 

2.6.2. Batch treatment  
 

This treatment is preferred when the continuous injection method cannot be used. Such 

conditions include gas wells, remote wells without power, and when the corrosion conditions 

are not severe [76]. This method is preferred for inhibitors that form a stable film. The 

disadvantage is that there can be corrosion in between the intervals between subsequent 

injections. In addition, there can be extensive waste of inhibitors when restarting the 

production. Lastly, if the operating conditions are deteriorating, the method is changed from 

batch to continuous, or batch along with continuous methods [110]. 

 

2.6.3. Squeeze treatment 
 

In this method, pressure is used to pump the inhibitor into the well. The pressure is thought to 

help with penetration of the oil into the pores of the product formation. The frequency of the 

injections depend on the inhibitor in use, and nature of the product and the rate of its formation 

[76]. The squeeze treatment is suitable for wells with different completions. This method can 

lead to plugging formation, as a result there can be chemical loses leading to premature drop 

in corrosion inhibitor concentration [76]. 



Literature review 

 

 
40 

 

2.7. Corrosion inhibition mechanisms 
 

The corrosive inhibitive properties of the inhibitors depend on their adsorption ability on the 

metal surface. These adsorption results from Physisorption or Chemisorption. The electrostatic 

attraction resulting between the inhibitor ions and a charged metal surface causes the 

Physisorption [111,112]. Due to Physisorption, there is a formation of inhibitor film on the 

metal surface that results from the van der Waals forces [113]. This film is further stabilized 

by chemisorption [113]. The chemisorption results from the formation of primary bonds 

between the metal surface and the adsorbed molecules [114]. 

 

Once the inhibitor is adsorbed on the metal surface, it can physically limit the penetration of 

molecules and ions, thus preventing the corrosion. It can also block the active sites of anodic 

and cathodic sites to participate in corrosion reaction. The physical barrier prevents the 

penetration of molecules and ions. It also affects the electrochemical reactions by altering the 

electric double layer formed at the metal/solution interface. The inhibitors typically consist of 

heteroatoms such as O, N, S, and P, which binds over the metal surface and blocks the active 

corrosion sites [115]. The adsorption of the inhibitors on the metal surface depends on the 

bonds formed by these heteroatoms. In addition, the adsorption depends on physiochemical 

properties of the inhibitor, such as the functional groups, electron density at the donor atoms, 

p-orbital character, and electronic structure of the molecule [115].  

 

Corrosion inhibitors usually contains surfactants, solvents, intensifiers, amines quaternary, 

acetylenic alcohols, various nitrogen-containing heterogeneous rings, and impurities [116]. 

Surfactants are surface-active compounds that help spreading of the corrosion inhibitor inside 

the acid and solvents to help with the product formulation [117]. The surfactants have excellent 

wetting for the metal surface [118–120], that provides them with good corrosion resistance 

properties [121,122]. The solvents are helpful in reducing viscosity and in enhancing the 

stability of the product. The intensifiers enhance the performance of other acid corrosion 

inhibitors in creating adequate protection again metal corrosion [123]. Typical acid corrosion 

inhibitors require intensifiers in extreme environmental conditions such as strong acids, high 

temperatures, or prolonged contact times. Although, they can accentuate the effects of acid 

inhibitors, the intensifiers have a high degree of toxicity causing significant environmental 

concerns [123]. 

 
  

2.8. Corrosion inhibition using inhibitors 
 

The functional groups of commonly used corrosion inhibitors consists of one or more 

heteroatoms (O, N, S, P). These heteroatoms are responsible for binding the inhibitor on the 

metal surface. This binding of the inhibitor is crucial as this causes the adsorption of inhibitors 

on metal surfaces, which is the first stage of corrosion inhibition. Different type of 

organic/chemical compounds are used in the oil and gas industry as corrosion inhibitors. This 

thesis will focus on some water-soluble inhibitors that are commonly used in the oil and gas 

industry.  
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2.8.1. Amine based inhibitor  
 

Amines are derivatives of ammonia and are commonly used for corrosion inhibition. Their 

structure contains nitrogen atom with an electron pair. Based on the nature and number of 

substituents attached to the nitrogen atom, amines can be classified as primary, secondary, and 

tertiary[76]. Amines are the most utilized inhibitor in the sour corrosion environment [74]. 

They get adsorbed on the metal surface and are less expensive than other organic inhibitors 

such as imidazolines and amides [124]. Amine-based inhibitors like dibutylamine and 

tributylamine can exhibit high corrosion inhibition efficiency, which is likely due to the 

presence of nitrogen heteroatom, which has high electron density and can act as the adsorption 

center. Also, amines with good water solubility, such as ethoxylated amines offer better 

corrosion inhibition [76].  

 

Addition of other chemical compounds such as iodide can also lead to improved corrosion 

inhibition efficiencies as they have synergistic effects on amines mediated corrosion inhibition. 

Similarly, higher corrosion inhibition is observed using ethanolamine in the presence of 

hydrochloric acid. The improved corrosion efficiency in presence of hydrochloric acid can be 

due to the behavior of -OH group as electron repellent which provides high nitrogen electron 

density [124].  
 

The corrosion inhibition properties of different amines have been studied on corrosion 

inhibition on different surfaces and in different environments. Some of these studies have been 

discussed here. Different amine-based inhibitors, including 2-ethylhexyl amine, aniline, 

benzylamine, butylamine, ethylamine, isopropylamine, octylamine, and triethanolamine were 

studied on C15 grade mild steel in 3 wt% NaCl solution. The effectiveness of these amines 

varied with the temperature and their combination with other compounds. The lowest corrosion 

rates were obtained for 2-ethylhexyl amine at 25 ºC and triethanolamine at 70 ºC.  Upon 

addition of KI, the lowest corrosion rate at 25 ºC and 70 ºC was obtained for butylamine and 

isopropylamine, respectively. These results show that some inhibitors had synergistic effect 

with KI in corrosion inhibition. The corrosion inhibition properties of these inhibitors were 

also associated with the adsorption energy properties of these compounds of the steel surface 

[125]. 

 

In another study different types of amines were studied for their effect of their molecular size 

on the corrosion inhibition of metal and scale formation. The results showed that with increase 

in molecular size, the corrosion inhibition efficiencies improved. The amount of surface 

coverage increases with the molecular size of the inhibitor. The diethylenetriamine, 

triethylenetetramine, pentaethylenehexamine had corrosion inhibition efficiency values of 

75%, 78%, and 92%, respectively [115].  

 

The effects of corrosion inhibition using amine compounds have also been studied on different 

metal surface and environments, such as aluminium in 3 wt. % NaCl solution, saturated with 

CO2. Ethanolamine was added at 20 ºC and in different concentrations between 1 mM and 8 

mM. The least corrosion rate and the highest inhibition efficiency was observed for 5 mM of 

ethanolamine. Furthermore, the corrosion inhibition effects of ethanolamine were found to be 

due to the adsorption mechanism, which varied with the concentration of the inhibitor. The 

adsorption increased up to the concentration of 5mM and then decreased at higher 

concentrations [126].  
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2.8.2. Imidazoline based inhibitor 

Another form of commonly used chemical inhibitors are imidazoline-type inhibitor. 

Imidazolines consists of three parts: a 5-member head ring, a hydrophilic pendant chain, and a 

long hydrophobic hydrocarbon chain (Fig. 2.16). The two nitrogen atoms of the head ring act 

as its reactive sites and adsorbs on the metal through the formation of bonds with the metal atoms 

on the surface. The pendant chain with a hydrophilic active functional group (-R1) acts as an 

anchor to the adsorbent surface [127,128]. The long hydrocarbon chain (-R2 group) can consist 

of various carbon numbers and is also thought to influence the corrosion inhibition properties 

of the inhibitor. Imidazoline inhibitors, due to their higher adsorption energy values than the water 

molecules, have preferential adsorption on the metal surface in aqueous mediums [129]. 

 

 
 

Figure 2.16. Schematic of a general imidazoline-type inhibitor. 

 

The corrosion inhibition mechanisms of imidazolines are complex and may involve 

physisorption and/or chemisorption.  For example, a study investigated the corrosion inhibition 

properties of three halogen-substituted imidazoline derivatives (1-IM, 2-IM, 3-IM) on mild 

steel surface in hydrochloric acid solution at 30°C-70°C. The study found limited effect of 

temperature on the corrosion inhibition performance of these inhibitors, such that at higher 

temperatures the corrosion inhibition either decreased (1-IM, 3-IM) or changed only slightly 

(2-IM). Based on these findings, it was suggested that these compounds were mainly 

physisorbed on the metal surfaces. Another study found a different type of imidazoline 

inhibitor (2-phenyl-2- imidazoline; 2-PI) to be effective in corrosion inhibition on AA5052 

aluminum alloy in 1M HCl solution [130].The effect of temperature on the corrosion inhibition 

was also studied on the corrosion inhibition properties of different imidazoline derivatives on 

the corrosion inhibition of aluminum in acid solutions at various temperatures (30 °C-60 °C) 

[131]. They found a decrease in inhibition efficiency with a rise in temperature for all the tested 

imidazoline derivatives suggesting the temperature may play a role at lower temperatures (<80 

ºC) [129]. 

 

Corrosion inhibition characteristics of a combination of 2-undecyl-1-sodium ethanoate-

imidazoline salt (2M2) and thiourea (TU) was studied on the corrosion of N80 mild steel in 

CO2 saturated 3 wt% NaCl solution at 25 °C, 1 bar and a pH of 4. Increase in 2M2 concentration 

increased the inhibition efficiency, whereas increase in TU concentration reduced the inhibition 

efficiency. These results suggest that the concentration of the two mixed compounds needs to 

be balanced optimally [132].  
 

The corrosion inhibition properties of 2-undecyl-1-ethylamino imidazoline (2UEI) on N80 

mild steel in 3% NaCl solutions saturated with CO2 increases with an increase in 2UEI 

concentration or the temperature. In addition, the 2UEI shows synergistic effects with the 
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iodide ions [133]. The addition of iodide ions also improve the corrosion efficiency of amido-

imidazoline derivative on API 5L X52 steel in 3 wt% NaCl solution which is saturated in CO2 

[134]. A concentration of 8.1 x 10-5 mol/L of Carboxyamindo imidazoline works optimally for 

corrosion inhibition of X-70 pipeline steel in saltwater saturated with CO2 at 50°C. Higher 

concentrations result in desorption from the metal surface leading to lower corrosion inhibition 

[135]. 
 

 

2.8.3. Green inhibitors 

Most of the commercially used inhibitors are synthetic and may have effective corrosion 

inhibition properties; however, they can lead to toxicity and environmental hazards. As a result, 

there is growing interest in alternative plant-based inhibitors that are cleaner and do not lead to 

environmental toxicity. Such environment-friendly inhibitors are commonly called as “green 

inhibitors”.  

Different extracts of natural products (e.g., plant roots, leaves, fruits, flower, etc.) are used as 

green inhibitors. These extracts have been used in different forms in CO2 saturated solution in 

NaCl solution on different steel surfaces [136]. Although used in different concentrations, the 

results show low (18%) to high (99%) efficiency values. Lower efficiency values (< 30%) were 

observed for green extracts like Coptis Chinensis, Momordica Charantia, and Bark Tannin 

[137–139]. Whereas higher efficiencies (>95%) were observed for extract like Murraya 

Koenigii leave, Chromolaena Odorata leaves, Tridax Procumbent leave extract [140,141]. The 

stark differences in the efficiencies of these green inhibitors could be due to differences in the 

different molecules it contain and structure of these compounds, the concentration levels used 

in the studies, and other extrinsic factors like test temperatures.  

Most studies have used green inhibitors in their pure form; however, few studies have 

combined the extract from the green inhibitors with other products like ethylene glycol and 

thiourea. For example, Anise extract (Fig. 2.17) in ethylene glycol in the CO2 saturated 3wt% 

NaCl solution on CK 10 steel led to high corrosion efficiency values (83 - 97%) [142]. 

Similarly, Berberine extract in combination with thiourea in the CO2 saturated 3wt% Nacl 

solution on L360 steel led to high corrosion efficiency values (73 - 88%) [143].  

There are other natural inhibitors that are tested in the HCl environment and provide a high 

efficiency. For example, the efficiency of the extract of potato peels (PPE) to reduce the 

corrosion of mild steel in a 2M HCl solution, can be up to 90% [144]. Similarly, banana peel 

extract (BPE) can be used for corrosion inhibition of carbon steel in sea water. The main 

constituent of BPE is bananadine [(3Z,7Z,10Z)-1-oxa-6-azacyclododeca-3,7,10-triene], which 

in combination with 15 ppm can offer corrosion inhibition efficiency up to 98% [145]. In 

sulfide-contaminated NaCl solution, ginger extract can be used for steel corrosion inhibition 

such that the corrosion inhibition increases with the concentration of the extract [146].  
 

The inhibition properties of these compounds result from the presence of heteroatoms (O, N, 

S, P).  Fig. 2.17 shows the presence of the heteroatoms in the Anise molecule. The adsorption 

of the inhibitor molecules on the carbon steel surface is due to the donor – acceptor interactions. 

For example, the donors in these structures are π electrons of oxygen atoms and aromatic rings 

of inhibitors, which interact with the vacant d orbital of the acceptor iron surface atoms [147]. 
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Figure 2.17. The molecular structure of main component in anise extract (transanethol) [142]. 

 

 

Another example is aloe vera, which is a natural product rich in several organic compounds  of 

high molecular weight (tannins, saponins, aloin, aloe emodins) with heteroatom and π centers 

in their molecular structures [148–150]. Due to their good corrosion inhibition efficiencies and 

environment-friendly nature, the green inhibitors like aloe vera offer an excellent substitute for 

the synthetic inhibitors that are currently being used in the oil and gas industry. However, the 

corrosion inhibition properties are yet to be studied on different metals (e.g. L80-1Cr) that are 

commonly used in oil and gas industry. Moreover, there is a need to study the mechanisms 

(e.g. molecular level adsorption energies) to understand the optimal dose and working 

mechanisms of these inhibitors in different environments.  

 

2.9. Molecular modelling using density functional theory (DFT) 
 

2.9.1. Introduction 

Density-functional theory (DFT) is a modelling method based on the principles of 

computational quantum mechanics. The DFT modelling is used to investigate the electronic 

structure (or nuclear structure) (principally the ground state) of many-body systems, in 

particular atoms, molecules, and the condensed phases. The DFT focuses on the electron 

density function, instead of the many-body wave function. Therefore, it overcomes the 

problems associated with the full-quantum mechanical computational difficulties [151]. The 

DFT theory can be used to determine the properties of a many-electron system using 

functionals, i.e. functions of another function. DFT is becoming a method of choice for 

condensed-matter physics, computational physics, and computational chemistry [152].  

The DFT can be used for modeling of adsorption phenomena on solid surfaces. Although 

challenging, the investigation of adsorption of organic molecules on metals using DFT is 

considered enormously valuable [153]. Due to this, DFT is highly relevant in studying the 

mechanisms of corrosion inhibitors on metal surfaces. Studying the adsorption properties of 

inhibitors on metal surfaces can help in predicting the corrosion inhibition properties of 

different inhibitor molecules on the metal surface. The experimental methods of corrosion 

inhibition require greater time and resources as compared to modeling methods. Thus, this 

thesis will highlight how DFT can be used to study the mechanisms of corrosion inhibition in 

presence of different inhibitor molecules. The calculations of adsorption energy for different 

inhibitor molecules and differences in adsorption energy of inhibitor molecule and water on Fe 
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surface with and without corrosion product are shown in the respective chapters appended as 

journal manuscripts published or intended for publication.  

 

2.9.2. Theoretical background 

This section will focus on the theoretical background behind the electronic structure 

calculations. Mainly to study the adsorption process on the surfaces and its effects, one needs 

to understand it from atomistic view. The DFT is an appropriate tool to study the electronic 

structure and adsorption process from an atomistic view. The DFT was developed by 

Hohenberg and Kohn in 1964 [151]. According to the DFT, the ground state density of particles 

is considered as the “basic variable”.  All other properties of the system are considered unique 

“functional” of the ground state density. A functional is considered as a function of functions. 

As a function, it is considered to map the value of a variable to a singular number, a functional 

maps the function to a singular value [154].  

 

Visualization of a material with a full quantum-mechanical perspective requires a calculation 

of the many-nuclei, and many-electronwave function of that material. The nuclei have a 

relatively larger mass, requiring their decoupling from the electrons for a vast majority of 

simulations of their behavior. As a result, the nuclei may be treated as classical point-like 

particles (The Born-Oppenheimer approximation). Unlike nuclei, the electrons have a lower 

mass requiring full quantum-mechanical way for understanding their behavior. However, the 

computational complexity of the many-body Schrödinger equation makes the solution highly 

complex and beyond the current technologies for almost all material problems [153]. 

 
As mentioned earlier, the DFT considers that the total energy of the system is a unique 

functional of the electron density eliminating the need to compute the full many-body wave 

function of the system [151]. However, the challenge is that the precise functional dependence 

of the energy on the density is not known. The Kohn & Sham equations solve this issue of 

computing the ground state energy and particle density of an N-electron system using 

independent-particle equations [155]. These equations consist of N single-particle,  3-

dimensional  Schrödinger-like equations with a modified effective potential and are much easier 

to solve than the original (3N-dimensional) many-body problem. This modified effective 

potential is itself a functional of the total particle density, which follows the principle of DFT. 

The modified effective potential receives a contribution from the quantum-mechanical 

exchange and correlation of the particles. Although there is no expression for this exchange–

correlation (XC) potential, but it is relatively small compared to the single-particle kinetic. The 

importance of this XC term is central to the success of DFT. The local density approximation 

(LDA) is the first general approximation for exchange and correlation [155]. In the LDA, the 

XC energy density at any position depends only on the particle density at that point. This 

density dependence must be identical to that of a homogeneous electron gas of the same density. 

Since this has been calculated accurately, it offers a usable approximate density functional 

[156,157]. An important property of any density functional is the exchange–correlation hole, 

the region around any particle in which the probability of finding another identical particle is 

reduced. The extensions to the LDA, such as the generalized-gradient approximations (GGAs), 

include a dependence on the local density gradient, e.g. the PW91[158], and Perdew, Becke 

and Ernzerhof (PBE) functionals [159]. The GGAs systematically improve the atomization or 

cohesive energies of hydrogen-bonded solids [160]. There are several approximations beyond 

the GGA; such as: (i) meta-GGAs (ii) hybrid functionals and (iii) DFT + U. In meta-GGAs, 

the Laplacian of the density, expressed as the Laplacian of the wave function is included. The 



Literature review 

 

 
46 

hybrid functionals includes an empirical fraction of Hartree Fock exchange to overcome the 

band-gap problem. The DFT+U includes Hubbard-U potential to enhance localization of 

electrons, to the d or f shells to improve the magnetic properties of materials [153]. Once the 

XC potential is finalized, the choice of basis for the single-particle wave functions needs to be 

determined. The Block’s theorem can be used to express the wave function as a periodic Bloch 

function multiplied by a complex phase factor whose wavevector is drawn from the first 

Brillouin zone of the reciprocal lattice. These Brillouin zones are integrated and approximated 

numerically, with Bloch functions sampled on a discrete mesh of wavevectors often referred 

to as k-points. For metals, the abrupt change in the occupancy of each state with wavevector 

means that much denser grids are required.  

 

The Bloch functions can be mathematically represented in the form of basis functions. The 

coefficients of these basis functions are the primary values used to build a computational 

representation. Different forms of the Bloch functions are available for the use in periodic solid-

state calculations, such as plane-waves, augmented plane-waves, muffin-tin orbitals, numerical 

and mixed basis sets [161]. Amongst these, the plane-waves method is most used method 

[161,162] and has been used for this report. Each Bloch state is expressed as a Fourier series 

that are based on plane-waves (basis states) and reciprocal lattice vector (wave vector). The 

plane-waves state is thought to have advantages over the other sets, where functions are 

centered on atomic positions, which reflects the periodicity of an ordered material [153]. Other 

advantages include - efficient computing of matrix elements, orthonormal basis set, and its size 

is controlled by a single parameter, the cut-off energy Ecut. The disadvantages of the plane-

waves state are: requirement of large function, higher energy cut-off, and corresponding 

increase in the computational cost.  

 

2.9.3. Materials and methods for calculations 

 
Periodic plane wave density functional theory calculations are performed using the Quantum 

Espresso package [163]. Electronic exchange-correlation effects were modeled within the 

generalized gradient approximation (GGA) by the revPBE functional [164]. The revPBE gives 

better atomization and adsorption energies than PBE. In all calculations, we used the projector 

augmented wave (PAW) method [165,166], with pseudopotentials available in the Quantum 

Espresso pseudopotential library [167]. The DFT does not include dispersion forces, which can 

be corrected using different methods. A simple method for including dispersion is by use of 

semiempirical corrections [168], which have proven very efficient and accurate for molecular 

systems. In this thesis, London dispersion corrections were included through the semiempirical 

DFT-D2 approach [169,170] with modified C6 parameters for ionic solids [171]. This semi-

empirical approach performs well for adsorption properties of molecules on ionic solid 

surfaces. 

The adsorption energy calculation for different types of inhibitor molecules (alkanolamines, 

imidazoline, aloin, etc.) were compared to water molecules for most stable surfaces such as 

Fe(110), FeCO3(104) and Fe3C (001).  The comparison with water molecules is important as 

the inhibitors need to get adsorbed on the metal surface from an aqueous phase. Due to time 

limitation, only alkanolamines molecules adsorption energy values are calculated on 

FeCO3(104) and Fe3C(001) surface. 

Initially, geometry optimization calculations for the conventional bulk unit cell of Fe, Fe3C and 

FeCO3 were performed. In order to perform slab calculations on Fe(110), FeCO3(104) and 

Fe3C(001), 15-20 Å of vacuum between the material slabs was inserted. The slabs for each of 
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the materials consisted of four molecular layers (shown in Fig. 2.18).  It was assumed that all 

atoms of the surface molecular layer of the material is a potential site for the adsorption of the 

inhibitor molecule. All atoms in the first three molecular layers of the substrate and the 

adsorbed molecules were allowed to relax, and the fourth molecular layer (furthest from the 

side of the adsorbates) was frozen during the geometry optimizations. The lattice parameters 

used for each material were found by optimizing the cell parameters for the corresponding bulk 

material, using the same pseudopotentials, exchange-correlation functional that was later used 

for calculating adsorption energies, in order to minimize the effects of surface strain on 

adsorption properties. Fe and Fe3C are metallic and therefore the need for k-points is higher. 

For example, for FeCO3(104), only the gamma point was used during geometry optimizations, 

for Fe(110) a 4 × 4 × 1  k-point sampling was used and for Fe3C(001) a 6 × 6 × 1  k-point 

sampling was used.  

The revPBE functional [164] with added semi-empirical dispersion corrections were employed 

in the DFT-D2 implementation [169,170,172].The s6 parameter for revPBE was 1.25, and a 12 

Bohr cutoff was used for Fe calculations [168].The C6 vdw parameter for Fe and Fe3C was set 

to be 159.927, the same as the noble gas in the row above, Ar, as described in [168,173].The 

C6 vdw  parameters for FeCO3(104) were reduced by a factor of 33 to take into account the 

decreased polarizability of cations when they are bonded within an ionic material 

[171,174,175]. All pseudopotentials were ultrasoft (or PAW), generated using revPBE, and 

were taken from PS Library 0.2.5 [167,176].The kinetic energy cutoff was 40 Ry, and the 

density cutoff was 400 Ry, which has been shown for similar setups to provide converged 

adsorption energies [174,175]. 

          
 

Figure 2.18. Slab with four molecular layer and vacuum for (a): Fe(110), (b): FeCO3(104) and (C): Fe3C(001). 

In order to assess the specific molecular interaction with the model surfaces, the adsorption 

energy was calculated using equation (29).  

 

 Eadsorption = Esurface+inhibitor − (Esurface) − (Einhibitor) 
 

(29) 
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Where, Esurface, Einhibitor and Esurface + inhibitor represent the total energies of a clean slab, a 

molecule, and a system with the molecule adsorbed on the slab. A negative adsorption energy 

determined in this way corresponds to an exothermic process and a stronger adsorption with 

the surface. 

Accordingly, adsorption energy was determined using equation 1, for converged geometry of 

each structure. To find the most stable adsorption geometry for a particular molecule, 

calculations were made for a number of starting geometries, where the molecule was placed on 

the surface to promote several possible interactions between the functional group and the 

surface atoms.  

 

2.10. Summary 
 

Corrosion in oil and gas industry can lead to failures and shutdown of production, which 

amounts to huge economic loses and safety incidents. To help mitigate these loses, there is a 

need for effective corrosion inhibition strategies. The use of corrosion inhibitors is one such 

mitigation technique, which is cost effective and can be used on different surfaces and different 

environments. In addition, green alternatives of the corrosion inhibitors offer environmental-

friendly ways of corrosion mitigation. Lastly, there is a limited understanding of molecular 

mechanisms underlying corrosion inhibition in oil and gas industry. Due to these gaps, more 

studies are warranted on corrosion prevention strategies using corrosion inhibitor in oil and gas 

industry.  

 

In oil and gas industry, there can be extreme environment conditions. These include, the 

presence of sea water in production fluid, high temperature, highly acidic pH, and exposure to 

gases like CO2 and H2S. These extreme conditions make metal more susceptible to corrosion. 

The commonly used metal surface in oil and gas industry is carbon steel, which is more 

affordable and has desirable structural integrity. However, the corrosive resistance properties 

of carbon steel are not high enough to sustain adverse environment conditions over long 

periods.  

 

Corrosion in presence of CO2 and H2S leads to formation of FeCO3 and FeS corrosion products, 

respectively. These corrosion products form layer on the metal surface. The formation of these 

corrosion products also depends on the environmental factors such as temperature, pH and 

water chemistry. In addition, precipitation processes of corrosion products also influence the 

corrosion mechanism. The precipitation of the protective FeCO3 is dependent on the 

temperature. At T > 60 ˚C and pH > 6.5, a protective layer of FeCO3 is formed and can reduce 

significantly the corrosion rate. In case of H2S or H2S/CO2 environment, the formation of FeS 

scale is dependent on the concentration of H2S. Higher concentration of H2S leads to a higher 

corrosion rate. The type of corrosion product formed as the first layer is Mackinawite film.  At 

higher temperatures (>90 ˚C), a protective FeS film is formed, which reduces the corrosion 

rate. 

Commonly used corrosion inhibitors include amines and imidazoline derivatives. Depending 

on the structure and their pendent group, these inhibitors can offer high corrosion inhibition 

efficiencies (>80%). These inhibitors also show synergistic effects with certain other 

compounds such as KI and ethylene glycol. The corrosion inhibition properties of these 

compounds result from the O, N, P, S heteroatom groups present in the inhibitors. These 

heteroatoms bind to the metal surface leading to adsorption of the inhibitor. The adsorption 
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leads for formation of inhibitor film on the metal surface, which forms the primary mechanism 

of corrosion inhibition. 

These O, N, P, S heteroatoms are also present in the compounds that are naturally present in 

green inhibitors, for example, aloe emodins, aloin and tannins. These green inhibitors offer 

environmental friendly ways of corrosion mitigation. Over the time the corrosion inhibitors 

degrade and their effects are attenuated. Therefore, determining their optimal initial dosage, 

and frequency and dosing of the subsequent reinjections is important to maintain their corrosion 

inhibition properties.      

 

Despite of extensive work on corrosion inhibition properties of inhibitors there are gaps that 

need to be addressed in order to progress the understanding of corrosion prevention in the oil 

and gas industry. There is a need for investigation of corrosion inhibition properties of amines 

and imidazolines on corrosion inhibition of 1 Cr steel in CO2 environment with or without the 

presence of H2S. Additionally, to limit the toxicity of chemical inhibitors, there is a need to 

study the effects of green inhibitors on corrosion prevention. Molecular modeling can compute 

the adsorption energy values and predict the corrosion behavior of various organic molecules. 

The knowledge of adsorption energy for different inhibitor molecules helps in understanding 

their affinity to bind to the metal surface and also their capacity to replace water molecules. 

These molecular level predictions help to understand the mechanisms of the corrosion 

inhibition behavior observed during experiments. In addition, the effect of these inhibitors 

using re-injections or in combination with other organic compounds need to be studied to 

understand the ways of improving corrosion inhibition efficiency of the inhibitors. 

 

This thesis investigates the corrosion inhibition properties of amines, imidazolines, and green 

inhibitors on L-80 1-Cr steel in CO2 and H2S environments. Various electrochemical and 

molecular modelling techniques are utilized to study the corrosion behavior in the presence of 

different inhibitors and their adsorption properties (DFT molecular modeling), respectively. 

The inhibitors are tested in the pure form and in combination with mono-ethylene glycol to 

understand their synergistic effects on corrosion efficiencies. In addition, the effect of repeated 

injections of inhibitors is studied to understand the effect of subsequent doses on the 

replenishment of degrading initial doses of inhibitors. Correlating with this absorption 

characteristics on metal surface and corrosion scales are investigated using molecular 

modelling to understand relative adsorption of inhibitor molecules on metal surface and on 

corrosion products.  
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3. Materials and methods 
 

This section provides an overview of the material, electrochemical method and other 

characterization methods, used in the thesis.  Detailed description on the preparation of the 

natural inhibitors and experimental procedures can be found in the respective chapters added 

as journal manuscripts published or intended for publication. 

 

3.1. Material and specimen preparation 

The metallic material used for all the investigation in this thesis were made of a martensitic 

1Cr steel (L80) in the quenched & tempered condition with a chemical composition listed in 

Table 3.1 and martensitic microstructure is shown in Fig. 3.1. This is one of the commonly 

used well tube material for Danish North Sea wells. The specimen were machined into 

cylinders with a diameter of 10 mm and a height of 10 mm which accounts for total surface 

area of 3.9 cm2. The surface of the sample was mechanically polished with SiC paper grades 

of P220, P320, P500, and P1000 while being cooled with de-ionized water continuously.  

Immediately after polishing, the specimen were chemically degreased with ethanol, rinsed with 

de-ionized water, and then air-dried. The prepared and dried specimens were used for 

electrochemical experiments. At the end of the experiment, the specimens were taken out from 

the cell and then rinsed with de-ionized water and ethanol, dried in air, and stored in a 

desiccator for further characterization. 

 

Table 3.1. Chemical composition in wt % of the L80-1 Cr material. 

Material C Cr Mn Mo P Si S Fe 

L-80 1 Cr (API 5CT) 0.40 1.10 0.75 0.20 ≤0.035 0.20 ≤0.040 base 

 

 

 

Figure 3.1. Microstructure of the 1Cr steel after etching with Nital with 2000 magnification. 
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3.2. Electrochemical corrosion testing 

3.2.1. Electrochemical glass cell setup 
 

The corrosion tests were carried out in an airtight 1.5 L glass cell (Fig.3.2b) using a standard 

three-electrode cell. An Ag/AgCl reference electrode was placed in contact with the solution 

through a glass-luggin capillary and a concentric platinum wire ring was used as the counter 

electrode. Whilst the material used for testing was placed as working electrode. A 

thermocouple was placed inside a glass jacket to monitor the temperature. Inorder to measure 

pH of the solution, in situ pH electrode (Mettler-Toledo InPro 3250i) was placed on the side 

inlet of the glass cell as shown in Fig. 3.2a. 

 

 

Figure 3.2. Electrochemical cell for experiments: (a) schematic of the experimental cell and (b) real corrosion cell.  

 

3.2.2. Electrolyte preparation 
 

All the electrochemical experiments were conducted in a CO2-saturated 1 wt.% NaCl solution.  

Before immersing the specimen in the solution, the electrolyte was sparged with nitrogen for 

about 12 hours to deoxygenate the solution. The gas was then switched to CO2 and bubbled for 

at least 4 hours in order to saturate the solution and temperature was increased. Further 

inhibitors were injected into the solution as required based on the experiments. Additional 

deaeration time was given for (at least 30 minutes) in order to remove possible trapped oxygen 

during the injection of inhibitors into the solution. 

 

In another phase of this work, in order to study the effects of the inhibitors on the iron carbonate 

layer, NaHCO3 was added to adjust the pH of the solution to 6.5 in order to facilitate iron 

carbonate precipitation. After pH adjustment, the solution was again de-aerated for at least one 
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hour with CO2 gas bubbling. During testing, CO2 gas was continuously bubbled through the 

solution to maintain its saturation and avoid any oxygen entrance. 

 

3.3. Types of inhibitors investigated  
 

In this research work, different types of inhibitors were investigated. The molecular structures 

of those inhibitor are shown in Fig. 3.3. For some investigations, inhibitors are tested alone 

(example experiments related to amine, chapter 5) and imidazoline types inhibitors were tested 

alone as well as in combination with ethylene glycol (Chapter 6). 

For green inhibitor investigations, aloe vera extract was used as inhibitor. As discussed before 

in section 2.8.3 that aloe vera contains several rich organic compounds and aloin is one such 

compound which contributes for corrosion inhibition. Thus along with aloe vera extract, aloin 

was also tested for corrosion inhibition. Further, the concentrations used for different 

experiments are explained in the respective chapters.  

 

 

 
 

 
Figure 3.3. Molecular structure of used inhibitors (a) Ethanolamine, (b) Diethanolamine, (c) Triethanolamine, (d) 2-

Methyl-2-imidazoline, (e) 2-Phenyl-2.imidazoline, (f) Aloin and (g) Mono ethylene glycol. 

 

3.4. Electrochemical techniques 
 

A Biologic VSP potentiostat was used to perform electrochemical tests. The electrochemical 

measurements conducted include linear polarization resistance (LPR), electrochemical impedance 

spectroscopy (EIS), and potentiodynamic sweeps or cyclic. The parameters chosen for each 

technique are described in the specific chapters. Further, data were analyzed using the EC-Lab 

software. 
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3.4.1. Linear Polarization Resistance (LPR) and inhibitor efficiency 
 

The linear polarization resistance is an effective electrochemical technique used to measure 

instantaneous corrosion rate, where small potential is applied between the electrode, and the 

resulting current is measured. The small amplitude perturbation voltage will keep the 

electrochemical system under steady state condition allowing the technique to be useful for 

long term corrosion monitoring.  Thus, the LPR technique can be used to assess the corrosion 

rate non-destructively.  

 

Using linear polarization, one can obtain Polarization resistance (Rp), which is the transition 

resistance for the metal ions dissolution from the electrode surface to solution. Therefore, Rp 

is inversely proportional to corrosion rate. Using Stern Geary equation, one can convert Rp to 

corrosion rate if Tafel slopes for anodic and cathodic reaction is known. However, in absence 

of Tafel slopes, Rp can be taken as the direct measure of corrosion rate.  

 

For work in this thesis, LPR results were obtained by polarizing the working electrode ±10 mV 

versus the open circuit potential at a scan rate of 0.167 mV /s. Since the cathodic Tafel region 

had diffusion limited current behavior, it was difficult obtain slope value. Therefore the Rp 

values were reported directly as a measure of the corrosion rate.  

 

The inhibition efficiency values are also calculated using Rp values. By using formula: 

 

𝐈𝐧𝐡𝐢𝐛𝐢𝐭𝐨𝐫 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 (%) =
(𝐑𝐩𝐮𝐧𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

− 𝐑𝐩𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝
)

𝐑𝐩𝐮𝐧𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

×100 

 

3.4.2. Electrochemical Impedance Spectroscopy (EIS) 
 

EIS has shown to be a powerful technique to understand the interfacial process happening 

during the inhibitor adsorption on steel surface. In the current research work, EIS is used to 

study protective films and scale analysis to provide information about corrosion and the protection 

mechanism together with inhibitor film persistency [2].  

 

EIS experiments were carried out by applying a sinusoidal potential with an amplitude of ±10 

mV vs. OCP at a frequency range from 10 kHz to 10 mHz. The impedance response was 

modelled by fitting the equivalent circuit model presented in Fig. 3.4. Fig. 3.4a represents 

simple system when samples are tested without inhibitor (no film formation) and Fig. 3.4b 

represents system when samples are tested in presence of inhibitors, in which: 

 

• Rs is the solution resistance 

• Rpr is the pore resistance of the film layer 

• Cfc is the film capacitance 

• Rct is the charge-transfer resistance 

• Cdl is the double layer capacitance 
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Figure 3.4. Equivalent circuit (EC) used for modelling of EIS data. 

More detailed discussion on EIS data and circuit fitting are explained in individual chapters.  

 

3.4.3. Potentiodynamic Sweep 

Potentiodynamic scans were performed in order to obtain information about the 

electrochemical corrosion behavior of the sample over large potential range covering the Tafel 

region and beyond. The potentiodynamic sweep test was conducted using a potential range 

from -250 mV to +1000 mV with respect to OCP with a sweep rate of 0.167mV/min.  The 

cathodic portion of the Tafel plot was scanned from -250 mV to 0 with respect to OCP while 

the anodic portion was scanned from 0 to +1000 mV with respect to OCP. 
 

3.5. Surface Characterization and phase analysis 
 

3.5.1. Scanning Electron Microscopy (SEM) 

The surface morphology of the corroded surface, cross-section of the samples and elemental 

analysis of the corrosion products were investigated using high resolution scanning electron 

microscopy (SEM) on Quanta FEG 200, which is equipped with energy dispersive X-ray 

spectroscopy (EDS) using Oxford Instruments X-Max Silicon Drift Detector. In order to do 

cross section analysis, the samples were cold embedded and cut along the cross section. After 

cutting, water free (ethanol 100% purity) sample polishing was conducted with SiC grade P220, 

P320, P500, P1000, P4000 followed by 1μm and 3 μm abrasive particles and then rinsed with 

ethanol and dried. Further samples were sputtered with gold to prevent charging of the samples.  

All images were obtained using Everhart- Thornley (ET) detector. 

 

3.5.2. X-ray Diffraction 

X-Ray Diffraction (XRD) was used to determine the phase composition of the formed layer 

using a Bruker D8 Advance. The instrument was operated at 35 kV and 50 mA with Cr-Kα 

radiation (λ=0.22909 nm). The 2θ ranged was selected from 35º to 85º, with the step size of 

0.05º, and a 10 s count time at each step.  
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3.5.3. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) spectra were recorded using a commercial XPS-

Thermo Scientific system. The base pressure in the experimental chamber was below 10-9 

mbar. The spectra were collected using Al Kα X-ray source (1486.6 eV) radiation and the 

overall energy resolution was about 0.8 eV. High-resolution scans with 0.1 eV steps were 

conducted over the interesting regions. XPS spectra were deconvoluted using a non-linear 

least-squares algorithm with a Shirley baseline and a Gaussian–Lorentzian combination. 

Thermo Avantage software, version 5.9913, was used for all XPS data processing. 
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4. Summary of the experimental chapters 
  

This chapter includes summary of all manuscripts presented in chapters 5-9.  

Paper I 

Electrochemical and molecular modelling studies of CO2 corrosion inhibition characteristics 

of alkanolamine molecules for the protection of 1Cr steel 

 

The first study investigated the effects of alkanolamine molecules on the corrosion inhibition 

of L80–1Cr steel in CO2-saturated 1 wt% NaCl solution at well downhole temperatures of 20 

ºC and 80 ºC. When CO2 dissolves in water and hydrates to carbonic acid (H2CO3), it promotes 

electrochemical reactions between the steel surface and the aqueous phase, leading to iron 

dissolution. At higher temperatures (80 ºC), corrosion products such as iron carbonate in the 

form of siderite (FeCO3) precipitate on the surface, which likely influences the corrosion 

mechanism. However, the formation of FeCO3 corrosion product layer is unpredictable and 

offers unreliable protection against corrosion. Thus, there is reliance on use of corrosion 

inhibitors, which are considered as efficient and economical methods for corrosion inhibition 

in oil and gas production wells. Inhibitors on the metal surface mainly act as a competitive 

absorbate against the aggressive ions. Alkanolamines (ethanolamine, diethanolamine and 

triethanolamine) are organic molecules possessing N hetero-atoms. These organic corrosion 

inhibitors are layer-forming agents and are usually adsorbed on the surface of metals. In this 

study, the effect of amine-based organic corrosion inhibitors on 1Cr steel and the pre-formed 

FeCO3 corrosion layer were investigated using electrochemical techniques and molecular 

modelling. The corrosion rates were lower at 20 ºC and were also influenced by alkanolamines. 

At 80 ºC, there was a lower efficiency of alkanolamines inhibitors, due to higher corrosion 

kinetics and more desorption of alkanolamines from the surfaces. The molecular modelling 

revealed that alkanolamine adsorption/desorption influenced the kinetics and characteristics of 

FeCO3 formation. The formation of FeCO3 was delayed due to the alkanolamine injection. 

When the alkanolamines were injected at the beginning of the experiment, a porous FeCO3 

corrosion product layer was formed, leading to a lower polarization resistance value (shown in 

Fig. 4.1).  

 

Figure 4.1. Variations of polarization resistance vs time for L80-1 Cr steel exposed to 1 wt % NaCl solution at 80°C, 

with different types of alkanolamines at 200 ppmv concentration injected (a): before FeCO3 products formation and 

(b): after FeCO3 formation. 
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Paper II  
 

Electrochemical and molecular modelling studies of corrosion inhibition characteristics of 

Imidazoline based inhibitors on 1Cr steel under sweet conditions and annexure to the 

investigation of corrosion inhibition effects of 2-Phenyl-2-Imidazoline on 1Cr steel with CO2: 

Effect of H2S 

 

This study investigated the corrosion inhibition properties of imidazoline-based inhibitors on 

1Cr steel in pure CO2 environment. This study builds on the results of the first study by 

including inhibitors with N hetero-atom, but with different chemical structures. The 2-methyl-

2-Imidazoline (2-MI) and 2-phenyl-2-Imidazoline (2-PI) are two isomeric forms of imidazoline 

that are highly preferred due to their high corrosion inhibition efficiency and low toxicity. This 

study investigated the corrosion inhibition behavior of 2-MI and 2-PI on L80-1Cr steel in CO2 

environment using electrochemical techniques such as Open Circuit Potential (OCP), Linear 

Polarization resistance (LPR) and Electrochemical Impedance Spectroscopy (EIS). The 

adsorption of these inhibitors on the Fe surface was studied using molecular modelling 

technique. In addition, this study investigated the additive effects of mono-ethylene glycol 

(MEG) on corrosion efficiency of 2-MI and 2-PI. Lastly, this study investigated the effects of 

inhibitor reinjection on corrosion inhibition. 

Imidazoline with methyl (2-MI) and phenyl (2-PI) structures led to corrosion inhibition with 

28% and 93% efficiency, respectively. Higher efficiency of 2-PI was due to stronger adsorption 

of the phenyl group on the steel surface as supported by molecular modelling showing higher 

adsorption energy for 2-PI (-189 KJ/mol) than 2-MI (-76KJ/mol). 

Addition of MEG increased the corrosion efficiency of 2-MI and 2-PI to 50% and 96%, 

respectively, suggesting synergistic effects from increased surface coverage due to ion-pair 

interactions between MEG anions and imidazoline cations. Re-injection of 2-PI at 48 hours led 

to a partial increase in the Rp values shown in Fig. 4.2, suggesting prevention of further 

degradation of the initially formed layer of 2-PI inhibitor. The 2-PI inhibitor was also found to 

be effective (efficiency of 88% alone and 90% in combination with MEG) in the presence of 

200 ppm of H2S in the CO2 environment.  

 

 

 

Figure 4.2. Effect of subsequent re-injection of 2-PI inhibitor on corrosion inhibition of L80-1 Cr steel when exposed 

to 1 wt % NaCl solution at 40 °C.  
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Paper III 

CO2 corrosion inhibition capability of an eco-friendly inhibitor containing green aloe vera plant 

extract on 1Cr steel: experimental and molecular modelling studies 

 

Inhibitors typically offer a cost effective and efficient way of corrosion prevention; however, 

they potentially lead to environmental hazards. Eco-friendly (green) inhibitors such as aloe 

vera may favorably offer similar cost effective inhibitory effects without the environmental 

hazards and pollution. In addition, in combination with commercial inhibitors such as Mono 

Ethylene Glycol (MEG), aloe vera may offer high corrosion efficiency. Therefore, the focus of 

this study was to investigate the corrosion inhibition properties and underlying mechanisms of 

corrosion inhibition of aloe vera alone and in combination with MEG on L80-1Cr steel surface 

in CO2 environment. Different electrochemical techniques (OCP, LPR and impedance) and 

molecular modelling were utilized to investigate the corrosion inhibition properties. The result 

from this study shows that aloe vera (4000 ppm) led to 45% increase in corrosion resistance as 

compared to the reference sample, suggesting an efficiency of 10%, see Fig.5.3a. In 

combination with MEG, the efficiency of aloe vera (4000 ppm) increased substantially (~8 

times) as compared to that without MEG. Highest corrosion efficiency (88.7%) was seen due 

to synergistic effects of aloe vera (8000 ppm) and MEG, shown in Fig. 4.3b.  

The molecular modelling, on the basis of adsorption energy calculations and estimation of 

water replacement, help explain the mechanisms underlying the corrosion inhibition behavior 

of different inhibitors as observed in the experimental findings. Highest adsorption energy was 

observed for aloin (-110 kJ/mol), the main constituent of aloe vera that contributes to corrosion 

inhibition.  

 

Figure 4.3. Polarization resistance for L80-1Cr steel exposed to 1 wt % NaCl solution at 40 °C, for 48 hours (a): without 

and with the addition of green inhibitor and  (b): at different concentration of  aloe vera together with MEG. 
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Paper IV 

Corrosion inhibition properties of eco-friendly green inhibitors containing aloe vera plant 

extract on 1 Cr steel under H2S conditions with CO2 

 

This study established the synergistic effect of aloe vera upon addition of MEG for corrosion 

inhibition in CO2 environment. However, H2S is commonly found as a component of natural 

gas and as a dissolved constituent of oil and water that is produced in the well. The H2S is toxic, 

highly corrosive and frequently leads to the precipitation of metal sulfides in both the 

subsurface and in above ground piping. Wells with levels of H2S of more than 10 ppm are 

classified as sour. Therefore, this study investigated the effect of aloe vera alone and in 

combination with MEG in sour environment. The specific objectives of the paper were: (1) to 

study the corrosion inhibition properties of aloe vera extract on steel surface at different 

concentrations of H2S in CO2-H2S environment, and (2) to investigate the corrosion inhibition 

effects of combination of aloe vera and MEG. Electrochemical and surface characterization 

techniques were utilized to study the corrosion inhibition behavior and corrosion product layer 

analysis. The SEM analysis confirmed that in the absence of inhibitors (see Fig. 4.4 (a-f)), there 

was more corrosion and pitting (larger pits) on the steel surface than that seen in the presence 

of aloe vera (See Fig, 4.5 (a-f)).  There was an effect of H2S concentration on corrosion of L80-

1Cr steel. In the absence of inhibitors, higher concentration of H2S led to higher Rp values up 

to 400 ppm of H2S. Higher Rp values were explained by a denser layer of FeS that was formed 

on the metal surface at higher concentrations of H2S. The effects of aloe vera and MEG also 

varied with the concentration of the H2S; however aloe vera alone and in combination with 

MEG had high efficiency values (up to 70%) in the H2S environment. 

 

  
 

  

 

Figure 4.4. SEM images (top view and cross-sectional 

view) for L80-1Cr steel exposed to 1 wt% NaCl 

solution, without inhibitor (Reference) at 40 °C (a-

b): 100 ppm H2S,   (c-d): 200 ppm H2S and (e-f): 400 

ppm H2S. 

Figure 4.5. SEM images (top view and cross-sectional 

view) for L80-1Cr steel exposed to 1 wt% NaCl 

solution, with 4000 ppm aloe vera at 40 °C (a-b): 100 

ppm H2S,   (c-d): 200 ppm H2S and (e-f): 400 ppm 

H2S. 

 



 

 

 
73 

  



 

 

 
74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Paper I 

 

 
75 

5. Paper I: Electrochemical and molecular modelling 

studies of CO2 corrosion inhibition characteristics of 

alkanolamine molecules for the protection of 1Cr 

steel 
 

Shivangi Gupta, Kapil Kumar Gupta, Martin Andersson, Rouhollah Yazdi, Rajan Ambat, 

Electrochemical and molecular modelling studies of CO2 corrosion inhibition characteristics 

of alkanolamine molecules for the protection of 1Cr steel, Corrosion Science 195 (2022) 10999. 

doi.org/10.1016/j.corsci.2021.109999. 

This is the published version of the following article: Electrochemical and molecular modelling 

studies of CO2 corrosion inhibition characteristics of alkanolamine molecules for the protection 

of 1Cr steel, which will published in final form at 

https://doi.org/10.1016/j.corsci.2021.109999 

This article may be used for non-commercial purposes in accordance with Elsevier Copyright 

Policies. 

 



Corrosion Science 195 (2022) 109999

Available online 1 December 2021
0010-938X/© 2021 Elsevier Ltd. All rights reserved.

Electrochemical and molecular modelling studies of CO2 corrosion 
inhibition characteristics of alkanolamine molecules for the protection of 
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A B S T R A C T   

Effects of alkanolamine molecules on the corrosion inhibition of L80–1Cr steel were studied in a CO2-saturated 1 
wt% NaCl solution at well downhole temperatures of 20 and 80 ◦C. The electrochemical results showed lower 
corrosion rates at 20 ◦C, for which corrosion rates were more influenced by the alkanolamine injection. The 
experimental results and molecular modelling calculations using DFT revealed that alkanolamine adsorption/ 
desorption played a determining role in the kinetics and characteristics of FeCO3 formation. Additionally, the 
dependency of inhibitor efficiency on both chemical structures and adsorption energy on Fe(110), FeCO3(104) 
and Fe3C(001) was demonstrated, resulting in the highest efficiency provided by ethanolamine.   

1. Introduction 

Despite their susceptibility to CO2 corrosion, carbon and low alloy 
steels are the most commonly used materials in oil and gas production/ 
transmission infrastructure; due to their relatively low price, availabil-
ity, mechanical characteristics, ease of use in construction, and eco-
nomic effectiveness by corrosion inhibition [1]. When CO2 dissolves in 
water and hydrates to carbonic acid (H2CO3), it promotes electro-
chemical reactions between the steel surface and the aqueous phase, 
leading to iron dissolution [2–7]. In some circumstances, corrosion 
products or mineral scales can precipitate on the surface, which likely 
has a significant influence on the corrosion mechanism(s). This elec-
trochemical process has been under investigation for more than four 
decades, but the corrosion mechanisms occurring at the 
metal-electrolyte interface are still the main subject of research [8,9]. 

Iron carbonate formation in the form of siderite (FeCO3) is the most 
commonly observed corrosion product in an aqueous NaCl-containing 
medium saturated with CO2. This has been proved to be one of the 
most important factors governing the rate of corrosion [1,10]. The in-
fluence of this layer on the corrosion rate of steel has been researched 
and documented in the literature [11–15]. Indeed, the iron carbonate 
layer can slow the general corrosion process by acting as a physical 
barrier to the diffusion of ionic species involved, covering up a portion of 

the steel surface, and preventing the underlying steel from further 
dissolution. In other words, under certain conditions, FeCO3 precipita-
tion on the steel surface blocks the active sites of dissolution and creates 
a barrier to the diffusion of the electrochemically active species, 
resulting in a significant reduction in the corrosion rate. Iron carbonate 
layer growth depends primarily on the kinetics of the electrochemical 
reactions. As more iron carbonate precipitates, the layer grows in a 
higher density and thickness. However, the steel surface continuously 
corrodes under the layer, creating “voids” between the layer and the 
steel surface. When the rate of precipitation at the steel surface equals or 
exceeds the rate of corrosion, dense, protective layers form, which are 
sometimes very thin but still protective. The opposite scenario occurs 
when the corrosion process undermines the newly formed layer faster 
than precipitation can fill in the voids, and a porous and unprotective 
layer forms which can be sometimes very thick [16]. 

The protectiveness of the iron carbonate layer is strongly dependent 
on several parameters such as CO2 partial pressure [11–14], concen-
tration of ionic species [17,18], pH and temperature [19–22]. Temper-
ature is one of the most crucial parameters that influences the corrosion 
of mild steel in CO2 environments. At low pH values (when the solubility 
of FeCO3 is high), an increase in temperature accelerates both the mass 
transport in the bulk solutions and the kinetics of chemical and elec-
trochemical reactions at the metal-electrolyte interface. This leads to an 
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increase in the corrosion rate [23,24]. The peak in the corrosion rate has 
been reported in the literature to be between 60 ◦C and 80 ◦C [20–22]. 
Below ~ 60 ◦C, no protective layer is formed and the corrosion products 
are porous and not well adherent to the steel surface. At temperatures 
higher than about 60 ◦C, the FeCO3 layer becomes denser and more 
adherent to the surface, creating a solid barrier between the metal and 
the electrolyte, which reduces the corrosion rate of the steel [25–29]. 

Due to the formation of various corrosion products with unpredict-
able and uncertain levels of protectiveness, the use of corrosion in-
hibitors is considered as one of the suitable and economical methods for 
reliable production of oil and gas [30,31]. The addition of corrosion 
inhibitors effectively secures the metal against an acid attack. Inhibitors 
on the metal surface mainly act as a competitive absorbant against the 
aggressive ions. The adsorption on the metal surface is influenced by the 
surface nature and its charge-transfer properties, the type of aggressive 
electrolyte, and the chemical structure of inhibitors [32]. Most in-
hibitors are organic molecules possessing N, S, P and O hetero-atoms. 
There are different types of inhibitors of which organic corrosion in-
hibitors are mostly applied in the oil and gas industry. The organic 
corrosion inhibitors are layer-forming agents and are usually adsorbed 
on the surface of metals through a physical or chemical process. The 
mechanism of adsorption of most corrosion inhibitors can be understood 
by the determination of the adsorption properties of organic corrosion 
inhibitors [33]. The adsorption energy of inhibitor molecules can be 
calculated at the electronic level using Density Functional Theory (DFT). 
Most of the commercial organic corrosion inhibitors comprise of 
N-containing molecules amines, quarts, imidazoline, etc. which effec-
tively adsorb on the metal surface and inhibits the corrosion processes. 
There are various factors which influence the adsorption and efficiency 
of corrosion inhibitors, such as the molecular structure of the inhibitors, 
inhibitor concentration, exposure time, electrolyte chemistry, temper-
ature of the system, etc. [34]. 

Despite the existence of several studies, discussing the inhibitive 
effects of N- containing organic molecules on mild steel [35,36], the 
atomic interaction of the inhibitors with the steel surface is still unclear 
in the present literature especially when iron carbonate is formed at high 
temperatures. Thus, it is an important subject to understand whether 
amine-based corrosion inhibitors have a complementary effect on iron 
carbonate or are detrimental to its formation. The aim of this compre-
hensive study is to investigate the effect of amine-based organic corro-
sion inhibitors on bare 1Cr steel and the pre-formed FeCO3 using 
electrochemical techniques as well as molecular modelling. In addition, 
inhibitor injection frequency experiments were studied to understand 
the role of the application method in corrosion mitigation. For this 
purpose, the electrochemical behavior of steel grade L80–1Cr has been 
investigated at 20◦C and 80◦C, the typical temperatures of oil produc-
tion wells of the Danish sector of the North Sea. To assess the electro-
chemical behavior of the material and to measure corrosion rate, 
different electrochemical techniques such as Open Circuit Potential 
(OCP), Linear Polarization Resistance (LPR) and Electrochemical 
Impedance Spectroscopy (EIS) were used. Furthermore, for a compre-
hensive understanding of the inhibitor adsorption mechanism, different 
surface characterization techniques, including Scanning Electron Mi-
croscopy (SEM) equipped with Energy Dispersive Spectroscopy (EDS), 
and X-ray Photoelectron Spectroscopy (XPS) were employed. 

2. Material and methods 

2.1. Material and specimen preparation 

The specimens used in this study were made of a martensitic 1Cr steel 
(L80) in the quenched & tempered condition with a chemical compo-
sition listed in Table 1. The specimens were machined into a cylindrical 
shape with a total surface area of 3.95 cm2. The surface of the specimens 
was mechanically polished with SiC papers up to P1000 grade. Imme-
diately after polishing, the specimens were degreased using ethanol, 

rinsed with de-ionized water, and then air-dried. The dried specimens 
were then mounted on a specimen holder and immersed in the test so-
lution. At the end of the tests, the specimens were immediately 
retrieved, rinsed with ethanol, dried in air and stored in a desiccator for 
further assessments. 

2.2. Electrolyte preparation 

The electrochemical experiments were conducted on the 1Cr steel 
samples in a CO2-saturated 1 wt% NaCl solution at 20 ºC and 80 ºC. 
Before immersing the specimen in the solution, the electrolyte was 
sparged with nitrogen for about 12 h to deoxygenate. The gas was then 
switched to CO2 and bubbled for 4 h in order to saturate the solution. 
After gas bubbling, the pH of the solution was measured to be 3.9 for 20 
ºC and pH 4.2 for 80 ºC. Three alkanolamines (possessing alcohol and 
amine functional groups) including ethanolamine, diethanolamine and 
triethanolamine with pKa values (at 25 ℃) of 9.5, 8.88, 7.8, respec-
tively, were used in the current study. An amount of 200 parts per 
million by volume (ppmv) of inhibitors was injected into the solution. 
After inhibitor injection and before the immersion of the bare 1Cr steel 
samples, the solution was de-aerated again for at least 30 min in order to 
remove possible trapped oxygen during the injection. In another phase 
of this work, in order to study the effects of the inhibitors on the iron 
carbonate layer, NaHCO3 was added to adjust the pH of the solution to 
6.5 in order to facilitate iron carbonate precipitation prior to the alka-
nolamines injection. After pH adjustment, the solution was again de- 
aerated for at least one hour with CO2 gas bubbling. During testing, 
CO2 gas was continuously bubbled to the solution to maintain its satu-
ration and avoid any oxygen entrance. 

2.3. Electrochemical and weight loss measurements 

The corrosion tests were carried out in an airtight 1.5 L glass 
container using a standard three-electrode cell. An Ag/AgCl reference 
electrode was placed in contact with the solution through a glass-luggin 
capillary and a concentric platinum wire ring was used as the counter 
electrode. The corrosion potential (Ecorr) was monitored and the linear 
polarization resistance (LPR) was measured every 1.5 h. During LPR 
measurements, the potential was scanned in a potential range of ± 10 
mV vs. open-circuit potential (OCP) at a scan rate of 0.167 mV/s. Based 
on our previous experience, a duration of 1 h was chosen for the system 
to stabilize the initial OCP. After the OCP stabilization, the EIS mea-
surements were performed by applying an AC signal amplitude of 10 mV 
vs OCP in a frequency range of 10 mHz − 10 kHz. 

The weight loss method was employed to calculate the corrosion rate 
for the steel samples in the CO2-saturated 1 wt% NaCl solution without 
and with alkanolamines injection at 20 and 80 ℃ after 24 hr. For this 
purpose, after rinsing and drying, the initial weight of pre-immersed 
specimens was measured by a calibrated weighing tool with the accu-
racy of 10− 5 gr. After the immersion tests, the corrosion products on the 
surface, if any, were removed using Clark’s solution in accordance with 
the standard procedure mentioned in ASTM G1–03, and then the final 
weight and weight loss were (W) obtained. The corrosion rate was 
eventually obtained based on the following equation: 

Corrosion rate (mm
/

yr) = 8.76 × 104 W
A.T.D

(1)  

Table 1 
Chemical composition in wt% of the L80–1 Cr steel.  

Material C Cr Mn Mo P Si S Fe 

API 5CT L80 
− 1Cr 
Steel  

0.40  1.10  0.75  0.20 ≤

0.035  
0.20 ≤

0.040 
base  
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where “W” is mass loss in grams; “T” is time of exposure in hour, “A” is 
the exposing surface area in cm2, and “D” is density in gr/cm3. 

2.4. Experimental conditions and procedure 

As listed in Table 2, initially, the effect of the alkanolamines on 
L80–1 Cr steel at two temperatures of 20 ◦C and 80 ◦C was studied in the 
CO2-saturated electrolyte. A 200 ppmv concentration of the alkanol-
amine was injected into the solution at the beginning of the experiment 
and then electrochemical experiments were conducted. To understand 
the injection frequency of the inhibitors, another set of experiments was 
carried out in the NaCl solution in which the alkanolamines were 
intermittently injected to observe their effects on the corrosion behavior 
of L80–1 Cr steel. In this strategy, three different procedures were 
established as shown in Fig. 1a. In case I, the 200 ppmv inhibitor was 
initially injected before immersing the sample in the solution. In case II, 
the same amount of inhibitor was injected after 12 hrs of the immersion, 
which means that the sample was pre-corroded for 12 hrs. In case III, a 
two-time injection of the inhibitors was done; (1) initial injection, 
30 min before electrochemical measurements and, (2) final injection 
after 12 hrs of electrochemical measurement. All electrochemical ex-
periments were performed at least twice and the average values with 
error bars are reported in the Results section. 

As iron carbonate is the main corrosion product that may form over 
the steel material in a CO2 environment, therefore, the inhibitive effect 
of alkanolamines on iron carbonate formation was also studied. For this 
purpose, two injection frequency cases were selected as shown in 
Fig. 1b. In the first case, the sample was anodically polarized with the 
current density of 61.1 µA/cm2 in the NaCl solution at 80 ◦C and pH 6.5 
for 24 hrs in order to accelerate Fe2+ ion dissolution into the solution. 
Then, the alkanolamines were injected under the OCP conditions to 
observe how they influence the formation and growth of FeCO3. In the 
second, after the anodic polarization, the OCP condition was applied on 
the sample in the solution for 24 hrs before injecting the alkanolamines. 
This enables the system to get saturated with Fe2+ ions and as a result, 
FeCO3 was formed on the surface. Then, the effect of the alkanolamines 
on the corrosion behavior of the pre-formed FeCO3 layer was studied. 
After each experiment, the samples were cleaned in deionized water, 
flushed with ethanol and air-dried. All samples were stored in a desic-
cator before further characterization analyses. 

2.5. Surface characterization and phase analysis 

The morphological and elemental analysis of the corrosion products 
were investigated using a Zeiss Supra FEG-SEM using 20 kV acceleration 
voltage, assisted with Energy Dispersive X-ray spectroscopy (EDS) 
analysis equipment. Grazing Incidence X-Ray Diffraction (GIXRD) was 
also used to determine the phase composition of the formed layer using a 
Bruker D8 Advance. The instrument was operated at 35 kV and 50 mA 
with Cr-Kα radiation (λ = 0.22909 nm). The incidence angle was 3◦ and 
the 2θ ranged was selected from 35º to 85º, with the step size of 0.05º, 
and a 10 s count time at each step. 

X-ray photoelectron spectroscopy (XPS) spectra were recorded using 
a commercial XPS-Thermo Scientific system. The base pressure in the 
experimental chamber was below 10− 9 mbar. The spectra were collected 

using Al Kα X-ray source (1486.6 eV) radiation and the overall energy 
resolution was about 0.8 eV. High-resolution scans with 0.1 eV steps 
were conducted over the following regions of interest: C 1 s, N 1 s and O 
1 s. Surface charging effects were compensated by referencing the 
binding energy (BE) to the C 1 s line of residual carbon set at 285.0 eV 
BE. XPS spectra were deconvoluted using a non-linear least-squares al-
gorithm with a Shirley baseline and a Gaussian–Lorentzian combination. 
Thermo Avantage software, version 5.9913, was used for all XPS data 
processing. 

2.6. Computational details 

The DFT calculations were performed in a pseudopotential plane- 
wave formalism with the Quantum Espresso package [37]. The 
adsorption energies for water, ethanolamine, diethanolamine and trie-
thanolamine on a Fe(110) surface and a FeCO3(104) surface were 
calculated to model the different behavior of water and the alkanol-
amines on pristine and CO2 corroded iron. The adsorption energy of 
ethanolamine was also calculated on a Fe3C(001) surface. 

To perform slab calculations on Fe(110), FeCO3(104) and Fe3C(001), 
15–20 Å of vacuum between the material slabs was inserted. The slabs 
for each of the materials consisted of four molecular layers. The fourth 
molecular layer (furthest from the side of the adsorbates) was frozen 
during the geometry optimizations. The lattice parameters used for each 
material were found by optimizing the cell parameters for the corre-
sponding bulk material, using the same pseudopotentials, exchange- 
correlation functional that was later used for calculating adsorption 
energies, in order to minimize the effects of surface strain on adsorption 
properties. For FeCO3(104), only the gamma point was used during 
geometry optimizations, for Fe(110) a 4×4x1 k-point sampling was used 
and for Fe3C(001) a 6×6x1 k-point sampling was used. The revPBE 
functional [38] with added semi-empirical dispersion corrections were 
employed in the DFT-D2 implementation [39–41]. The s6 parameter for 
revPBE was 1.25, and a 12 Bohr cutoff was used for Fe calculations [39]. 
The C6 vdw parameters for Fe were reduced by a factor of 33 to take into 
account the decreased polarizability of cations when they are bonded 
within an ionic material [42–44]. All pseudopotentials were ultrasoft 
(US), Projector-Augmented Wave (PAW) and Norm-Conserving (NC) 
were generated using revPBE, and were taken from PS Library 0.2.5 [45, 
46]. The kinetic energy cutoff was 40 Ry, and the density cutoff was 
400 Ry, which has been shown for similar setups to provide converged 
adsorption energies [43,44]. 

In order to assess the specific molecular interaction with the model 
surfaces, the adsorption energy was calculated using Eq. (2). 

Eadsorption = Esurface+inhibitor − (Esurface) − (Einhibitor) (2) 

The dual functional groups of the alkanolamines allow for the 
adsorption with either group to the solid surfaces. The adsorption en-
ergies of both binding geometries were calculated. Using this conven-
tion, the more negative the adsorption energy, the stronger is the bond 
between the molecule and the surface. 

3. Results 

3.1. Molecular modelling simulation using density functional theory 
(DFT) 

Amines contain a sp3 hybridized nitrogen atom on which another 
element or functional group can be bonded with three single bonds. 
Ethanolamine, commonly named monoethanolamine (MEA), is an 
organic chemical compound that has both primary amine and alcohol 
functionalities and acts as a weak base. All amines have a lone pair of 
electrons. However, the readiness with which the lone pair of electrons 
is available for co-ordination with a proton determines the basic 
strength of amines. The inhibitive effect of ethanolamine is achieved by 
donating the unshared pair of electrons from the nitrogen atom, 

Table 2 
Experimental conditions of electrochemical experiments used in this study.  

Parameter Condition 

Material 1Cr steel 
Solution 1 wt% NaCl in Deionized water, CO2 Saturated 
Temperature 20 ◦C and 80 ◦C 
CO2 partial pressure 0.98 bar at 20 ◦C and 0.53 bar at 80 ◦C 
Rotation 300 rpm 
Inhibitor concentration 200 ppmv 

Test duration 24 and 72 hrs  
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followed by a surface complex-forming [32]. Adsorption energy calcu-
lations using DFT were conducted to further study the interaction be-
tween tested inhibitors and Fe(110) and FeCO3(104) stable surfaces in 
the gas phase. In Table 3, the calculated adsorption energies of the most 
stable bonding geometry of each alkanolamine on the surfaces are 
shown. When comparing the adsorption energy on Fe and FeCO3 sur-
faces, water as well as all alkanolamines had more negative values for 
the FeCO3 surface indicating a stronger bond. On Fe surfaces, however, 
water had the least negative (− 31 kJ/mol) adsorption energy value 
representing the weakest bond with Fe surface in comparison to the 
alkanolamines. Among different alkanolamines, diethanolamine had the 
most negative adsorption energy value (− 122 kJ/mol) on the Fe surface, 
thus formed the strongest bond. The adsorption energy value trend for 
the FeCO3 surface was slightly different than the Fe surface. Water still 

had the least negative value (− 106 kJ/mol); however, amongst the 
alkanolamines, ethanolamine and diethanolamine had more negative 
values (− 152 and − 151 kJ/mol, respectively) than triethanolamine. 

The inhibitor adsorption energy was estimated in water by 
comparing the adsorption energy of the inhibitor with that of water in 
Table 3. This estimation is based on the fact that an inhibitor molecule 
needs to replace water molecule(s) already bonded at the interface. The 
size of the inhibitor molecule at the interface can govern either one or 
two water molecules need to be displaced from the surface. For etha-
nolamine, one water molecule was chosen, and for diethanolamine, 
however, a single and couple of water molecule(s) were selected for the 
-OH and -NH anchoring group, respectively. 

Fig. 1. . (a): Inhibitor injection frequency on L80- 1Cr steel, (b) Inhibitor injection frequency on the steel covered with iron carbonate (FeCO3) corrosion products.  
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3.2. Binding energy calculation using XPS at 20 ◦C 

To confirm the assumption of the alkanolamine chemisorption and 
elucidate the nature of the organic thin-layer formed on the Fe surface, 
X-ray photoelectron spectroscopy (XPS) analyses were carried out. For 
comparison purposes, the XPS spectra as shown in Fig. 2 were obtained 
on the steel surfaces, which were previously immersed in the pure 
alkanolamines. All XPS spectra show complex forms, which were 
assigned to the corresponding species through a deconvolution fitting 
procedure. The high-resolution N 1 s spectrum of the sample treated by 
the alkanolamines shows the peaks indicative of the presence of 
different nitrogen-containing molecules on the steel surface. The 
deconvoluted N 1 s spectrum for pure ethanolamine shows two main 
peaks (Fig. 2a). The first peak located at approx. 397.0 eV has the largest 
contribution and is attributed to the coordinate nitrogen in ethanol-
amine bonded with the steel surface and the second peak at the binding 
energy of 399.5 eV corresponds to the bonds of C-N and the unproto-
nated N atoms in the ethanolamine structure. In Fig. 2b, the first peak is 
located at approx. 402.1 eV which is at a higher binding energy, 
attributed to positively charged nitrogen, and could be related to a 
protonated nitrogen atom (=N+H− ) in the diethanolamine structure. A 
similar trend has been observed in Fig. 2c for triethanolamine. 

3.3. Electrochemical responses at 20 ◦C and 80 ◦C 

3.3.1. LPR measurements 
The results obtained from the LPR measurements (corrosion poten-

tial and polarization resistance) on 1Cr steel at the temperatures of 20 ◦C 
and 80 ◦C are shown in Fig. 3. The comparison of Figs. 3a and 3b shows 
that the evolution of the corrosion potential depends on the exposure 
temperature. In Fig. 3a, the samples tested in the alkanolamine- 
containing solution at 20 ◦C show different corrosion potential trends 
without a significant variation over the period of the experiment. Only 
the reference sample shows a slight OCP delay from − 630 mV to about 
− 650 mV, probably due to the breakdown of the pre-immersion, re-
sidual air-formed oxide film [47], leaving more active sites on the sur-
face which somewhat increased the corrosion tendency of the sample. At 
80 ◦C, however, the corrosion potential for all samples slightly increased 
with time (Fig. 3b), suggesting the formation of a protective layer by 
electrochemical redox reactions. For instance, the Ecorr for the sample (i. 
e. reference sample) at 80 ◦C increased in the solution with ethanol-
amine injection from approximately − 660 mV to − 640 mV and then 
remained unchanged. In comparison, the injection of the alkanolamines 
resulted in a nobler corrosion potential for the steel sample, indicating a 
less thermodynamic tendency to corrosion. 

The corrosion rates of the 1Cr steel samples in the uninhibited and 
inhibited conditions were acquired after 24 h of immersion in the so-
lution at 20 and 80 ℃ based on the weight loss technique and are pre-
sented in Fig. 3e and f. The corrosion rates of the samples at 20 ℃ were 

Table 3 
Adsorption energy values of the alkanolamines as the inhibitors and the difference in the adsorption energy of the alkanolamines and water (ΔEadsorption) on Fe(110), 
Fe3C(001) and FeCO3(104) surfaces using DFT (in kJ/mol).  

Molecule Anchoring group Eadsorption Fe (110) Eadsorption FeCO3 (104) Eadsorption Fe3C (001) 

Water − OH − 31 − 106 − 62 
Ethanolamine (C2H7NO) − NH2 − 84 − 152 − 125 

− OH − 59 − 123 – 
Diethanolamine (C4H11NO2) − NH − 122 − 151 

− OH − 69 − 129 
Triethanolamine(C6H15NO3) − N a − 141 

− OH − 73 − 134 
Differences in adsorption energy between inhibitor and water 
Molecule # water molecules replaced Anchoring group ΔEadsorption Fe(110) ΔEadsorption FeCO3(104) ΔEadsorption Fe3C(001) 
Ethanolamine (C2H7NO) 1 − NH2 − 53 − 46 − 63 
Diethanolamine (C4H11NO2) 1 − OH − 38 − 23 – 

2 − NH − 60 + 61  

a The chosen unit cell of the Fe(110) surface was too small to fit an N-bonded triethanolamine without artefacts from interactions with the periodic images. 

Fig. 2. The XPS deconvoluted profiles of N 1 s for pure (a): ethanolamine, (b): 
diethanolamine and (c): triethanolamine. 
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about 4.4, 2.5, 3.2 and 3.8 mm/yr for the uninhibited sample and those 
inhibited by ethanolamine, ethanolamine and triethanolamine, respec-
tively. Indeed, the results show a lower the corrosion rate for inhibited 
samples in Fig. 3e, which are found to be consistent with the higher final 
polarization in Fig. 3c. For instance, the polarization resistance of the 
reference sample as a function of time for L80–1 Cr steel at 20 ◦C in 
Fig. 3c shows an about constant corrosion resistance of 130 Ω.cm2, 

whereas ethanolamine shows the highest resistance value (i.e., the 
lowest corrosion rate in Fig. 3e) of approx. 200 Ω.cm2 corresponding to 
70% increase in comparison to the reference sample. In addition, 
diethanolamine and triethanolamine exhibit a corrosion resistance of 
170 Ω.cm2 (60% increase) and 160 Ω.cm2 (50% increase), respectively. 
Whereas, at 80 ◦C, both Rp values and corrosion rates reveal a compa-
rably lower corrosion resistance even with the addition of the 

Fig. 3. Variations of: (a, b) Ecorr as a function of time, (c, d) polarization resistance as a function of time, and (e, f) the corrosion rate (mm/yr) obtained by weight loss 
technique; for the L80–1 Cr steel samples in 1 wt% NaCl solution for 24 hrs without and with the addition of 200 ppmv of different alkanolamines at 20 ◦C and 80 ◦C, 
respectively. 

S. Gupta et al.                                                                                                                                                                                                                                   



Corrosion Science 195 (2022) 109999

7

alkanolamines see Fig. 3d and f. This means that the samples exposed to 
the amines-containing solution at the higher temperature show only 
10–20% increase in corrosion resistance compared to the reference 
sample. The inhibition efficiency for the different alkanolamines at 20 
CE 80 ℃ was calculated based on Eq. (3) and is listed in Table 4. The 
table confirms the lower efficiency of the inhibitors at the high tem-
perature, which is likely attributed to the less controllable acceleration 
of electrochemical reactions. 

Inhibitor efficiency (%) =

(
RpInibited − RpUninhibited

)

RpInhibited
× 100 (3) 

Due to the better corrosion inhibition of ethanolamine and dieth-
anolamine in comparison to triethanolamine (Fig. 3c and d), it was also 
planned to study the injection frequency effect of these two alkanol-
amines on the corrosion behavior of the steel surface. Fig. 4 shows the 
LPR results of 1Cr steel at 20 ◦C. Two different frequency strategies were 
considered (see Fig. 4a and b). In the first case, when alkanolamines 
were injected after 12 h of corrosion, (Fig. 4a), the resistance value was 
sharply increased from about 125–185 and 170 Ω.cm2 for ethanolamine 
and diethanolamine, respectively. In the second one, the alkanolamines 
were injected two times, (Fig. 5b) before starting the experiment and 
after 12 h of immersion. Despite the effective initial inhibition levels 
provided by the alkanolamines similar to the previous condition, the 
results in Fig. 4b show that there is no significant change in the resis-
tance value when the alkanolamines were reinjected after12 hours. The 
polarization resistance is approximately 190 Ω.cm2 for both ethanol-
amine and diethanolamine. The proposed mechanisms of inhibitions 
provided by the alkanolamines in the various injection frequencies will 
be discussed in the Discussion section. 

During higher temperatures (60–80 ◦C), the possibility of iron car-
bonate formation in CO2-saturated solutions increases [23,24], which 
sometimes protects the steel surface from further corrosion. Therefore, 
in the presence of the alkanolamines, their effect on the formation of 
iron carbonate products was also worth study. To form a FeCO3 layer, it 
is important to maintain optimal temperature and pH conditions for the 
NaCl solution which were selected to be 80 ◦C and 6.5, respectively. The 
results from LPR measurements (polarization resistance) for the samples 
under these conditions are shown in Fig. 5. In Fig. 5a, when the alka-
nolamines were injected from the very beginning (just after polariza-
tion), the protectiveness provided by FeCO3 formation was postponed to 
a longer immersion time (i.e., once there was a sharp increase in RP 
value) as compared with the reference sample. In the reference sample, 
for example, the significant rise in the RP value induced by the protective 
FeCO3 formation starts after 4 hrs, however, the sample exposed to 
ethanolamine delayed by 26 hrs. Also by injecting diethanolamine and 
triethanolamine, the FeCO3 layer was delayed to effectively protect the 
substrate by 6 and 14 hrs, respectively. In the other scenario, the sample 
was initially polarized at an anodic current density of 61.1 µA/cm2 for 
24 h to form a FeCO3 layer (after 24 hrs) and then the alkanolamines 
were injected into the system. In Fig. 5b, it can be seen from the LPR 
trends that there is a small effect on the RP value by alkanolamine in-
jection, suggesting no significant inhibitor efficiency in this case. 

3.3.2. Electrochemical impedance spectroscopy investigation 
Fig. 6 presents the results of the EIS measurements of the samples in 

the solution without and with alkanolamine injection at 20 ◦C and 80 ◦C 

after 24 hrs immersion. The Nyquist plot for the samples exposed at 
80 ◦C shows two incomplete and depressed semicircles, one at high- 
medium (HF-MF) frequencies and one at low frequencies (LF), which 
are partly overlapped with each other. Samples in alkanolamine- 
containing solutions show a higher diameter for both semicircles 
compared to the reference sample. Whereas, the Nyquist plot for the 
sample exposed to the solution at 20 ◦C in Fig. 6 presents one oval 
semicircle. At both temperatures, the diameter of the semicircles, which 
indicates the polarization resistance, is the highest for ethanolamine. 
The EIS results of the experiments at 20 ◦C and 80 ◦C were further 
analyzed using the numerical fitting with the most commonly used 
equivalent electrical systems related to corroding steel. The electro-
chemical system shown in Fig. 7a is a simple Randle’s system with a 
single time constant, representing a homogeneous interface. The system 
has a solution resistance (Rs), a double layer capacitance (Cdl) and a 
charge transfer resistance (Rct). This corresponding electrical equivalent 
circuit system was used to fit Nyquist plots results for the uninhibited 
sample at 20 ◦C experiments. Fig. 7b represents the second system well 
fitted with experimental data obtained at 20 ◦C for the inhibited sample 
and at 80 ◦C (Fig. 6) for all samples. The system has a double-time 
constant, signifying the presence of two layers. The system has a solu-
tion resistance (Rs), a film capacitance (Cfc), a pore resistance (Rpr), a 
double layer capacitance (Cdl) and a charge transfer resistance (Rct). 
Different circuit element values as shown in Fig. 7 were fitted on the EIS 
data (Fig. 6) obtained in the solution without and with the initial in-
jection of the alkanolamines at 20 and 80 ◦C and the results are listed in  
Table 5. The fitted data are discussed below. 

Furthermore, to understand the effect of inhibitor injection on the 
kinetics of FeCO3 formation, EIS measurements were conducted and the 
obtained Nyquist data are shown in Fig. 8 at various immersion times. 
Fig. 8a presents the Nyquist plots for the reference sample, note that an 
abrupt change in impedance values occurred before 32 hrs, which can be 
considered as the initial point for the formation of FeCO3 corrosion 
product. Similarly, Fig. 8b and c show the cases for ethanolamine 
injected before and after the formation of FeCO3 corrosion products, 
respectively. In Fig. 8b, when ethanolamine was injected and before the 
formation of FeCO3, there is a gradual change in the impedance results 
with time until 52 hrs which is also consistent with LPR results (Fig. 5a), 
confirming the delay in FeCO3 formation caused by an antagonistic steel 
surface/inhibitor interaction. However, in the third case when etha-
nolamine was injected after the formation of FeCO3, the impedance 
trends were comparable to the reference sample. After 48 hrs, the 
amplitude for both cases is similar which may indicate a similar pro-
tectiveness conferred by the corrosion product layer on both samples. 
The evolution of various interfaces on the sample surface after the 
alkanolamine addition can be characterized with the fitted EIS param-
eters, as typically listed for triethanolamine injection in Table 6, using 
the equivalent circuit in Fig. 7b, which is commonly used to simulate the 
surface of an electrode with a top layer having a low conductivity [24, 
25]. 

3.3.3. Surface characterizations 
Fig. 9 shows the XRD patterns of the corrosion products formed on 

the specimens during the electrochemical experiments in the 1 wt% 
NaCl solution. Peaks corresponding to cementite (Fe3C) were detected in 
the corrosion products at both 20 ◦C and 80 ◦C, whereas, siderite 
(FeCO3) was only detected on the corroded surface at 80 ◦C. For injec-
tion frequency of the alkanolamines on steel at 20 ◦C, only Fe3C was 
discovered along with the main GIXRD peak corresponding to the 
martensite. At 80 ◦C and pH 6.5, both Fe3C and FeCO3 (siderite) were 
identified in the GIXRD pattern. The high-intensity peak for siderite 
which was recorded at 2θ= 48.40◦ on the corroded samples at 80 ◦C 
corresponded to the (104) plane [48]. 

Fig. 10a, b and c represent cross-sectional SEM images of reference 
and ethanolamine and triethanolamine samples, respectively, after 24 
hrs immersion in the solution at 80 ◦C. The SEM images show a 

Table 4 
Comparison in the inhibition efficiency of the various alkanolamines at different 
temperatures of 20 ◦C and 80 ◦C.  

Inhibitor type Inhibitor efficiency (%) at 
20 ◦C 

Inhibitor efficiency (%) at 
80 ◦C 

Ethanolamine  46.7  35.5 
Diethanolamine  33.1  22.2 
Triethanolamine  26.1  6.6  
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corrosion product layer with a similar thickness of about 30 µm for the 
samples, while the layers on the reference and triethanolamine samples 
(Fig. 11a and c) seem to be less dense (more porous) compared with 
ethanolamine. Fig. 10d typically represents the morphology of the 
corrosion products formed on the reference sample at 80 ◦C. The figure 
shows a layer with prismatic shape crystals covered the surface, which 
reveals the characteristic feature for iron carbonate as previously re-
ported in the literature [29,49]. 

Fig. 11 shows the SEM images of the cross-section of the samples 
after implementing the inhibitor injection frequency cases at a temper-
ature of 20 ◦C as explained in Fig. 1a. Based on the GIXRD patterns in 
Fig. 9, at 20 ◦C, no corrosion products were formed on the surface, and 
the thin layers presented on the surfaces in Fig. 11 are the Fe3C that 
remained after ferrite oxidative dissolution. In Fig. 11a and b, when 
ethanolamine and diethanolamine were injected after 12 hrs of pre- 
corrosion, a thin adherent layer of Fe3C was observed. In Fig. 11c and 

d, however, when the alkanolamines were injected twice before and 
after 12 hrs, a more porous and non-adherent layer of Fe3C is observable. 
Intermittent (cracked) porosities were also visible within the top layer 
(Fig. 11a and d). 

Fig. 12 shows the cross-sectional and top-view SEM images of the 
anodically polarized sample exposed to the solution without and with 
triethanolamine at a temperature of 80 ◦C and pH 6.5. The EDS 
elemental maps of iron, carbon and oxygen taken from the cross-section 
of the sample inhibited by triethanolamine are also prepared in Fig. 12d. 
The results in Fig. 12 in conjunction with the GIXRD patterns indicate 
the presence of FeCO3 corrosion products together with a residual Fe3C 
network in the samples. Fig. 12a represents the reference sample, which 
shows a thick layer of FeCO3 corrosion products (approx. 16 µm), where 
Fe3C is incorporated between the surrounding FeCO3 corrosion prod-
ucts. Fig. 12b and c represent the sample exposed to triethanolamine 
after and before the formation of FeCO3 corrosion products, 

Fig. 4. Variations of polarization resistance vs time for L80–1 Cr steel exposed to 1 wt% NaCl solution at 20 ◦C, with different types of alkanolamines at 200 ppmv 
concentration injected (a) injected after 12 hrs (A) and (b) injected initially and after 12 hrs (B and A) for 24 hrs experimental study. 

Fig. 5. Variations of polarization resistance vs time for L80–1 Cr steel exposed to 1 wt% NaCl solution at 80 ◦C, with different types of alkanolamines at 200 ppmv 
concentration injected (a): before FeCO3 products formation and (b): after FeCO3 formation. 
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respectively. When triethanolamine was injected before (Fig. 12c), the 
FeCO3 corrosion products are more porous and thicker (approx 0.18 µm) 
compared to the sample exposed with ethanolamine after the layer 
formation (Fig. 12b). 

4. Discussion 

The temperature variations between the limiting ranges of 
20 − 80 ◦C in the oil production wells in the Danish sector can signifi-
cantly change the corrosion resistance of utilized steel tubes. In general 
terms, the results presented in this paper confirm the importance of the 
temperature variations as one of the governing factors, which affects 

both the nature and morphology of the corrosion products, influencing 
the corrosion behavior of 1Cr steel in a CO2 environment. The results 
also showed how the use of the inhibitors and the injection times can 
alter the corrosion behavior and the kinetics of FeCO3 formation (Figs. 3, 
4, 5 and 8). This effect was linked to the characteristics of the FeCO3 
layer developed at higher temperatures influencing their protectiveness. 

Although amines can act as the pH modifier of the solution, by which 
the corrosion behavior slightly changes; the basic inhibitive mechanism 
of amines is that they get chemically adsorbed (chemisorbed) on the 
steel surface [50,51]. The XPS spectra in Fig. 2 demonstrated that the 
interaction between the inhibitor and the steel surface is mainly due to 
the formation of a bond between the N electron pair and the electron 
cloud at the metal surface. In this interaction, the N-containing func-
tional groups of amines act as the predominant unshared electron pair 
donors to the electron-depleted dehydrated steel surface [52]. The DFT 
calculations are consistent with this viewpoint, because the adsorption 
energies in Table 3 for binding with the nitrogen functional group are 
stronger than water and the alcohol functional group of the amines. As a 

Fig. 6. Results of electrochemical impedance measurements: Nyquist plot for 
L80–1 Cr steel exposed to 1 wt% NaCl solution at 20 ◦C and 80 ◦C, without and 
with the addition of 200 ppmv of different alkanolamines after 24 hrs. 

Fig. 7. (a) Simplified Randle’s system showing a single layer interface, (b) a double-time constant circuit showing a perforated film interface or perforations filled 
with corrosion product. 

Table 5 
EIS parameters obtained based on the fitted curves on experimental data ac-
cording to equivalent circuit presented in Figs. 7a and 8b for L80–1 Cr steel 
exposed to 1 wt% NaCl solution at 20 ◦C and 80 ◦C, without and with the 
addition of 200 ppmv of the different alkanolamines after 24 hrs.  

Sample Rct Ω. 
cm2 

Cdl µΩ− 1. 
cm− 2.sn 

n1 Rpr Ω. 
cm2 

Cfc µΩ− 1. 
cm− 2.sn 

n2 

At the temperature of 20 ℃ 
Reference  128 1235  0.77 – 
Ethanolamine  19 110 × 103  0.84 170 747 1 
Diethanolamine  17 64 × 103  0.85 141 700 0.98 
Triethanolamine  12 199 × 103  0.81 136 861 0.99 
At the temperature of 80 ℃ 
Reference  5 646 × 103  1.00 25 1104 0.99 
Ethanolamine  12 893 × 103  0.86 31 1168 0.94 
Diethanolamine  4 666 × 103  1.00 36 1158 0.95 
Triethanolamine  4 632 × 103  0.91 30 1237 0.95  
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result of the strong surface bonds, in particular the negative difference in 
adsorption energy between the amine and water (Table 3), a durable top 
layer can potentially be formed and the iron dissolution on the under-
lying steel substrate can be limited. The calculations are consistent with 
the alkanolamine binding stronger than water for all surface models. 
This leads to the establishment of a higher corrosion resistance of 1Cr 
steel in the alkanolamine− containing NaCl solution as compared to the 
reference sample (see Fig. 3c, d, e and f). The iron dissolution resulted in 
a residual Fe3C layer on the corroded surface (Fig. 11). When the alka-
nolamines were injected initially and after 12 hrs (Fig. 11c and d), the 
surface layer was more porous compared to that injected once at the 
beginning of the experiment (Fig. 11a and b). When the alkanolamines 
were injected for the first time, they immediately bind at the active sites 
on the steel surface (adsorption), leading to less iron dissolution. But, the 
subsequent desorption of the initially injected inhibitors happened after 

the alkanolamines reinjection could cause the layer detachment as 
shown in Fig. 11c and d. 

However, at the higher temperature (i.e., 80 ◦C), while the alka-
nolamines play a role in the morphology of FeCO3 corrosion products 
(Fig. 12), the efficiency for the alkanolamines is comparatively low 
(Fig. 3c, d and Table 4). Table 5 shows that there is a difference in Rct 
values at 20 ◦C and 80 ◦C in which the lower Rct value is observed at a 
temperature of 80 ◦C. It should be pointed out that the overall adsorp-
tion property of nitrogen groups on the steel surface mainly depends on 
the bulkiness of the attaching groups [39]. But, the groups attached to N 
in all types of the alkanolamines used in this experiment are not bulky 
enough to strongly bond with the steel surface. On the other hand, the 
entropy of molecules adsorbing on a solid surface is about 2/3 of their 
corresponding gas or liquid phase entropy [53,54]. This means that for 
small inhibitor molecules, such as alkanolamines, which only replace 

Fig. 8. Nyquist plots at different time intervals for (a) reference sample, (b) ethanolamine injected before the formation of FeCO3 corrosion products and (c) 
ethanolamine injected after the FeCO3 products were formed; on L80–1 Cr steel in 1 wt% NaCl solution at 80 ◦C. 

Table 6 
EIS spectra results based on fitted curves on experimental data obtained at various immersion times according to equivalent circuit in Fig. 7b for injection frequency 
experiments for L80–1 Cr steel exposed to 1 wt% NaCl solution at 80 ◦C, with triethanolamine at 200 ppmv concentration injected before and after the formation of the 
FeCO3 corrosion products.  

Test condition Immersion time, hrs Rct Ω.cm2 Cdl µΩ− 1.cm− 2.sn n1 Rpr Ω.cm2 Cfc µΩ− 1.cm− 2.sn n2 

Triethanolamine injection on FeCO3  28  1466  17158  0.92  363  4489  0.95  
48  1658  15399  1.00  410  4015  1.00  
72  1783  9039  0.92  453  3783  0.86 

Triethanolamine injection before FeCO3 formation  28  19  59427  0.79  58  1083  0.95  
48  71  24455  0.87  68  1547  1.00  
72  1732  14097  0.92  432  3121  0.91  

S. Gupta et al.                                                                                                                                                                                                                                   



Corrosion Science 195 (2022) 109999

11

one (ethanolamine) and one or two (diethanolamine) water molecules 
from the surface, the entropy of the adsorption is negligible, because the 
loss of entropy of the adsorbing alkanolamines is almost cancelled by the 
entropy gaining by desorbing water molecule(s). However, since the 
alkanolamine molecule is bulkier than the water, the entropy of 

adsorption can be slightly negative which disfavors the adsorption at the 
higher temperature. Therefore, the small alkanolamines in this study 
could easily desorb from the metal surface with time. Especially at 
elevated temperatures, the adsorption/desorption occurs faster and the 
free energy of the adsorption is weaker because of the unfavorable 

Fig. 9. Grazing incidence X-ray diffraction patterns for the corrosion products formed on steel surface at (a) 20 ◦C, pH 3.92, (b) 80 ◦C, pH 4.2 (c) 20 ◦C and pH 3.92 
when alkanolamines were injected before and after 12 hrs, (d): 80 ◦C, pH 6.5 when alkanolamines were injected before FeCO3 formation and (e): 80 ◦C, pH 6.5 when 
the alkanolamines were injected on a pre-formed FeCO3 layer. The Cr-Kα radiation with a wavelength (λ) of 0.22909 nm was used during the GIXRD experiments. 

Fig. 10. SEM images for L80–1 Cr steel exposed to 1 wt% NaCl solution, (a): cross-sectional view of the sample without amine injection at 80 ◦C, (b): cross-sectional 
view of the sample exposed to the ethanolamine-containing solution at 80 ◦C, (c): cross-sectional view of the sample exposed to the triethanolamine-containing 
solution at 80 ◦C, (d): surface morphology of the reference sample without amine injection at 80 ◦C. 
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entropy of adsorption. The easy desorption of the alkanolamines mole-
cules from the surface resulted in a less corrosion inhibition at the higher 
temperature. Consequently, when the electrochemical conditions were 
provided for iron carbonate precipitation, a porous layer was formed 
(Fig. 12c). Therefore, the FeCO3 layers did not provide any kind of 
protection to the steel surface (Fig. 5). As a result, the solution could 
readily penetrate the porosities and continued the dissolution of the 
underlying steel layer. 

The calculated adsorption energy for ethanolamine is less negative 
than diethanolamine (see, Table 3). The reason is that the more bulky 
group attached to the N atom, the more the steric effect can be, leading 
to a weaker bond between amines and the steel surface. It means that 
among the different alkanolamines used in this study, ethanolamine has 
the less negative absorption energy level due to the nature of the 
attaching group to the N atom (− NH). However, the results show the 
highest Rct value (Fig. 3 and Table 5) and efficiency (Table 4) for 

Fig. 11. Cross-sectional SEM images for L80–1 Cr steel exposed to 1 wt% NaCl solution at 20 ◦C, (a) ethanolamine injected after 12 hrs of the immersion, (b) 
diethanolamine injected after 12 hrs of the immersion, (c) ethanolamine injected before and after 12 hrs of the experiment, (d) diethanolamine injected before and 
after 12 hrs of the experiment. 

Fig. 12. Cross-sectional SEM images for L80–1 Cr steel exposed to 1 wt% NaCl solution at 80 ◦C; (a) without alkanolamines injection, (b) with triethanolamine 
injected on FeCO3 corrosion products, (c) with triethanolamine injected before FeCO3 corrosion products formation. The top view images are also inserted in the 
figures (d) EDS elemental map of iron, carbon and oxygen taken from the cross-section of the sample inhibited by triethanolamine presented in Fig. 12c. 
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ethanolamine, which is in contradiction to its absorption energy level. It 
is believed that depending on the size of the inhibitor molecules, water 
can be replaced from the steel surface by the inhibitor molecule, leading 
to a net increase in entropy, which in turn would lead to stronger 
binding. This has been observed e.g. for the amphiphilic molecule 
TOFA/DETA imidazoline molecule [55]. The bonding geometries of the 
inhibitor molecules on the Fe(110), Fe3C(001) and FeCO3(104) planes 
are presented in Fig. 13a-j. Generally, the atomic-scale distance between 
inhibitor molecules and those of the substrate provides an appropriate 
condition for the chemical bonding. The chemical structure of etha-
nolamine and diethanolamine bonded on the surface with the N-con-
taining functional group is also schematically shown in Fig. 13k and l, 
respectively. Since ethanolamine has a single linear arrangement of 
atoms, if two molecules of ethanolamine cover the sample surface, then 

the gap between both molecules is not enough (Fig. 13k) for the water 
molecule in come to contact with the sample surface on both Fe(110) (i. 
e., anode site) and Fe3C(001) (cathode site) as shown in Fig. 13b and f, 
respectively. This limits the exposed areas of the surface to the solution 
and provides a better efficiency for corrosion inhibition. However, in the 
case of diethanolamine in Fig. 13l, the gap between two diethanolamine 
molecules is big enough for the water molecule to go in and contact with 
the sample surface. This means that although diethanolamine more 
strongly binds with the Fe surface, it results in a poorer corrosion 
resistance than ethanolamine, due to the interference of water molecules 
against the performance of diethanolamine. 

In Table 3, the adsorption energy values for all three alkanolamines 
bonded to FeCO3 corrosion products is similar regardless of the bonding 
geometries of the different inhibitor molecules on FeCO3(104) in Fig. 13. 

Fig. 13. Optimized bonding geometries for some inhibitor molecules on various model surfaces (a-j) and schematic view of packing efficiency difference between 
ethanolamine and diethanolamine (k-l). The bonding geometries are: ethanolamine bonded to (a) Fe(110) with -OH, (b) Fe(110) with − NH2, (c) FeCO3(104) with 
− OH, (d) FeCO3(104) with − NH2 group, (e) Fe3C(001) with − OH, (f) Fe3C(001) with − NH2; diethanolamine bonded to: (g) Fe(110) with − OH, (h) Fe(110) with 
− NH group, (i) FeCO3(104) with − OH, (j) FeCO3(104) with − NH. The color code: bright red (large radius) = Fe, dark red (small radius) = O, blue-grey = N, yellow 
= C, aqua= H. 
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This led to no significant difference in the polarization resistance value 
after the injection of alkanolamines (Fig. 5b). For the samples with the 
pre-formed FeCO3 top layer, the Cfc values in Table 6 gradually 
decreased, which indicates the further precipitation of the FeCO3 layer 
as reported by Farelas et al. [56]. The Cfc decrease has been linked to the 
layer becoming denser and less porous [57], as confirmed by the 
increasing values of Rpr (see, Table 6), which also is consistent with the 
corrosion rate obtained by LPR with time (Fig. 5b). On the other hand, 
the solution could have penetrated the porosities and continued the 
dissolution of the underlying steel reflected by the decrease in Cdl. The 
slight increase in Rct with time from 1466 Ω.cm2 to 1658 Ω.cm2 suggests 
that the precipitated FeCO3 may have still given some degree of pro-
tection. However, the increase is too low for claiming a further protec-
tiveness by this layer, and the fitted data confirm the LPR corrosion rate 
observed in Fig. 5a, which was almost constant. 

However, when the alkanolamines were injected on the steel surface 
from the beginning of the experiment at the higher temperature, its 
molecules cover the metal surface and the saturation of Fe2+ is post-
poned to a longer time, thus the limited dissolution of the underlying 
steel layer continues as reflected by the decrease in Cdl with time 
(Table 6). Due to the absence of a protective corrosion product layer, Rct 
insignificantly increased from the initial value of 19 Ω.cm2 to 71 Ω.cm2 

after the immersion time of 48 hrs. Furthermore, once the solution was 
saturated with Fe2+, the iron carbonate was formed on the surface sites 
other than those areas blocked by the triethanolamine, leading to a 
significant Rct increase to 1732 Ω.cm2 after 72 hrs (Table 6). Later on, 
the triethanolamine desorption from the surface during FeCO3 forma-
tion caused the generation of porosity within the corrosion product layer 
(Fig. 12c) [58]. 

5. Conclusions 

Different electrochemical methods along with molecular modelling 
were used to study the effect of temperature (20 ◦C and 80 ◦C) on L80–1 
Cr steel in the CO2-saturated 1 wt% NaCl electrolyte without and with 
the injection of different types of alkanolamines. The following main 
conclusions were drawn from this study:  

• The chemical structures of the alkanolamines and adsorption energy 
of both Fe(110) and FeCO3(104) played determining role in effi-
ciently inhibiting the corrosion occurrence. Among the alkanol-
amines, ethanolamine had the best efficiency compared to the other 
alkanolamines, increasing the Rp value by about 70%.  

• The DFT modelling showed that the observed inhibitor efficiency for 
the ethanolamine and diethanolamine correlated with the adsorption 
energy of the inhibitors on the model surfaces. Ethanolamine 
adsorption energy compared to water adsorption energy was favor-
able on all model surfaces. Ethanolamine was found to be signifi-
cantly better at replacing water than diethanolamine was on the 
surface of the corrosion product FeCO3.  

• The temperature of the solution also plays a role in the inhibitor 
efficiency of the alkanolamines. At the higher temperature, there was 
a lower efficiency of alkanolamines inhibitors, due to higher corro-
sion kinetics and more desorption of alkanolamines from the 
surfaces.  

• The formation of the corrosion products (FeCO3) was postponed due 
to the alkanolamine injection. When the alkanolamines were injec-
ted at the beginning of the experiment, a porous FeCO3 corrosion 
product layer was formed, leading to a lower polarization resistance 
value. 

• In the cases of injection frequencies, the reinjection of the alkanol-
amines did not provide more protectiveness than that by the pre- 
formed FeCO3 layer. 
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Abstract 

Organic compounds such as imidazoline derivatives are commonly used as corrosion inhibitors. 

The objective of this study was to characterize the corrosion inhibition properties of two different 

forms of imidazoline, 2-Methyl-2-imidazoline (2-MI), and 2-Phenyl-2-imidazoline (2-PI), with 

and without the presence of mono ethylene glycol (MEG) on a steel surface under CO2 corrosion 

condition. Electrochemical, surface characterization, and molecular modelling methods were used 

to study the corrosion inhibition properties and underlying mechanisms. In the pure form, 2-PI had 

higher corrosion inhibition efficiency than 2-MI, likely due to stronger adsorption to the steel 

surface, as confirmed by molecular modelling. The addition of MEG improved the inhibitor 

efficiency of both 2-MI and 2-PI.  

 

Keywords: A. Steel, B. Polarization, B. EIS, B. XPS, C. Oxidation. 

 

 

1. Introduction 

Corrosion in CO2 environment is of great relevance in oil and gas industry as it leads to frequent 

maintenance issues and safety hazards. One of the materials that is frequently used in oil and gas 

industry is low carbon steel due to its low cost. However, low carbon steel is prone to corrosion 

under CO2 environment, warranting investigation of corrosion prevention methods. Use of 

inhibitors is one of the methods that can be utilized for corrosion inhibition of steel surfaces in 

CO2 environment.  

Among the various organic compounds that are currently being used for corrosion inhibition, 

derivatives of imidazoline are highly preferred due to their high corrosion inhibition efficiency and 

low toxicity. The imidazoline adheres to the metallic surface and also repels substances that are 

present in the medium [1]. Therefore, minimal concentrations of inhibitors are required for better 

efficiencies, leading to lower environmental toxicity [1]. 
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Imidazoline commonly exist in 3 isomeric forms – 2-imidazoline, 3-imidazoline, and 4-

imidazoline and the 2-imidazoline isomer is the most commonly found [2,3]. The derivatives of 

imidazoline like 2-Methyl-2-imidazoline and 2-Phenyl-2-imidazolinehave shown to provide high 

efficiencies in different environments on different metals [1,4–6]. For example, high corrosion 

inhibition efficiency (> 80%) have been reported for 2-MI and 2-PI  on 1018 Carbon Steel in 

sulphuric environment [7]. The inhibition properties of imidazoline is thought to depend on the 

adsorption of the hydrophilic group of the inhibitor molecule to the metal surface. The adsorption 

behavior is specific to both - the functional group of the inhibitor, and the nature of the metal 

surface on which the molecules are adsorbed [8]. The corrosion inhibition of 2-PI is larger than 2-

MI, which is likely due to stronger adsorption of the larger phenyl group than the methyl group on 

the steel surface [7]. The corrosion inhibition of imidazoline inhibitors and their adsorption 

mechanisms are yet to be investigated on steel in a CO2 environment.   

Some imidazoline can be prone to hydrolysis, especially in highly acidic environment and at higher 

temperatures due to breaking of the C-N bond by protonation [9]. The hydrolysis can reduce the 

corrosion inhibition ability of these inhibitors over time after the initial injection [9,10]. The 

decline in inhibition properties of imidazoline may be mitigated by re-injecting another dose of 

these inhibitors over time. The effects of re-injection of imidazoline also on the steel surface in 

CO2 environment still needs to be investigated. 

Lastly, addition of other organic compounds such as mono ethylene glycol (MEG) have shown to 

improve the efficiency of imidazoline derivatives in different environments [7,11,20,21,12–19]. 

These improvements are thought to result from improved coverage of the metal surface with the 

inhibitor complex (imidazoline with MEG).  Therefore, it is important to understand the synergistic 

effect of ethylene glycol and imidazoline on corrosion of steel in the CO2 environment. 

Therefore, the objectives of this study was to investigate the corrosion inhibition properties of 

imidazoline derivatives such 2-MI and 2-PI alone and in combination with ethylene glycol on steel 

surface in CO2 environment. In addition, this study investigated the effect of injection frequency 

on corrosion inhibition properties of imidazoline to understand if subsequent doses of inhibitor can 

help mitigate the lowering of corrosion rate over time. This study utilized experimental methods 

such as Open Circuit Potential (OCP), Linear Polarization Resistance (LPR) and Electrochemical 

Impedance Spectroscopy (EIS).  In addition, molecular modelling using density functional theory 

(DFT) was used to study the adsorption behavior of different functional groups of the desired 

molecule on steel surface. Lastly, surface characterization techniques such as scanning electron 

microscopy (SEM) equipped with energy dispersive spectroscopy (EDS), X-ray diffraction 

(XRD), and X-ray photoelectron spectroscopy (XPS) were utilized to understand scale formation 

and inhibitor adsorption.  
 

2. Materials and methods 
 

2.1. Specimen preparation for the experimental study 

Low carbon steel (L-80 1Cr steel) samples were used for this study (chemical composition listed 

in Table 1). Specimens of 10mm x 10mm cylinders were machined with a total surface area of 3.9 

cm2. The sample surface was polished mechanically using SiC paper (grades P220, P320, P500, 

and P1000) with de-ionized water as lubricant.  The specimens were then cleaned with ethanol and 

de-ionized water, and air-dried. Electrochemical experiments were conducted on the prepared 

samples following which the specimens were cleaned again using the same process and stored in 

a desiccator for further characterization. 
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Table 1. Chemical composition in wt % of the L80-1 Cr material. 

Material C Cr Mn Mo P Si S Fe 

API 5CT L80 0.40 1.10 0.75 0.20 ≤0.035 0.20 ≤0.040 base 

 

 

2.2. Electrolyte preparation 

The electrochemical experiments were carried out with and without 2-MI and 2-PI in 1wt. % NaCl 

solution saturated with CO2. In some experiments, the NaCl solution was mixed with 20 volume 

% MEG (300 ml) of total cell solution.  

 

The solution was deaerated by sparging the nitrogen gas overnight before running the experiment.  

The solution was then saturated with CO2 for 4 hours. The initial pH of the NaCl solution without 

and with MEG was measured to be 3.9 and 4.2, respectively at 40 ºC. The solution was then 

injected with 200 parts per million by volume (ppmv) of the test inhibitor. After inhibitor injection, 

the solution was de-aerated again for at least 30 minutes.  The CO2 gas was continuously purged 

into the solution to maintain its saturation and avoid any oxygen entrance during the 

electrochemical tests.  

Inhibitors used  

2-Methyl-2-imidazoline (purity of 95%), 2-Phenyl-2-imidazoline (purity of ≥ 96%) and MEG of 

spectrophotometric grade (≥ 99%) was purchased from Sigma Aldrich (chemical structures shown 

in Fig. 1).  

 

Figure 1. Structure of (a): Ethylene glycol, (b): 2-Methyl-2-imidazoline, (c): 2-Phenyl-2-imidazoline. 

2.3. Electrochemical measurement 

A standard three-electrode glass cell (1.5 L) setup was used for the electrochemical corrosion tests.  

The reference Ag/AgCl electrode was placed in the solution using a glass-luggin capillary. The 

counter electrode was made of concentric ring of platinum wire. Linear Polarization Resistance 

technique was used to measure the corrosion potential (Ecorr) and the corrosion rate every 1.5 hours. 

A potential range of ±10 mV vs. open-circuit potential (OCP) at a scan rate of 0.167 mV/s was 

used during the LPR measurements. OCP stabilization was achieved in 1 hour and the EIS 

measurements were performed by applying ±10 mV AC signal vs OCP in a frequency range of 10 

mHz -10 kHz. 
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2.4. Experimental conditions and procedure 

The inhibitive effects of 2-MI(200 ppm), 2-PI(200 ppm), MEG (20 vol% of total cell solution = 

300ml) and a combination of MEG-2-MI and MEG-2-PI were studied on the CO2 corrosion of 

L80-1 Cr steel samples at 40 °C (see Table 2 for experimental conditions). For electrochemical 

experiments, the inhibitors were injected 30 minutes before the immersion of specimens. Both 

types of imidazoline were injected alone or in combination with MEG to study their effects on 

corrosion inhibition. In another set of experiment, the 2-PI was intermittently injected (Fig. 2) in 

the NaCl solution to study the effect of injection frequency on the corrosion behavior of L80-1 Cr 

steel.  This was achieved by comparing the effects of single injection (case I) of 200 ppmv inhibitor 

that was injected 30 minutes before the sample immersion in the NaCl solution with the repeated 

injections (case II) of the inhibitors. For the repeated injections, after the initial dose, another 

200pm of inhibitor was injected after 48 hours of sample immersion. All electrochemical 

experiments were performed at least twice and the error bars represent the maximum and 

minimum values observed in repeated experiments are reported in the results section. 

 

 

Figure 2.  Inhibitor injection frequency (2-PI) on L80-1Cr steel in 1% NaCl solution at 40º C. 

Table 2. Experimental conditions of electrochemical experiments used in this study. 

Parameter Condition 

Material Q&T 1Cr steel 

Solution 1 wt.% NaCl in deionized distilled water, CO2 

saturated 

Temperature 40 °C 

CO2 partial pressure 0.93 bar  

Rotation 350 rpm 

Inhibitor concentration 200ppm 

Test duration 48 and 140 hrs 
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2.5. Surface characterization and phase analysis 

The surface morphology of the corroded samples were investigated using a Zeiss Supra FEG-SEM 

using 5 kV acceleration voltage, assisted with energy dispersive X‐ray (EDS) analysis equipment. 

Phase analysis of the corrosion layer was performed using a Bruker D8 Advance X-ray 

Diffractometer (XRD) technique. The operating parameters for XRD were 35 kV and 50 mA with 

Cr-Kα radiation (λ=0.22909 nm). The 2θ ranged between 45º and 85º with a step size of 0.05º, and 

a 10 s count time at each step. 

X-ray photoelectron spectroscopy (XPS) was recorded using a commercial XPS-Thermo Scientific 

system. The base pressure in the experimental chamber was below 10-9 mbar. The spectra were 

collected using Al Kα X-ray source (1486.6 eV) radiation and the overall energy resolution was 

about 0.8 eV. High-resolution scans with 0.1 eV steps were conducted over the following regions 

of interest: C 1s, N 1s, Fe 2ps and O 1s. Surface charging effects were compensated by referencing 

the binding energy (BE) to the C 1s line of residual carbon set at 285.0 eV BE. XPS spectra were 

deconvoluted using a non-linear least-squares algorithm with a Shirley baseline and a Gaussian–

Lorentzian combination. Thermo Avantage software, version 5.9913, was used for all XPS data 

processing.  

2.6. Computational details 

The Quantum Espresso package was used to perform DFT calculations in a pseudopotential plane 

wave formalism [22]. The adsorption energies for water, MEG and the different types of 

imidazoline on Fe(110) were calculated. The DFT-D2 method was used with the revPBE 

functional [23] and additional semi-empirical dispersion corrections [24–26]. In particular, 

appropriate methods for adsorption on metal surfaces was used [24][27]. The modelling 

parameters used for Fe calculations in this study were same as the previous study on alkanolamine 

[28]: s6 for revPBE =1.25; Bohr cutoff for Fe calculations = 12  ; and C6 vdw parameter for Fe = 

159.927 [24]. The revPBE functional was used to generate all pseudopotentials (ultrasoft or PAW) 

and were taken from the PS Library 0.2.5 [29,30]. The cutoff values for kinetic energy and density 

were 40 Ry and 400 Ry, respectively [31,32]. 

The 2-MI and 2-PI molecules are large and bulky, requiring very large unit cells, which makes 

calculations of adsorption very slow. The adsorption energies for water, MEG, 2-MI, and 2-PI on 

a 2x3 unit cell of an Fe (110) surface were calculated to model their behaviors on iron surface as 

shown in Table 3a. The surface model in this study consisted of 4 molecular layers for performing 

slab calculations on Fe (110) surface. A 17 Å vacuum was inserted between the material slabs. To 

retain the bulk atomic positions, the fourth layer was kept frozen during the geometry 

optimizations.  

Similar to the previous study [28], the following equation was used to calculate of adsorption 

energy of different inhibitor molecules:  

 

 
𝐸𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒+𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 − (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒) − (𝐸𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟) 

 

(1) 

The more negative the adsorption energy, the stronger is the bond between the molecule and the 

surface. The MEG, 2-MI and 2-PI have different functional groups that can bind to the Fe surface 
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(see chemical structure in Fig. 1b and 1c). To model the behavior of different functional groups of 

different inhibitors on Fe(110), the adsorption energies were calculated and compared. The 

imidazolines are large in size in comparison to water and MEG. Thus, when they were adsorbed 

to the 2x3 Fe(110) surface, unexpected bond breaking and errors from interactions between the 

periodic images occurred. To avoid these interactions, the adsorption energy for 2-PI and 2-MI 

was also performed on 4x3 Fe(110) unit cell. 

The contact angles were calculated using the method based on DFT and COSMO-RS theory[33], 

which involves calculating the solid-liquid and liquid-liquid interfacial tensions and estimating the 

contact angle from Young’s equation. The DFT calculations for the contact angle calculations 

involved calculating molecular models for MEG, 2-MI and 2-PI, which were done in Turbomole 

[34], v 7.4, with the BP functional [35,36] and the TZVP basis set [37] for geometry optimization, 

followed by a single point energy calculation using the TZVPD basis set. The BP-TZVPD-FINE-

21 parameterization for the COSMO-RS calculations and hexadecane as the model oil was used. 

The hexadecane, the Na+ and the Cl- ions were taken from the internal database in COSMOtherm. 

 

2.7. Methodology of contact angle measurement 

Before conducting the contact angle measurements, the specimen surface was polished using SiC 

paper grades of P220, P320, P500, and P1000. The polished samples were rinsed (with ethanol) 

and dried. The samples were then immersed in inhibitors for 15 minutes. Once the samples dried, 

the inhibitor film was observed on the same surface. Using a pipette, a drop of 1% NaCl solution 

was placed on the sample surface. Contact angle measurement were taken at both ends of drop 

(𝜃𝐶1 and 𝜃𝐶2). Each measurement was repeated for 5-times.  

 

3. Results  

3.1. Adsorption energy using density functional theory (DFT) 

 Table 3a shows the adsorption energy values for water, MEG, and different types of imidazoline 

(2-PI and 2MI). The weakest adsorption energy was observed for the water molecule (-31 kJ/mol 

with −OH), which makes it replaceable by the inhibitors due to their higher adsorption energies. 

The adsorption energy value for 2-MI and the vertically adsorbed 2-PI on 2x3 Fe(110) surface ( -

76 KJ/mol and -43 KJ/mol, respectively) were weaker by ~10 KJ/mol as compared to that on 4x3 

Fe(110) surface (-61 KJ/mol and -32 KJ/mol, respectively), see Table 3a. In 2-PI, the bond formed 

by the −CH of phenyl ring parallel to the surface was stronger than the −CH of imidazoline ring 

when adsorbed vertically. This is also reflected in the smaller distance of binding Fe(110) 

molecules from the −CH of phenyl ring (2.62 Å) as compared to −CH of imidazoline ring (3.59 

Å). In some instances, the inhibitor molecules bonded to Fe(110) surface with two functional 

groups, which led to stronger bonds with corresponding high adsorption energies. For example, 

the highest adsorption (-189 kJ/mol) was observed for phenyl imidazoline when it bonded to 4x3 

Fe(110) with -N- of the imidazoline ring and the aromatic phenyl ring. The strong influence of the 

aromatic entity is seen by comparing the results to the 2-MI adsorbing similarly with the -N- 

functional group, but with a much weaker adsorption (-76 kJ/mol). The phenyl ring thus is actively 

involved in the bonding to the surface, and it is known that dispersion can be quite strong forces 

for binding similar molecules to other metals [27,38]. 
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Similar to that reported for alkanolamines [28], the inhibitor adsorption energy in water was 

estimated by comparing the adsorption energy of the inhibitor with that of water in Table 3a. This 

estimation is based on the fact that the inhibitor molecules need to replace the water molecules 

already bonded at the interface. The size of the inhibitor molecule at the interface and the way it 

binds to the iron surface (vertical v/s parallel orientation) can govern the number of water 

molecules that can be displaced from the Fe(110) surface (see Fig. 3e and 3g for example of 

inhibitor molecule interaction direction). Table 3b also shows the differences in the adsorption 

energy between inhibitor and one or more molecules of water i.e. ∆Eadsorption on Fe(110) surface. 

The negative ∆Eadsorption means that replacing of water molecules is favorable (from an 

energy/enthalpy point of view). Based on the ∆Eadsorption results, the MEG (−OH/−CH) and 2-PI 

(−CH of imidazoline ring) can replace only one molecule of water. The 2-MI (−N-) can replace 

two molecules of water, whereas the vertically bonded 2-PI (−CH of phenyl ring and -N- imidazole 

ring) can replace five molecules of water. The increase in entropy from releasing five water 

molecules for each 2-PI adsorbed will lead to a further decrease in the adsorption free energy, 

which should favor adsorption even more at elevated temperatures. 

Table 3a. Adsorption energy values of different types of imidazoline inhibitors on Fe surfaces using DFT (in kJ/mol). 

Molecule Anchoring group Eadsorption on 

2x3 Fe(110) 

 

Eadsorption 

on 4x3 

Fe(110) 

 

Optimized 

geometry 

shown in 

Figure   

Water −OH -31 --- 3a 

MEG 
(C2H6O2) 

−OH/−CH2 -50 --- 3b 

2-Methyl-2-

imidazoline 
(C4H8N2) 

−NH (imidazoline ring) -76 -61 3c and 3d 

2-Phenyl-2-

imidazoline 

(C9H10N2) 

−CH (imidazoline ring ) -43 -32 3e and 3f 

−CH (phenyl ring) and –N– 

(imidazoline ring) 

-112* -189 3g and 3h 

* the small unit cell only made it possible for the 2-PI molecule to bind to the Fe(110) with the phenyl 

ring, hence the weaker adsorption energy compared to the 4x3 Fe(110) unit cell. 

 

Table 3b. Differences in the adsorption energy between different types of imidazoline and water (∆Eadsorption) on Fe (110) 

surfaces using DFT (in kJ/mol). 

Differences in adsorption energy between inhibitor and water  

Molecule 

# Water 

molecules 

replaced

Anchoring group
Eadsorption 

on 

2x3 Fe(110) 

Eadsorption 

on 

4x3 Fe(110)

MEG 
(C2H6O2) 

1 
−OH/−CH2 

-19 --- 

2 +12 ---  

2-Methyl-2-

imidazoline 
(C4H8N2) 

1 

−NH (imidazoline ring) 

-45 -30 

2 −14 +1 

3 +17 +32 

2-Phenyl-2-

imidazoline 

1 
−CH (imidazoline ring) 

-12 -1 

2 +19 +30 
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(C9H10N2) 1 

−CH (phenyl ring) and 

–N– (imidazoline ring) 

 

--- -158 

2 --- -127 

3 --- -96 

4 --- -65 

5 --- -34 

6 --- -3 

7 --- +28 

 

 

 

Figure 3. Optimized bonding geometries for some inhibitor molecules on various model surfaces (a): Water bonded to 2x3 

Fe(110) with –OH, (b): MEG bonded to 2x3 Fe(110) with –OH/–CH2, (c): 2-MI bonded to 2x3 Fe (110) with –NH 
(Imidazoline ring) (d): 2-MI bonded to 4x3 Fe (110) with –NH (Imidazoline ring), (e): 2-PI bonded to 2x3 Fe (110)  with –

CH (Imidazoline ring), (f): 2-PI bonded to 4x3 Fe (110)  with –CH (Imidazoline ring), (g): 2-PI bonded to 2x3 Fe (110)  with 

–CH (Phenyl ring) (h): 2-PI bonded to 4x3 Fe(110) with –CH (Phenyl ring) and –NH (Imidazoline ring).  

 

Color code: bright red (large radius) = Fe, dark red (small radius) = O, yellow = C and aqua= H.  

 

 

3.2. Binding energy calculation using XPS 

The XPS analysis was carried out to confirm the hypothesis of the imidazoline and MEG 

chemisorption behavior, and interpret the nature of the organic thin-layer formed on the Fe surface. 

The film was formed in 1% NaCl solution saturated with CO2 in the presence of different types of 

imidazoline in combination with MEG with a 48 hrs immersion time.  For comparison purposes, 

the XPS spectra for 2-MI combined with MEG and 2-PI combined with MEG are shown in Fig.4. 

All XPS spectra show complex forms, which were assigned to the corresponding species through 

a deconvolution fitting procedure.  The peaks in individual spectra showed evidence of the 

presence of C, N, O and Fe, where the O, C and Fe contents displayed the highest amount, while 
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the signals of N were detected with small intensities in comparison to other three elements. The 

XPS spectra of C1s ranging from 282.0 eV to 300.0 eV. The peaks around 285.02 eV in Fig. 4 a 

and 4d ascribed to C–N and peak at 288.0 in Fig. 4d corresponds to C=N. A less  intensive peak 

at  289.8 eV in Fig. 4a relates to C=O [4], [39]. The Fe 2p spectra was composed of two peaks 

(Fe2p1/2 at 724.0 eV and Fe2p3/2 at 710.0 eV). The Fe2p3/2 peak shows multiple splitting composed 

of three peaks at 710.0 eV, 714.o eV and 718.0 eV. These peaks could be assigned to Fe of Fe2O3 

or Fe3O4, which means that a certain amount of oxidation of Fe occurred [11]. It was expected for 

Fe to be oxidized during the process of analysis. The N1 s spectra from the range 395 to 413 eV 

was fitted by two peaks one with Fe(II)/ Fe(III) nitrate at 405 eV and other with C–NH2 bond at 

400.0 eV [40]. These peaks provided evidence that the 2-MI and 2-PI was really adsorbed on the 

steel surface. The area for N1s peak is shown in Table 4. 
 

 
 

Figure 4. XPS spectrum of (a and d): C 1s, (b and e): Fe2p and (c and f): N 1s in corrosion products of NaCl-contaminated 

L-80 1 Cr steel specimens after 48 h exposure to 40℃ in the presence of 2-MI inhibitor and 2-P1 inhibitor in combination 

with MEG respectively. 

 

Table 4. Area under N1s peaks using XPS analysis on L80-1Cr steel exposed in 1% NaCl solution in presence of 2-MI with 

MEG and 2-PI with MEG   after 48 h exposure at 40℃. 

Area (CPS.eV) 2-MI with MEG 2-PI with MEG  

N1s Scan A 5145 8807 

N1s Scan B 548 557 
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3.3. Electrochemical studies on the effect of 2-MI and 2-PI together with MEG on L 80- 1 Cr 

at 40°C 

3.3.1. OCP monitoring  

 

The shift in the OCP values of working electrode with and without inhibitor is shown in Fig. 5. A 

positive shift in the OCP indicates reduction in the driving force for corrosion steel. A pseudo-

steady state was achieved after around 30 min of immersion time. Relative to the reference sample 

(-0.658 V to -0.659 V), a positive shift in OCP was observed for a combination of 2-PI and MEG 

(-0.646 V to -0.636 V), MEG (-0.641 V to -0.649 V), and 2-PI (-0.661 V to -0.643 V). A negative 

shift in OCP was observed for 2-MI alone (-0.674 V to -0.679 V) and in combination with MEG 

(-0.664 V to -0.672 V).  

 
 

Figure 5. OCP measurement of L-80 1 Cr steel with and without inhibitor imidazolines types of inhibitor in 1% NaCl 

solution at 40°C. 

3.3.2. LPR measurements at 40°C  

Fig.6a represents the LPR (time vs Rp) results for L-80 1 Cr steel in NaCl solution with and without 

inhibitors. The polarization resistance value for 2-MI and MEG (153 Ω.cm2) was 1.5 times that of 

the reference (99 Ω.cm2). However, the Rp value for MEG was quite stable over 48 hrs, whereas 

the Rp value for 2-MI decreased with time and reached to the reference value by the end. When 2-

MI was mixed with MEG, the Rp value increased to 220 Ω.cm2. The Rp value of 2-PI was (̴ 5 

times) higher than MEG, 2-MI alone, and MEG and 2-MI combination. Further, the combination 

of MEG and 2-PI provided the highest (10 times) Rp value in comparison to MEG, 2-MI alone, 

and MEG and 2-MI combination.  
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Figure 6. (a): Polarization resistance for L80-1 Cr steel exposed to 1 wt % NaCl solution at 40 °C, without and with the 

addition of 200 ppm of imidazolines, MEG and combination of imidazolines and MEG inhibitor for 48 hrs, (b): Effect of 

subsequent re-injection of 2-PI inhibitor L80-1 Cr steel exposed to 1 wt % NaCl solution at 40 °C. 

During initial injection of 2-PI alone and in combination with MEG, there was an incubation time 

of 5-6 hours. By the time for re-injection i.e. 48 hrs, the Rp values for 2-PI alone and in 

combination with MEG had reduced to a level below their initial values at time 0 hrs. Upon re-

injection, there was an increase in the Rp values (within 1-2 hours) to 922 Ω.cm2 and 2576 Ω.cm2 

for the two solutions, respectively.  However, the increased values were either smaller or slightly 

greater than their initial values, suggesting the re-injection just prevented further degradation of 

the inhibitor film. 

The maximum value of the polarization resistance was used to calculate the inhibitor efficiency of 

the solution using Eq. (2). The MEG alone had a better efficiency than 2-MI alone, but lower 

efficiency than 2-PI alone. The addition of MEG substantially improved the efficiency of 2-MI 

(82%), but did not lead to much change in the efficiency of 2-PI (< 1%). These efficiency values 

(reported in Table 5) were in fair agreement with polarization resistance values in Fig. 6.  

 
𝐈𝐧𝐡𝐢𝐛𝐢𝐭𝐨𝐫 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 (%) =

(𝑹𝒑𝐢𝐧𝐢𝐛𝐢𝐭𝐞𝐝
−𝑹𝒑𝐔𝐧𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

)

𝑹𝒑𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

×100 

 

(2) 

Table 5. Comparison of efficiency between different types of inhibitors at 40 °C. 

Inhibitor type Inhibitor efficiency (%) at 40 °C 

MEG 35 

2-MI 28 

2-MI with MEG 50 

2-PI 93 

2-PI with MEG 96 

2-PI (B+A) 93 and 88 

2-PI (B+A) with MEG 96 and 95 
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3.3.3. Electrochemical impedance spectroscopy investigation 

The impedance responses of the sample (L-80 1 Cr steel) at 40 °C in the form on Nyquist plots at 

hours 2, 24, and 48 are shown in Fig. 7.  The responses were recorded in the presence of the 

inhibitors (2-PI and 2-MI) in the pure form and when mixed with MEG.  

 

 

Figure 7. Results of electrochemical impedance measurements: Nyquist plot (a): pure 2-MI inhibitor, (b): 2-MI inhibitor 

in combination with MEG, (C): Pure 2-PI inhibitor and (d): 2-PI inhibitor in combination with MEG on L80-1 Cr steel 

exposed to 1 wt % NaCl solution at 40 °C for 48 hrs. 

 

In the Nyquist plots, the effect of inhibitors is characterized by the diameter of capacitive loop 

such that a higher value indicating better formation of an adsorption film on the metal surface 

[11,13]. In this study, the addition of 2-PI led to higher values of the capacitive loop diameters 

when compared to the 2-MI. Similarly, addition of MEG yielded capacitive loops of larger 

diameters for both 2-PI and 2-MI conditions. Irrespective of the inhibitor used, the diameter of the 

capacitive loops reduced with increase in time from 2 hours to 48 hours indicating the 

disintegration of adsorption film over the time. The equivalent circuits that were used to fit the 

impedance experimental data from the steel surface in the presence of inhibitors is shown in Fig. 

8. The equivalent circuit consists of single time constant whereas a double layer capacitance (Cdl) 

in parallel with a charge transfer resistance (Rct) was used for the solution resistance (Rs). In the 
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presence of inhibitors, another film capacitance (Cfc) and a film pore resistance (Rpr) was added to 

account for an adsorbed inhibitor layer–solution interface. The Rct is a measure of the polarization 

resistance of the corroding metal. The value of capacitance present in the electric double layer at 

the metal–solution interface are modified by the species adsorbed or desorbed on the metal surface. 

Therefore Fig. 8 represents system for inhibitors (film formation) and fits well with experimental 

data in presence of inhibitor (Fig. 6) with a double-time constant, signifying either two layers or a 

porous film. Table 6 represents fitting of impedance data at 2, 24, and 48 hrs that shows maximum 

corrosion resistance value in Fig. 6a and 6b. 

 

 

Fig. 8.  A double-time constant circuit showing a perforated film interface or perforations filled with corrosion product. 

 
Table 6. EIS parameters obtained based on the fitted curves on experimental data according to equivalent circuit presented 

in Fig.  8, for L80-1 Cr steel exposed to 1 wt % NaCl solution at 40 °C, with the addition of 200 ppm of the different types 

of imidazoline alone and in combination with MEG at time 2, 24 and 48 hrs. 

Sample Immersion 

time (hrs) 

Rct 

Ω.cm2 

Cdl 

µΩ-1.cm-2.sn 

n1  Rpr 

Ω.cm2 

Cfc 

µΩ-1.cm-

2.sn 

n2 

2-MI 
 

2 13 71001 0.97 127 885 0.76 

24 6 343731 0.87 109 628 0.83 

48 1 497838 0.99 104 538 0.87 

 2-MI with MEG 
 

2 76 3051 0.75 133 585 0.78 

24 7 61149 0.55 180 580 0.79 

48 7 1960 0.87 169 555 0.83 

2-PI 
 

2 3 2245 0.93 1117 101 0.93 

24 174 13751 0.97 827 233 0.92 

48 192 20862 0.88 404 550 0.93 

2-PI with MEG 
 

2 13 13013 0.97 2054 94 0.91 

24 253 3936 0.77 2036 141 0.93 

48 481 3711 0.73 1028 177 0.99 
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3.4. Change in water drop contact angle measurements on L80-1Cr steel samples covered 

with a layer of inhibitors  

Fig. 9 shows the contact angle measurement for different inhibitors. A smaller contact angle (< 

90°) correspond to hydrophilic characteristics, whereas a larger contact angle suggests a more 

hydrophobic nature of the surface. Small contact angle values were found for uninhibited (31°- 

10°), 2-MI (38°- 25°), and MEG (51°- 37°). The contact value was larger for (in decreasing order) 

combination of MEG and 2-PI (107°- 91°), 2-PI (91°- 82°), and a combination of MEG and 2-MI 

(67°- 60°). Corresponding contact angles were calculated for a hexadecane/water system and 

compared to the experimental systems in Table 7. The highest contact angle for the 2-PI is 

consistent with the strong adsorption of 2-PI on Fe(110) as predicted from the DFT calculations, 

and is also consistent with the highest predicted contact angle from the DFT calculations. Both 

point to a strongly covered surface. The order of the predicted contact angles is consistent with the 

experimental order, with the exception of 2-MI, which (on its own) has a lower contact angle than 

MEG. The contact angle predictions for 2-MI are significantly higher than the corresponding 

experimental values. The surface coverage by 2-MI is not particularly high, unless supported with 

MEG in solution. The same trend can be observed in the corrosion inhibition efficiencies, Table 

5, where the combination of 2-MI with MEG is substantially better than either on their own.  

 

 

Figure 9. Change in water drop contact angle measurements on L80-1Cr steel in 1% NaCl solution with and without 

inhibitors. 
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Table 7. Comparison of computed oil/water contact angle and measured water-in-air contact angles (in degrees). The 

calculated oil/water contact angle used hexadecane as the model oil and 1 wt% NaCl in water. 

 Solid-liquid (SL) interfacial 

tension (mN/m) 

Contact angle (θ) 

Surface 

chemistry 

(S) 

L = Water  L = hexadecane Calc. Exp. 

(t=0 min) 

Calc. – Exp. 

2-PI 13.6 10.3 93 91 2 

2-MI 5.9 12.3 83 38 45 

MEG -1.2 17.5 71 51 20 

water 3.8 30.8 61 31 30 

 

3.5. Surface characterization 

The XRD analysis of the scale/film formed on the specimen during the electrochemical 

experiments is shown in Fig. 10. The Fe α peak and Cementite (Fe3C) peaks were was observed 

in all corroded samples with and without inhibitors. However, the diffracted intensity of Fe3C 

peaks decreased with the addition of inhibitors. In case of pure and mixed (with MEG) forms of 

2-PI, the Fe3C formation was substantially less as indicated by disappearance of all of the peaks, 

except two reflections (210 and 221). The peak Fe3C intensities were also decreased for a 

combination of MEG and 2-MI for six (002, 211, 102, 131, 221, and 122) out of nine reflections. 

Overall, when inhibitors are added, Fe3C reflection significantly reduced showing reduction in 

corrosion and enrichment of Fe3C on the surface. 

 

Fig. 10. Results of X-ray diffraction of the scale formed on L-80 1 Cr steel surface with and without imidazoline types of 

inhibitor at 40 °C. 
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The top-view and the cross-sectional SEM images of the reference and different inhibitors 

immersed in the NaCl solution at 40°C are shown in Fig. 11. The reference sample had the thickest 

corrosion product layer (6.15 µm), followed by MEG (3.84 µm), 2-MI (4.61 µm) (Fig. 11a, 11c, 

and 11e). In combination with MEG, the corrosion product layer was less thick with 2-MI (3.08 

µm) (Fig. 11g). In 2-PI alone and in combination with MEG, a corrosion product of negligible 

thickness (1.53 µm and 0.76) was formed (Fig. 11i and 11k) respectively. As shown in top view, 

a surface with coarse cracks was found in the reference sample highlights severe damage to the 

surface caused by bulky corrosion products without inhibitors (Fig. 11b). Less coarse cracks were 

found in the samples treated with MEG and 2-MI in pure forms (Fig. 11d and 11f). Whereas 2-MI 

in combination with MEG (Fig. 11h) led to fine cracks. The extent of cracks was also lesser in the 

combined 2-MI and MEG specimen in comparison to pure MEG. Highly fine corrosion pits with 

scratches reflecting light were observed for the pure 2-PI (Fig. 11j). Least corrosion with a 

smoother surface and localized pits with reflection of light was observed for the mix of 2-PI and 

MEG specimen (Fig. 11l) 

 

Figure 11. SEM images (Cross-sectional and top view) for L80-1 Cr steel exposed to 1 wt% NaCl solution, (a and b): 

specimen without inhibitor, (c and d): specimen with MEG, (e and f): specimen with 200 ppm 2-MI, (g and h): specimen 

with combination of MEG and 2-MI, (I and j): specimen with 200 ppm 2-PI, (k and l): specimen with combination of MEG 

and 2-PI at 40 °C. 

4. Discussion 

This study investigated the corrosion inhibition properties of two specific imidazoline compounds 

2-MI and 2-PI in CO2 environment on L-18 1Cr steel surface using a combination of molecular 

modelling and electrochemical techniques. Overall, 2-PI was found to have significantly better 

corrosion inhibition properties than 2-MI as reflected by a lower polarization resistance, stronger 

adsorption energy, and a larger capacitive loop diameter values that were observed for the former. 

Also, the addition of MEG improved the corrosion inhibition properties of both forms of 

imidazoline, although less so for the 2-PI.  
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In this study, OCP measurement (Fig. 5) was used to understand the corrosion behavior of the steel 

surface with and without inhibitors.  The displacement of OCP in inhibited system relative to 

uninhibited can be used as a basis for inhibitor categorization [41–43]. By observing difference in 

OCP values, it is justifiable to claim that inhibitors used in this study demonstrated principal 

corrosion inhibitory effect. A pseudo-steady state of potential in this study was reached at around 

30-minutes with all inhibitors, which is slightly longer than a previous study (16-minutes) that 

used another derivative of imidazoline [44]. In the blank solution, a more negative steady state 

value of OCP (-0.659 V) is indicative of the corrosion process, which is thought to result from 

negative chloride absorption and activation of the metal surface [44]. A positive shift in the OCP 

values in the presence of 2-PI (-0.642 V), MEG (-0.649V), and in combination of 2-PI and MEG 

(-0.634 V) could be associated with the adsorption of inhibitor molecules on the electrode surface 

[45]. In a previous study, a similar positive shift in the OCP values was observed with addition of 

imidazoline derivatives such that a greater shift was observed with an increase in concentration of 

the inhibitor  [44]. In the current study, the concentrations of the inhibitors kept constant; however, 

addition of MEG led to a positive shift in the OCP values. Surprisingly, the OCP values in the 

presence of 2-MI (-0.679 V) in its pure form and in combination with MEG (-0.672 V) were more 

negative than the reference values that attribute to the lesser corrosion inhibition in comparison to 

2-PI. 

The corrosion behavior observed using the OCP values were confirmed by the Rp values (Fig.6). 

The maximum Rp value for the reference (109 Ω.cm2) was significantly lower than for the 

inhibitors. When comparing two imidazoline type, a higher Rp value was observed for 2-PI (1582 

Ω.cm2) than 2-MI (154 Ω.cm2) suggesting a strong adsorption of the former on the metal surface. 

The presence of a bulkier phenyl group for 2-PI is likely contributed to stronger attachment with 

the Fe surface with higher Rp values. The MEG alone had Rp value (169 Ω.cm2) higher than the 

reference; however, the value was smaller than 2-PI suggesting MEG film was adsorbed on the 

surface, but did not form as strong bond with the Fe surface as seen with 2-PI. Interestingly, 

addition of MEG to both 2-PI and 2-MI led to higher Rp values (2837 Ω.cm2 and 169 Ω.cm2) than 

their pure forms suggesting synergistic effects of MEG and imidazolines. The Rp values also were 

higher for 2-PI (93%) as compared with 2-MI (28%). The addition of MEG increased the corrosion 

inhibition efficiency slightly for 2-PI (96%) and substantially for 2-MI (50%). The observed 

corrosion inhibition efficiency of 2-MI in combination with MEG could be a result from increased 

surface coverage arising from ion-pair interactions between MEG anions and imidazoline cations 

[7].  

Over time, the Rp value of 2-PI reduced, which might be attributed to the desorption of inhibitor 

molecules making the inhibitor film porous or less dense with time. The formation of porous film 

in case of 2-PI inhibitor was supported by impedance parameters as shown in Table 6. For 2-PI, 

the Rpr value decreased from 2 hrs (1117 Ω.cm2) to 48 hrs (404 Ω.cm2) confirming increase in 

porosity of the inhibitor film, which is also supported by the increase in Cfc values (suggesting 

decrease in film thickness). Due to increase in porosity of the layer as the exposed area increases 

more anodic sites were available for iron dissolution, which is indicated by the increase in Cdl 

values over the time. Despite the increased porosity, decrease in thickness and availability of more 

anodic sites, the Rct values continued to increase suggesting the inhibitor layer was intact, limiting 

the corrosion reactions on the sample surface. This situation would be possible if there was 

localized corrosion in certain areas, but the whole film stayed more or less intact elsewhere. With 
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addition of MEG to 2-PI, similar impedance results were observed, except that the Cdl values 

decreased, suggesting fewer anodic sites were available for corrosion reaction. 

In the case of 2-MI alone, over time, the inhibitor film turned more porous and less intact causing 

more charge transfer resistance and availability of more anodic sites as indicated by reducing Rpr 

and Rct values and increasing Cdl values, respectively. Although the film turned more porous, the 

thickness of the film increased as indicated by a decrease in Cfc value. In case of 2-MI in 

combination with MEG, similar impedance results were observed, except the Rpr and Cdl values 

initially increased until 24 hours and then subsequently decreased (Table 6). Overall, the 

impedance results suggest that 2-PI led to porous and thin film that was intact, whereas 2-MI led 

to porous and thick film, which was less intact than 2-PI. 

The impedance results were supported by the XRD and SEM images. Due to less corrosion upon 

addition of different types of imidazoline, less iron (Fe2+ ions) dissolution occur from the ferritic 

phase, which results in less residual cementite (Fe3C) on the steel surface as shown in XRD 

analysis in Fig. 10. The SEM images confirmed that the reference sample had more coarse cracks 

as compared to inhibitors likely due to bulky corrosion products (Fig. 11b).  

The addition of imidazoline inhibitors resulted in smaller cracks and pits when compared to the 

reference suggesting the corrosion inhibition tendency of the two inhibitors. The addition of 2-PI 

led to a lesser extent of corrosion as compared to 2-MI as seen in SEM images that showed no 

cracks and localized corrosion in case of 2-PI (Fig.11e and 11f vs. 11I and 11j).  Addition of MEG 

to the imidazoline led to fine cracks, localized pits and a thinner layer of corrosion for both 

imidazoline inhibitors – 2-MI (Fig. 11g and 11h) and 2-PI (Fig. 11k and 11l). The XPS results 

(Fig. 4c and 4f) also confirm that the intensity of the N1s A peaks in case of 2-PI with MEG is 

higher in comparison to 2-MI in combination with MEG. Hence, we deduced that the N atom in 

the case of 2-PI with MEG and Fe atom on the steel surface occurred strong chemical coordination 

and the 2-PI molecules chemically adsorbed on sample surface forming a protective film in 

comparison to 2-MI with MEG to inhibit the samples from CO2 corrosion.   

The electrochemical results were supported by the molecular modelling. The adsorption energy 

calculations from the molecular modeling shows that the presence of the aromatic phenyl group in 

2-PI yields significantly stronger adsorption energy (-189 kJ/mol) as compared to the 2-MI (-76 

kJ/mol), suggesting significantly stronger capacity for forming a stable protective film. A previous 

study has also shown comparable adsorption energy values (-155 kJ/mol) for 2-PI on Cu2O(001) 

surface [5].  

The adsorption energy depends strongly on the chemistry of the inhibitor molecule that formed a 

bond on the Fe surface. The phenyl group in 2-PI has a strong electron donor tendency [31], which 

adds to the strength of the bond, although dispersion forces certainly also play a role [27,38,46]. 

This offers two bonds between 2-PI and the steel surface – first between the -N- group of the 

imidazoline ring and the steel surface, and second between the phenyl group and the steel surface. 

The orientation of the bond also played a role in adsorption energy values. For example, parallel 

orientation of −CH of imidazoline ring on the Fe surface led to a stronger bond than the vertical 

orientation of −CH of imidazoline ring (Table 3a, Fig. 3f and 3h). There were small differences 

(~10 kJ/mol) in the adsorption energy values between the two Fe unit cells (2x3 and 4x3) for 2-

MI and 2-PI (Table 3a). These differences between the two unit cells may have resulted from 
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attractive adsorbate-adsorbate interactions via dispersion at the higher coverage modelled with the 

smaller 2x3 unit cell.  For the inhibitors, the adsorption energy depended strongly on the anchoring 

group that binds to the Fe(110) surface, see Table 3a.  

The adsorption influences the replacement of water molecules on the corroding surface, which can 

markedly change the corrosion resisting property of the metal. Due to its bulkier size and higher 

adsorption energy, 2-PI could replace up to at least five water molecules, whereas 2-MI could 

replace a maximum of 2 water molecules (Table 3b), based solely on adsorption energy 

considerations.  

Previous studies have found that the steel surface without inhibitor has lower contact angle, which 

suggests that the surface is hydrophilic i.e. attracting more water, which leads to higher corrosion 

[12,44]. Such findings were supported in this study as the contact angle measurement of water was 

smallest for the uninhibited steel surface (31° to 10°). The smaller contact angle is due to the 

hydrophilic nature of the surface and increase of the surface roughness under corrosive attack by 

the media [47,48]. With the addition of 2-MI (38° to 25°) and MEG (51° to 37°) alone, or in 

combination (67° to 60°), the contact angle of water was slightly increased, suggesting the steel 

surface was more water repellant than without inhibitor. In the case of PI in its pure form (91° to 

82°) and in combination MEG (107° to 91°), a large increase in contact angle was observed, which 

confirms that the surface became more water repellant. Another previous study found high contact 

angle measurement (82°) for water on AA5052 when immersed in 2-PI for 72 hours [20]. The 

results of this study demonstrate (at least in this case) a correlation between contact angle and the 

inhibitor efficiencies (Table 4). This result was further corroborated by predicted oil/water contact 

angles using molecular modelling (see Table 7). The most notable discrepancy between 

calculations and experiments occur for 2-MI, which can be rationalized by the 2-MI adsorption 

energy, which is substantially weaker than for the 2-PI (Table 3). The predicted contact angle thus 

demonstrates that the surface is not well covered/protected by the 2-MI inhibitor alone. 

Lastly, re-injection of another dose of same concentration of inhibitors improved the Rp values for 

2-PI alone (686 Ω.cm2 to 938 Ω.cm2) and in combination with MEG (1583 Ω.cm2 to 2597 Ω.cm2) 

(Fig. 6b). Imidazolines can be prone to hydrolysis due to breaking of the C-N bond by protonation 

[9]. The second dose of 2-PI likely prevented the loss of inhibitor film that may have resulted from 

hydrolysis of the inhibitors from the first dose.  

 

5. Conclusions 
 

 Imidazoline with methyl (2-MI) and phenyl (2-PI) structures found to be good corrosion 

inhibitor for steel surface in NaCl solution under saturated CO2 conditions. The addition of 

imidazoline inhibitors resulted in smaller cracks and pits when compared to the reference. 

 The corrosion inhibition properties (efficiency and Rp values) of 2-PI are greater than that of 

2-MI, which is likely due to the presence of the phenyl group which provides another site for 

bonding with the steel surface as confirmed by higher adsorption energy values for 2-PI during 

molecular modelling calculations.  

 Addition of MEG to the imidazolines improves their corrosion inhibition properties, especially 

with 2-MI, likely due to increased surface coverage arising from ion-pair interactions between 

MEG anions and imidazoline cations. 
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 Lesser residual cementite (Fe3C) peaks were found on the steel surface when treated with 2-PI 

as compared to 2-MI (alone and in combination with MEG) confirming lesser corrosion in the 

presence of 2-PI.  

 The XPS results also confirmed that in the case of 2-PI with MEG, a strong chemical 

coordination occurred between the N atom and the Fe atom (higher intensity of N1s A peaks) 

leading to stronger adsorption than 2-MI and MEG.  

 The higher contact angle observed for 2-PI than 2-MI alone and with MEG also suggest 

stronger coverage on the metal surface. 

 The Incubation time was observed for 2-PI, which reduced upon addition of MEG from 4 hours 

to 2 hours. Re-injection of another dose of inhibitors (2-PI) at 48 hours increased the Rp values 

partially suggesting prevention of further degradation of the initially formed layer of 2-PI 

inhibitor. 
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7. Annexure to the investigation of corrosion 

inhibition effects of 2-Phenyl-2-Imidazoline on 1Cr 

steel with CO2: Effect of H2S 
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Annexure to the investigation of corrosion inhibition effects of 2-

Phenyl-2-Imidazoline on 1Cr steel with CO2: Effect of H2S 

 

 

This annexure supplements the findings on corrosion inhibition properties of imidazoline based 

inhibitor on 1Cr steel. When H2S is present in the CO2 environment, sour corrosion is observed 

that can affect corrosion inhibition properties of the inhibitors. This annexure reports the results 

from preliminary investigations on the corrosion inhibition properties of 2-Phenyl-2-

imidazoline (2-PI) alone and in combination with mono ethylene glycol (MEG) on 1Cr steel 

surface in CO2-H2S environment. The electrochemical experimental methods and 

characterization techniques used in this study are same as those reported in the earlier appended 

paper. 

1. Materials and methods 

1.1. Specimen and electrolyte preparation 

Same material and polishing methods were used as described in the previously appended paper 

[1]. In this study, 1wt. % NaCl, CO2-H2S saturated solution was used for the experiments. 

Before each electrochemical experiment, the solution was de-aerated with Nitrogen over the 

night. After de-aeration, the solution was saturated for 4-hours with 200 ppm of H2S (92.63 

mol% CO2 & 0.02 mol% H2S), which led to CO2:H2S partial pressure ratios of 4632. Then 200 

ppm of 2-PI was injected into the CO2-H2S saturated solution, and the solution was de-aerated 

again for at least 60 minutes to remove any oxygen that may have entered the system. The 

specimen was then introduced in the solution for electrochemical testing. For experiments with 

combined 2-PI and MEG, 300ml MEG was added during solution preparation. 

1.2. Electrochemical measurement and experimental conditions and procedure 

Same as the previously appended paper. Table 2 lists the experimental parameters used in this 

study.  

 

 
Table 1. Experimental conditions of electrochemical experiments used in this study. 

Parameter Condition 

Material Q&T 1Cr steel 

Solution 1 wt.% NaCl in deionized distilled water, CO2-H2S saturated 

Temperature 40 °C 

CO2-H2S partial pressure At 200 ppm H2S (0.9263 bar CO2 and 2 x10-4 bar H2S) 

Rotation 350 rpm 

Inhibitor 2-PI and MEG 

Inhibitor concentration 200 ppm 2-PI and 30 ml MEG 

Test duration 2 days 
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2. Results and Discussion 

2.1. Effect of 2-PI alone and together with MEG on L80-1Cr at 200 ppm H2S, 40°C 

2.1.1. LPR measurements 

 

 

Figure 1. Variation of open circuit potential (OCP) with time for L80-1Cr steel in 1wt % NaCl solution without and 

with 200 ppm 2-PI and MEG at 40ºC, 200 ppm H2S.  

In the presence of H2S, the OCP values for the reference sample (-0.645 V to -0.643 V) were 

higher than pure CO2 conditions (-0.658 V to -0.659 V) [1]. As compared to pure CO2 

environment, 2-PI led to higher OCP values (H2S : - 0.649 V to - 0.620 V vs CO2: 0.661 V to 

- 0.642 V); however, the OCP values for MEG alone (H2S : - 0.647 V to - 0.645 V vs CO2: 

0.641 V to - 0.649 V) and in combination with 2-PI (H2S : - 0.647 V to - 0.631 V vs CO2: 0.646 

V to - 0.634 V) were comparable with the pure CO2 environment. In the CO2-H2S environment, 

highest OCP values were observed for 2-PI, whereas in the pure CO2 environment, the 

combination of 2-PI and MEG led to the highest values [1].  

In the CO2-H2S environment, a positive OCP shift in the presence of inhibitor suggests 

adsorption of the inhibitor molecules on the steel surface, which offers corrosion inhibition 

[2,3]. 

 

Figure 2. Polarization resistance for L80-1 Cr steel exposed to 1 wt % NaCl solution without and with the addition of 

200 ppm of 2-PI, MEG and combination of 2-PI and MEG inhibitor at 40 °C, 200 ppm H2S for 48 hrs. 
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The observed Rp values with and without inhibitors were higher in the CO2-H2S environment  

in comparison to pure CO2 environment [1]. The maximum Rp values for 2-PI alone (4150 

Ω.cm2at 45 hours) and in combination with MEG (4613 Ω.cm2at 24 hours) were comparable, 

but higher than MEG (604 Ω.cm2at 46 hours) and the reference sample (483 Ω.cm2 at 43 

hours). These peak Rp values in CO2-H2S environment were 2.6, 1.6, 3.5, and 4.4 times higher 

than the pure CO2 environment, respectively [1]. Interestingly, the increase in Rp values was 

largest suggesting these results may have resulted from the formation of FeS layer on the 

sample surface, which is more protective against corrosion. Inhibitors may also have 

contributed to higher Rp values in CO2-H2S environment as compared to pure CO2 

environment as inhibitors have higher affinity for residual Fe3C, leading to lesser adsorption 

on the Fe surface in pure CO2 environment [4]. 

The inhibitor efficiencies of all inhibitors appeared to decrease in CO2-H2S environment as 

compared to pure CO2 environment (Table 2). Since inhibitor efficiencies are calculated in 

reference to the Rp values of the uninhibited sample (equation 1), the decrease in efficiency in 

CO2-H2S environment resulted from a greater increase in Rp values of the reference sample as 

compared to Rp values of the inhibitors. 

 

Table 2. Comparison of efficiency between different types of inhibitors at 200 ppm H2S, 40 °C.  

Inhibitor type Inhibitor efficiency (%) at 200 

ppm H2S 

Inhibitor efficiency (%) in 

pure CO2 environment 

2-PI 88  93 

2-PI with MEG 90  96 

MEG 20  35 

 

2.1.2. Electrochemical impedance spectroscopy investigation 

 

 

Figure 3. Results of electrochemical impedance measurements: Nyquist plot (a): pure 200 ppm 2-PI inhibitor and (b): 

200 ppm 2-PI inhibitor in combination with MEG on L80-1 Cr steel exposed to 1 wt % NaCl solution at 200 ppm 

H2S, 40 °C. 

Fig. 3 shows the impedance results in the form of Nyquist plot for 2-PI alone and in 

combination with MEG. The diameter of the capacitance loop for combination of 2-PI and 

 
𝐈𝐧𝐡𝐢𝐛𝐢𝐭𝐨𝐫 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 (%) =

(𝑹𝒑𝐢𝐧𝐢𝐛𝐢𝐭𝐞𝐝
−𝑹𝒑𝐔𝐧𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

)

𝑹𝒑𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

×100 

 

 (1) 
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MEG is higher than pure 2-PI (Fig. 3a). In both cases, the diameter of the capacitance loop 

decreased with time together with the occurrence of a prominent double loop after 24 hours. 

The Randle’s electrochemical system with double time constant used to fit impedance results 

shown in Fig. 3 was same as used in the previously appended paper. Table 3 represents fitting 

of impedance data at the last cycle of impedance measure at different time points – 2 hrs, 24 

hrs, and 48 hrs. The pattern of EIS data circuit fitting was similar for all inhibitors and 

comparable between pure CO2 and CO2-H2S environments. The corrosion product layer 

became more porous and reduced in thickness over time as indicated by an increase Rpr and 

decrease in Cfc values. However, the corrosion product layer was still protective as indicated 

by an increase in Rct and increase in Cdl values.  

Table 3. Electrochemical impedance parameters obtained from the measured EIS data circuit fitting for L80-1 Cr steel 

exposed to 1 wt % NaCl solution at 40 °C, with the addition of 200 ppm 2-PI alone and combination of 200 ppm 2-PI 

and MEG at time 2, 24 and 48 hrs. 

 

Sample Immersion 

time (hrs) 

R
ct

 

Ω.cm
2
 

C
dl

 

µΩ
-1

.cm
-2

.s
n
 

n
1
 R

pr
 

Ω.cm
2
 

C
fc
 

µΩ
-1

.cm
-2

.s
n
 

n
2
 

2-PI 

  

2 2671  907 0.97 3135 48 0.99 

24 3208 828 0.48 17 225 0.48 

48 6890 844 0.96 16 301 0.14 

2-PI with 

MEG 

  

2 1132 377 0.99 3366 129 0.98 

24 2185  366 0.97 3074 135 0.99 

48 2258  961 0.94 2913 189 0.97 

 

2.1.3. Scanning electron microscopy, XRD and XPS 

 

 

Figure 4. SEM images (Cross-sectional and top view) for L80-1 Cr steel exposed to 1 wt% NaCl solution, (a and b): 

specimen with 200 ppm 2-PI and  (c and d): specimen with combination of MEG and 2-PI at 200 ppm H2S, 40 °C. 

The surface morphology for the reference sample in CO2-H2S environment was different than 

the pure CO2 environment. In presence of 200 ppm H2S, the corrosion product was thin, but 

more protective without any cracks [5], whereas in pure CO2 environment, the corrosion 

product layer was thick with pores and cracks were observed [1]. These results support the 

observation of higher 4.4 times higher Rpr in the presence of H2S as compared to pure CO2 

environment. 
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When comparing 2-PI alone and in combination with MEG in the CO2-H2S environment, the 

surface morphology of the sample was similar and showed few micro-pits. A thin layer of 

corrosion products was observed in both cases, with slightly higher thickness in case of 2-PI 

alone. The type of FeS corrosion product formed appeared to be Mackinawite type (Fig. 4a and 

4c), which is also reported to be seen at low concentrations of H2S by previous literature [6,7]. 

In pure CO2 environment also, the surface morphology of 2-PI alone were like that of 2-PI 

combined with MEG; however, as compared to pure H2S environment, more pitting was 

observed on the sample surface. 

The XRD results (Fig. 5) confirmed the presence of Fe3C (residual product) and low-intensity 

reflections of FeS (reflections 42.9, 73.4, and 88.9 only) on the sample in the CO2-H2S 

environment. With the addition of inhibitors, the intensity of the Fe3C diffracted peaks were 

decreased. The highest change was observed for 2-PI, for example, the reflections (121), (210), 

(002), (211), (102), (112), (131), (221) and (122) almost disappeared suggesting lower iron 

dissolution in the presence of 2-PI alone.  

 

Figure 5. Results of X-ray diffraction of L80-1Cr steel corroded in 1 wt% Nacl without and with 2-PI, MEG and 

combination of 2-PI and MEG inhibitors at 200 ppm H2S concentration, 40 °C. 

 

The XPS results also confirm the presence of thin-layer of organic film (2-PI inhibitor) and 

FeS corrosion product layer over the steel sample surfaces in CO2-H2S environment. Wide-

scan spectra of Fe2p, C1s, N1s and S2p of the corroded samples were observed at 200 ppm 

H2S concentration with 2-PI alone (Figs. 6a-d) and 2-PI in combination with MEG (Figs. 6e-

h). The peaks in individual spectra confirmed the presence of Fe, C, N, and S. The signals of 

C1s and N1s were mainly attributed to the inhibitors adsorbed on the steel surface, whereas the 

signals of S2p resulted from the corrosive products. The signal of Fe2p could be assigned to 

the iron matrix and its corrosion products. 

Fe2p peak was composed of two peaks, Fe2p1/2 peak and Fe2p3/2 peak. Further, Fe2p3/2 peak 

shows multiple splitting and composed of three peaks. The Fe 2p3/2 peaks at 711.08 eV and 

710.88 eV in Figs 6a and 6e corresponds to Fe (III)-S peak respectively [8]. The high-resolution 

spectra of C1s are shown in Fig. 6b, 6f and 6j. The high resolution carbon peaks then splits into 

three peaks, one at 284.58 eV which corresponds to carbon in iron carbide Fe–C bond [9] and 

other non-intensive peak at 286.28 eV and 288.38 eV attribute  to binding energies of C–C 
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bond [10] and –C=N bond [11,12] respectively.  In Fig. 6c and 6g high-resolution spectra of 

N1s is presented. In case of 2-PI (Fig.6c), peaks at 398.68 eV and 405.98 eV relates to C=N–

C in 2-PI and Fe(II)/ Fe(III) nitrate respectively [9,13]. Whereas in case of 2-PI in combination 

with MEG, the peak is shifted to 400.38 which indicate C–NH2 bond [14]. Two peaks can be 

observed in the high-resolution spectra of S2p. Peaks at (161.98 eV, and 162.18 eV) denote the 

presence of ferrous sulfide on steel surface in Figs. 6d and 6h respectively [15,16], and peaks 

at (168.58 eV and 168.38 eV) corresponds to the oxidation of sulfur [17,18]. The XPS results 

confirm the adsorption of 2-PI on the steel sample in the CO2-H2S environment. 
 

 

Figure 6. XPS spectrum for L-80 1 Cr steel specimens corroded (a, b, c and d): Fe2p, C 1s, N 1s and S2p in presence of 

2-PI and (e, f, g and h): Fe2p, C 1s, N 1s and S2p in presence of 2-PI in combination with MEG in 1% NaCl solution at 

200 ppm H2S,  40℃.  

 

3. Conclusions 

 200 ppm 2-PI alone was found to be effective (high Rp and corrosion inhibition 

efficiency) in corrosion inhibition of 1Cr steel in the presence of 200 ppm H2S in CO2 

environment. 

 No significant synergistic effect of MEG and 2-PI was found on corrosion inhibition of 

1Cr steel in the presence of 200 ppm H2S in CO2 environment.  

 Impedance results show that the corrosion product layer became porous and thin over 

the time, but was still protective against corrosion. 

 The XPS confirm the presence of organic inhibitor (2-PI) film and FeS in the corrosion 

product layer on the steel sample at 200 ppm H2S, which contributed to the corrosion 

inhibition effects. 
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Abstract 

Green inhibitors such as aloe vera offer alternate ways of corrosion inhibition in an environment-

friendly manner. This study utilized electrochemical techniques and molecular modelling to study 

the corrosion inhibition properties and the underlying mechanisms of corrosion inhibition. The 

highest efficiency (88.7%) was seen due to the synergistic effects of aloe vera and mono ethylene 

glycol. Molecular modelling confirmed the highest adsorption energy (-110 kJ/mol) of aloin, the 

main constituent of aloe vera that contributes to its corrosion prevention properties. Aloe vera in 

combination with other organic inhibitors offers an efficient and “green” way of corrosion 

inhibition in the oil and gas industry.  

 

 

Keywords: A. Steel, B. Polarization, B. EIS, B. XPS, C. Oxidation. 

 

1. Introduction 

Corrosion in the Oil and Gas industry can lead to undesirable incidents compromising safety at 

both an individual and environmental level. Interaction of carbon steel and carbon dioxide (CO2) 

in the pipelines offers a favorable environment for sweet corrosion happening. Despite of its 

susceptibility to corrosion, carbon steel is generally the most commonly used alloy in pipelines; 

due to its cost effectiveness and excellent functional properties. As a result, increasing new ways 

are warranted to mitigate the risk of corrosion in the Oil and Gas industry.  

The use of corrosion inhibitors is one of the commonly used methods for corrosion prevention. 

Heteroatoms (e.g., O, N) and π electrons presented in the inhibitors efficiently cause the adsorption 

of their molecules on the L80-1 Cr steel surface and offer protection from corrosion [1]. Inhibitors 

typically offer a cost effective and efficient way of corrosion prevention; however, they potentially 

lead to environmental hazards [2–4]. In addition, the inhibitors degrade gradually and require 

frequent injections to supplement the corrosion prevention effects of degrading inhibitors [5].  
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Green inhibitors that are more compatible with nature may favorably offer similar cost effective 

and efficient inhibitory effects without the environmental hazards and pollution [6]. For instance, 

some plant extracts have the adsorption properties of an effective inhibitor and can be used in a 

more eco-friendly manner due to both their biodegradability and non-toxic nature [7]. Aloe vera-

containing chemical can potentially be one example of an environmentally friendly inhibitor that 

is rich in several organic compounds [8–10] of high molecular weight with heteroatom and π 

centers in their molecular structures. These organic constituents of aloe vera include tannins, 

saponins, steroids, arabinose, resins, galactose, carbohydrates, polysaccharides, anthraglycosides 

and anthraquinones. Furthermore, it also contains several biologically active compounds [7], such 

as aloin and aloe emodins. Aloin is responsible for corrosion inhibition and its molecular structure 

reveals an anthraquinone link to a pentose with 5 oxygen atoms, and aloe emodins show 

heterocyclic organic compounds with nitrogen or oxygen atoms [11]. Due to its constituent organic 

compounds, aloe vera offers to be a potential green inhibitor; however, its corrosion inhibition 

needs to be established before its commercial use. So far, the corrosion inhibition properties of the 

aloe vera extract have been established for the corrosion of mild steel [9,12–16], stainless steel 

[12,17]  zinc [11], aluminum [10] and iron [18,19] in acid solutions, and also Bronze in 3% NaCl 

solution [20].  

Commercial inhibitors consist of different organic compounds that work synergistically to achieve 

optimal inhibitory effects. Similarly, a combination of aloe vera and other organic compounds 

such as Mono Ethylene Glycol (MEG) may results in improved inhibition efficiency. However, to 

the best of our knowledge, there is no reported work on the inhibitive properties of aloe vera extract 

on the corrosion of low carbon steel in the CO2 environment.  

The objective of this study was to investigate the inhibitive properties of aloe vera on carbon steel 

surface. In addition, the synergistic corrosion inhibition properties provided by the combination of 

aloe vera extract and Mono Ethylene Glycol (MEG) were studied in this paper. In order to 

profoundly understand if aloe vera alone or in combination with MEG can be used to supplement 

the effects of degrading inhibitors, their inhibitive effects through subsequent injections were also 

evaluated. From an environmental point of view, glycol has a low toxicity and while it is not 

surface active nor bioaccumulable; it is degradable and recycled in the process. It serves a dual 

function: hydrate prevention and corrosion control [21]. This research utilized experimental 

techniques to study the corrosion inhibition behavior of different inhibitor molecules on L80-1Cr. 

In addition, this study utilized molecular modelling for the estimation of the adsorption energy on 

Fe(110) surface to help understand the molecular mechanisms underlying the corrosion inhibition 

behavior. Different electrochemical techniques such as Open Circuit Potential (OCP), Linear 

Polarization Resistance (LPR) and Electrochemical Impedance Spectroscopy (EIS) were 

employed to assess the electrochemical behavior of the material and to measure the corrosion rate. 

Furthermore, for a comprehensive understanding of the inhibitor adsorption mechanism, different 

surface characterization techniques, including Scanning Electron Microscopy (SEM) equipped 

with Energy Dispersive Spectroscopy (EDS), Fourier-Transform Infrared Spectroscopy (FTIR) 

were used. 
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2. Material and methods 
 

2.1. Specimen preparation 

The samples used in this study were made of 1Cr steel (L80) in a Quenched and Tempered (Q&T) 

condition with a chemical composition listed in Table 1. The specimens were machined into a 

cylindrical shape with a total surface area of 3.9 cm2. The surface of the sample was mechanically 

polished with SiC paper grades of P220, P320, P500, and P1000 while being cooled with de-

ionized distilled water simultaneously.  Immediately after polishing, the specimens were 

chemically degreased with ethanol, rinsed with de-ionized distilled water, and then air-dried. The 

prepared and dried specimens were used for electrochemical experiments. At the end of the 

experiment, the specimens were taken out from the cell and then rinsed with de-ionized distilled 

water and ethanol, dried in air, and stored in a desiccator for further characterization. 
 

Table 1. Chemical composition in wt % of the L80-1Cr steel. 

Material C Cr Mn Mo P Si S Fe 

API 5CT L80 0.40 1.10 0.75 0.20 ≤0.035 0.20 ≤0.040 base 

 

2.2. Electrolyte preparation 

1wt. % NaCl solution pre-saturated with CO2 was used for all electrochemical experiments. In 

some cases, 20 volume percent MEG (300 ml) of total cell solution was added to the NaCl solution 

before running the experiments. Before immersing the specimen, nitrogen gas was sparged in the 

solution for about 12 hours in order to completely remove the dissolved and trapped oxygen gas 

(i.e., in order to obtain deaerated condition).  The sparging gas was then switched to CO2 for 4 

hours to saturate the solution. The initial pH of the NaCl solution without and with MEG was 

measured to be 3.9 and 4.2, respectively at 40 ºC. The inhibitors were injected into the CO2-

saturated solution.  After inhibitor injection and before the immersion of specimens, the solution 

was de-aerated again for at least 30 minutes in order to remove any oxygen that might have entered 

during the injection.  Furthermore, during electrochemical testing, CO2 gas was continuously 

purged into the solution to maintain its saturation and avoid any oxygen entrance.  

 



 Chapter VIII   

 

 
133 

 
 

Figure 1. Structure of (a): Ethylene glycol, (b): Aromatic aloin fragment, (c): Carbohydrate aloin fragment. 

 

2.3. Inhibitors 

Aloin (purity of ≥ 97%) and MEG of spectrophotometric grade (≥ 99%) was purchased from Sigma 

Aldrich, and aloe vera inhibitor was extracted from aloe vera plant. The chemical structure of the 

used inhibitors are shown in Fig. 1. 

Preparation of aloe vera extract: Complete aloe vera extract extraction process is shown in Fig.2. 

Mature healthy and fresh leaves were taken from an aloe vera plant (see Fig. 2a). The leaves were 

washed with de-ionized water to remove any possible dirt and contaminations. The spikes were 

removed along the margins. Then, the leaves were transversely cut into pieces, and the thick 

epidermis was carefully separated from the parenchyma (Fig. 2b).  The parenchyma was collected 

(Fig. 2c) and ground in a mechanical blender together with the de-ionized distilled water in the 

ratio of 1:2 (aloe vera: water) to form a homogenized gel extract. The extract was filtered through 

a filter paper (Fig. 2d) and stored in an air-tight bottle (Fig. 2e) in a refrigerator for a day prior to 

the experiment. 
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Figure 2. a): Typical aloe vera plant, b): Schematic cross-section of an aloe vera leaf and major components of the 

parenchyma, (c): aloe vera gel extracted from leaves, (d): Filtration of aloe vera extract and (e): stored aloe vera extract 

inhibitor. 

 

2.4. Electrochemical measurement 

The electrochemical corrosion tests were carried out using a standard three-electrode cell setup in 

a 1.5 L glass cell. An Ag/AgCl reference electrode was placed in contact with the solution through 

a glass-lug-in capillary and a concentric ring of platinum wire was used as the counter electrode. 

The corrosion potential (Ecorr) and the polarization resistance were measured using Linear 

Polarization Resistance (LPR) every 1.5 hours. During LPR measurements, the potential was 

scanned in a potential range of ±10 mV vs. Open-Circuit Potential (OCP) at a scan rate of 0.167 

mV/s. Based on the previous experience, a duration of 1 hour was chosen for the OCP stabilization. 

After the OCP stabilization, the EIS measurements were performed by applying an AC signal 

amplitude of ±10 mV vs OCP in a frequency range of 10 mHz -10 kHz. 
 

2.5. Experimental conditions and procedure 

As listed in Table 2, the inhibitive effects of aloin (200 ppm), different concentrations of aloe vera 

(2000, 3000, 4000 and 8000 ppm), MEG (300ml) and a mixture of MEG-aloin and MEG-aloe vera 

were studied on the CO2 corrosion of L80-1Cr steel samples at a temperature of 40 °C. To 

understand if aloe vera alone or in combination with MEG can supplement the effects of degrading 

the initial dose of inhibitors, another set of long-term experiments was carried out for 14 days. In 

these experiments, initially the specimens were corroded in the NaCl solution in the presence of 

MEG and 4000 ppm of aloe vera extract for 4 days. After 4 days of electrochemical measurement, 
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again 4000 ppm of aloe vera was injected into the solution and the polarization resistance was 

monitored for 3 more days. The specimen was then shifted into new cell containing a fresh NaCl 

solution mixed with MEG and 4000 ppm of aloe vera and the polarization resistance was 

monitored for another 7 days. All electrochemical experiments were performed at least twice and 

the average values with error bars are reported in the results section. 

Table 2. Experimental conditions of electrochemical experiments used in this study. 

Parameter Condition 

Material Q&T 1Cr steel 

Solution 1 wt.% NaCl in deionized distilled water, CO2 

saturated 

Temperature 40 °C 

CO2 partial pressure 0.93 bar  

Rotation 350 rpm 

Inhibitor Aloe vera extract, Aloin and MEG 

Inhibitor concentration 200, 2000, 3000, 4000 and 8000 ppm 

Test duration 2 and 14 days  

 

2.6. SECM Electrochemical characterization  

Scanning electrochemical microscopy (M470, Biologic, France) was used to locally carry out 

electrochemical measurements using a three-electrode cell.  The Pt tip with a diameter of 15 µm 

was selected for the SECM study, which was peripherally insulated by a glass sheath. In the 

electrochemical cell, both the tip and samples were used as the working electrodes, a Pt plate and 

Ag/AgCl was also employed as the counter and reference electrodes, respectively. The mode of 

intermittent contact (ic-AC-SECM) was selected to run during SECM measurements for 

eliminating the signals coming from the surface topography, which could interfere with the 

detected electrochemical signals. For this purpose, an integrated piezoelectric block and load cell 

were utilized to adjust the distance between the oscillating tip and the surface.   

Before the experiments, the disks were embedded in an epoxy resin and they were mechanically 

polished using SiC papers up to #4000 and 1 µm diamond particle suspension. The SECM 

measurements were performed in a 0.01 M NaCl solution without and with 20% MEG, 200 ppm 

aloe vera over a surface area of 100 µm×100 µm with a step size of 5 µm along x- and, y-axis. The 

measurements were made under the alternating potential of ±50 mV over the OCP of Pt electrode 

at the fixed frequency of 100 kHz, while the sample surfaces were left potentially-unbiased. The 

impedance magnitudes as the outcome of the SECM experiments were plotted in 2D graphs. 

Indeed, SECM imaging in the AC mode was obtained by scanning the tip in the x; y-axis over the 

arrays and; monitoring and processing local impedances. 

 

2.7. Surface characterization and phase analysis 

The morphological and elemental analysis of the corrosion products were investigated using a 

Zeiss Supra FEG-SEM using 5 kV acceleration voltage, assisted with energy dispersive X‐ray 

(EDS) analysis equipment. A Bruker D8 Advance X-Ray Diffractometer (XRD) was also 

employed to identify the phase composition of the formed layer. The instrument was operated at 
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35 kV and 50 mA with Cr-Kα radiation (λ=0.22909 nm), and the 2θ ranged from 35º to 85º with 

a step size of 0.05º, and a 10 s count time at each step. 

 FTIR has been used in this study to identify inhibitors that are tenaciously adsorbed to L80-1Cr 

steel surface and corrosion film. FTIR measurements were carried using a NicoletTMiNTM10 MX 

infrared imaging microscope with a Mercury Cadmium-Telluride (MCT) detector cooled with 

liquid nitrogen. The samples were analyzed using an Attenuated Total Reflection (ATR) method. 

The spectra were recorded in the range of 4000– 500cm-1 with a resolution of 4 cm-1, which allows 

for the detection of multiple diagnostic bands in the obtained infrared (IR) spectrum. 
 

2.8. Methodology of molecular modelling 

The density functional theory (DFT) calculations were performed in a pseudopotential plane-wave 

formalism with the Quantum Espresso package [22]. The revPBE functional [23] and added semi-

empirical dispersion corrections were used in the DFT-D2 implementation [24–26]. The s6 

parameter for revPBE was 1.25, and a 12 Bohr cutoff was used for Fe calculations [25]. The C6 

vdw parameter for Fe was set to be 159.927, the same as the noble gas in the row above, Ar, as 

described in [27,28]. All pseudopotentials were ultrasoft (or PAW), generated using revPBE, and 

were taken from PS Library 0.2.5 [29,30]. The kinetic energy cutoff was 40 Ry, and the density 

cutoff was 400 Ry, which has been shown for similar setups to provide converged adsorption 

energies [31,32]. 

Aloin is one of the key compounds present in aloe vera that contributes to its corrosion inhibition 

properties [11]. The chemical structure of aloin is quite large and bulky, which makes calculations 

of adsorption in a periodic formalism difficult because the very large unit cell required would also 

lead to very slow calculations. Therefore, to avoid artifacts from interactions between the periodic 

images, the aloin structure was split into two parts (see Fig. 1b) by breaking a C-C bond and each 

of the fragments was instead terminated by a hydrogen atom. The molecular interaction of both 

aloin parts with a more moderately sized Fe(110) surface is shown in Figs. 3. The adsorption 

energies for both parts of aloin, water and MEG on a 2x3 Fe (110) unit cell (and a 4x3 unit cell for 

large adsorbates) were calculated to model their behaviors on iron surface as shown in Table 3a. 

The Fe (110) iron surface used in this study is the most stable Fe surface termination.   

To perform slab calculations on Fe (110) surface, 17 Å vacuum was inserted between the material 

slabs, which consisted of four molecular layers. The fourth layer was kept frozen during the 

geometry optimizations to retain the bulk atomic positions. The lattice parameters for Fe (110) 

were initially relaxed for bulk fcc iron using the same functional as for calculating the adsorption 

energies to minimize the effects of surface strain on the adsorption properties.  

The adsorption energies of different inhibitor molecules on model surfaces were obtained using 

the following equation (1).  

 
 

 
𝐸𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒+𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 − (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒) − (𝐸𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟) 

 

(1) 

The different functional groups of MEG and aloin allow for several possible adsorption 

geometries, with either group bonding to the Fe surface. The adsorption energies of both binding 
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geometries were calculated, using several different starting geometries. Using the definition of 

adsorption energy from Eq. (1) means that the more negative the adsorption energy, the stronger 

was the bond between the molecule and the surface. 

 

2.9. Methodology of contact angle measurement 

The surface of the specimens was polished with the same procedure as mentioned in the section 

2.1. Then the specimens were immersed into the inhibitors for 15 minutes and then dried. The 

specimen was placed on the stage and then the camera and the illumination lamp were turned on. 

The specimen stage was levelled and a drop of test solution was drained from the pipette onto the 

specimen. The change in contact angle of the drop was measured with time at both ends of the 

drop (𝜃𝐶1 and 𝜃𝐶2). Each measurement was repeated for 5-times.  

 

3. Results 

3.1. Molecular modeling simulation using density functional theory (DFT) 

DFT calculations of the adsorption behavior of water, aloin and MEG on the Fe (110) surface are 

shown in Table 3a. The adsorption energy values of aloin fragments were found to be greater than 

water (-31 kJ/mol) and MEG (-50 kJ/mol) molecules. When comparing the two parts of aloin, the 

adsorption energy values were generally higher for aromatic aloin fragment. For example, the 

adsorption energy of aromatic aloin fragment on a 2x3 Fe(110) unit cell (−OH; -92 kJ/mol) and on 

a 4x3 Fe(110) unit cell (−CH; -110 kJ/mol) were higher as compared to carbohydrate aloin 

fragment on 2x3 Fe unit cell (−OH of the ring; -71 kJ/mol and -OH of the side group; -62 kJ/mol) 

and on 4x3 Fe unit cell (−CH; -101 kJ/mol). Table 3b shows the difference in the adsorption energy 

between green inhibitors and one or more molecules of water (ΔEadsorption), in order to estimate the 

adsorption energy in an aqueous solution, where the inhibitor molecule needs to replace water 

molecule(s) at the interface.  Both aromatic aloin fragment (−OH) and carbohydrate aloin fragment 

(−OH of the ring) had negative values for at least two water molecules when bonded to the 2x3 

Fe(110) surface  suggesting the favourable displacement of at least two water molecules based on 

energy alone. Whereas, when both aloin fragments bonded with –CH (of the ring) on 4x3 Fe(110) 

surface, they had a negative value for at least three water molecules indicating the displacement of 

at least three water molecules, again based on energy alone.   For carbohydrate aloin fragment 

when binding to −OH side group only, displacement of one water molecule was favourable (-31 

kJ/mol). In order to estimate the free energy of adsorption, the contribution to upon adsorption, 

with the entropy increase in principle proportional to the number of water molecules that are 

released [33,34]. The adsorption energy of a water molecule on Fe(110) compares reasonably well 

to the adsorption energy on kaolinite (Si side) from (Table 2 in [34]). Therefore it is assumed that 

the same entropy increase (TS) upon release from the surface can be applied in our case, which 

is 0.34 kJ/mol at room temperature (Table 3 in [34]). This means that the entropy increase is 

comparable to the adsorption energy of water, and that the free energy difference is almost 0 for 

removing a water molecule from the surface. This means that there is an entropic driving force for 

maximizing the adsorption area of a molecule on the surface, while there is an enthalpic driving 

force for minimizing adsorption area. The approximations used here, together with the fact that 

the calculations for the entropy of inhibitor molecules were not conducted which means that this 

discussion is qualitative at the moment. Further investigations focussing on modelling could take 
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into account the entropy change of the inhibitor molecule as well, and also the change in solvation 

energy upon adsorption for both water and the inhibitor molecules [35]. 

Figure 3 shows the most stable optimized adsorption geometries of the molecules. Two kind of 

binding geometry were observed – vertical and parallel to the Fe(110) surface. The inhibitors 

binding vertically to the Fe surface had lower adsorption energy value (e.g. aromatic aloin 

fragment bind with -OH of side group on 4x3 Fe(110) unit cell as shown Fig. 3 d), whereas those 

binding parallelly had higher adsorption energy values (e.g. aromatic aloin fragment bind with -CH 

on 4x3 Fe(110) unit cell as shown in Fig. 3 e). The distance between molecules forming the bond 

with the Fe(110) surface for different structures ranged between 2.22Å (aromatic aloin fragment 

bonded -CH on 4x3 Fe) – 4.25Å (carbohydrate aloin fragment bonded with -OH of the ring on 2x3 

Fe). This distance between the bonding surfaces is apparently in the range that can lead to strong 

molecular bonds. Because the change in free energy of removing water from the surface is almost 

0, the orientation of the molecule will not matter much (at room temperature), and the most stable 

geometry can be deducted directly from the adsorption energy, also in an aqueous solution.  

 

 

Figure 3. Optimized bonding geometries for some inhibitor molecules on various model surfaces (a): Water bonded to 2x3 

Fe(110) with –OH, (b): MEG bonded to 2x3 Fe(110) with –OH/–CH2, (c): Aromatic aloin fragment bonded to 2x3 Fe (110) 

with –OH (d): Aromatic aloin fragment bonded to 4x3 Fe(110) with –OH, (e): Aromatic aloin fragment bonded to 4x3 

Fe(110) with –CH, (f): Carbohydrate aloin fragment bonded to 2x3 Fe(110) with –OH group of the ring and  (g): 

Carbohydrate aloin fragment bonded to 2x3 Fe(110) with –OH and (h): Carbohydrate aloin fragment bonded to 4x3 

Fe(110) with –CH of the ring.  

Color code: bright red (large radius) = Fe, dark red (small radius) = O, yellow = C and aqua= H.  
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Table 3a. Adsorption energy values of Water, MEG and Green inhibitor (Aloin) on Fe(110) surfaces using DFT (in kJ/mol). 

Molecule Anchoring group Eadsorption on  

2x3 Fe (110) 
 

Eadsorption on  

4x3 Fe(110) 

 

Optimized 

geometry shown 

in Figure   

Water −OH -31 --- 3a 

MEG 
(C2H6O2) 

−OH/−CH2 -50 --- 3b 

Aromatic aloin 

fragment 

−OH -92 -35 3c and 3d 

−CH ---  -110 3e 

Carbohydrate 

aloin fragment 

 

 

−OH (of the ring) -71 --- 3f 

−OH (side group) -62 --- 3g 

–CH (of the ring) --- -101  3h  

 

Table 3b. Differences in the adsorption energy between green inhibitors and water (∆Eadsorption) on Fe(110) surfaces using 

DFT (in kJ/mol). 

Differences in adsorption energy between inhibitor and water 

Molecule 
# water 

molecules 

replaced 

Anchoring group 
Eadsorption on  

2x3 Fe(110) 

Eadsorption on  

4x3 Fe(110)

MEG 
(C2H6O2) 

1 
−OH/−CH2 

-19 --- 

2 +12 --- 

Aromatic aloin 

fragment 

1 

−OH 

-61 -4 

2 -30 +27 

3 +1 +58 

1 

–CH (of the ring) 

--- -79 

2 --- -48 

3 --- -17 

4 --- +14 

Carbohydrate 

aloin fragment 

 

1 

−OH (of the ring) 

-40 --- 

2 -9 --- 

3 +22 --- 

1 

−OH (side group) 

-31 --- 

2 0 --- 

3 +31 ---  

1 –CH (of the ring) --- -70 

2 --- -39 

3 --- -8 

4 --- +23 
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3.2. Change in water drop contact angle measurements on L80-1Cr steel samples covered 

with a layer of inhibitors  

The contact angle measurements is an indicator of hydrophobic (water-repelling) and hydrophilic 

(water-loving) characteristics of the inhibitor [36]. A small contact angle (<<90°) corresponds to 

hydrophilic characteristics, whereas a large contact angle (>>90°) is indicative of the hydrophobic 

nature of the inhibitor. Figure 4 shows contact angle measurement using water on L80-ICr bare 

surface, and after treating with different aloe vera, MEG, and combination of aloe vera and MEG. 

In Fig.4, all tested solutions show a small contact angle (<<90°) which means that the solutions 

used in this study had hydrophilic characteristics. MEG and aloe vera mixture have comparatively 

the highest contact angle (97°-86°) than water (31°-10°), pure MEG (51°-37°) and pure aloe vera 

(75°-72°) suggesting the formation of a water-repellant or hydrophobic layer on the Fe surface in 

the presence of MEG and aloe vera mixture.   

 

Figure 4. Change in water drop contact angle measurements on L80-1Cr steel in 1% NaCl solution with and without 

inhibitor. 
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3.3. Effect of aloe vera extract and organic compound on L80-1Cr at 40°C 

3.3.1. OCP and LPR measurements 

 

 

 
Figure 5. Variation of open circuit potential (OCP) with time for L80-1Cr steel in 1wt % NaCl solution (a): without and 

with MEG, aloin and aloe vera alone and (b): at different concentration of  aloe vera together with MEG. 

Fig. 5a shows the OCP values of the L80-1Cr steel sample over the period of 60 min in 1 wt% 

NaCl solution with and without the presence of the inhibitors at a temperature of 40 ℃. The aloin 

and aloe vera inhibitors were found to have similar potential values to the reference specimen (-

0.665V to -0.655 V vs Ag/AgCl). However, MEG alone and in combination with aloin was found 

to have higher potential values (-0.650 V to -0.635 V vs Ag/AgCl reference), which comparatively 

indicates a less thermodynamic tendency to corrosion. Similarly, as shown in Fig. 5b MEG in 

combination with different concentrations of aloe vera yielded higher potential values (-0.650 V 

to -0.635 V) than either the reference values or pure aloe vera and aloin.  

Fig. 6 shows the LPR measurement results (polarization resistance) on L80-1Cr steel in the various 

solution systems without and with the addition of the various inhibitors. For LPR results, the Tafel 

slops are not calculated because for the reference sample there is mass limitation in the cathodic 

process and taking slope of which is not correct thus all LPR results were presented as polarization 

resistance v/s time plots. When comparing LPR data in Figs. 6a and 6b, MEG in combination with 

different concentrations of aloe vera had higher Rp values than the reference specimen (i.e., 

uninhibited sample), MEG, aloe vera and aloin alone, or a combination of MEG and aloin (Fig. 

6a). Aloe vera and aloin alone had marginally higher Rp values than the reference specimen, 

whereas Fig. 6a shows that MEG alone and in combination with aloin lead to higher values of Rp 

(~180 Ω.cm2) as compared to reference specimen (90 Ω.cm2), and aloe vera and aloin alone (~110 

Ω.cm2). Fig. 6b displays that the evolution of the polarization resistance induced by the inhibitors 

mainly depends on the concentration of the aloe vera extract. Whereas, when MEG and different 

concentrations of aloe vera are mixed, the results reveal remarkable higher corrosion resistance, 

with higher resistance values with increasing concentration of aloe vera (highest resistance 

polarization value of 900 Ω.cm2observed with 8000ppm aloe vera) (see Fig. 6 b). However, 

notably, an incubation time of 9-10 hours was observed for inhibition to trigger a tangible corrosion 

decrease when aloe vera concentration of 3000ppm or more was injected into the solution.  
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Fig. 6. Polarization resistance for L80-1Cr steel exposed to 1 wt % NaCl solution at 40 °C, for 48 hours (a): without and 

with the addition of MEG, aloin and aloe vera alone (b): at different concentration of  aloe vera together with MEG.  

The maximum value of the polarization resistance was used to calculate the inhibitor efficiency 

using Eq. (2). From the calculated values listed in Table 4, it was confirmed that pure MEG had a 

better efficiency than pure aloe vera and pure aloin. However, in the combined inhibiting system, 

mixing 2000 ppm aloe vera with 20 vol% of MEG increased the efficiency by 10% and further 

keeps increasing on increasing the concentration of aloe vera. Increasing the aloe vera 

concentration to 8000 ppm provided a remarkable efficiency of 89% which is 40% more than the 

mixture of 2000 ppm aloe vera and MEG.   

 
𝐈𝐧𝐡𝐢𝐛𝐢𝐭𝐨𝐫 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 (%) =

(𝑹𝒑𝐢𝐧𝐢𝐛𝐢𝐭𝐞𝐝
−𝑹𝒑𝐔𝐧𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

)

𝑹𝒑𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

×100 

 

(2) 

Table 4. Inhibitor efficiency values for green inhibitor at 40 °C. 

Inhibitor type Inhibitor efficiency (%) at 40 °C 

4000 ppm aloe vera   10 

200 ppm aloin  6 

MEG  47 

2000 ppm aloe vera  with MEG  49 

3000 ppm aloe vera with MEG 67 

4000 ppm aloe vera with MEG 76 

8000 ppm aloe vera with MEG 89 
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3.3.2. Electrochemical impedance spectroscopy investigation 

Figure 7 shows the EIS results obtained during the CO2 corrosion of L80-1Cr steel at 40 °C in the 

NaCl solution without and with inhibitors at 15 hours. The Nyquist plots, in Figs. 7a and b, are 

depressed semi-circles both in the absence and presence of inhibitors. A higher solution resistance 

is observed for samples treated with either pure MEG or a mixture of MEG with aloin as compared 

to reference specimen, and pure aloin and aloe vera (Fig. 7a). The addition of aloe vera extract 

increases the size of the semi-circle and phase angle maxima relative to the reference specimen, 

which is more significant with the higher inhibitor concentration confirming the increased 

corrosion resistance with inhibitor concentration (Fig. 7b). Figs. 8 a and b represent the two 

equivalent electrical circuits that were used to model the impedance behavior of the L80-1Cr steel 

without and with the inhibitors in the NaCl solution, respectively. The Electrochemical system 

shown in Fig. 8a is a simple Randle’s system, which is well fitted for the reference plot shown in 

Fig. 7a with a one-time constant representing a homogeneous interface. Fig. 8b represents the 

second system well fitted with all experimental data shown in Fig. 7 a and b (except reference 

sample), which has a double-time constant, signifying either two layers or a porous film. The 

equivalent circuit in Fig. 8a consists of on- time constant whereby a solution resistance (Rs), is 

connected to a double layer capacitance (Cdl), which is in parallel with a charge transfer resistance 

(Rct). In the presence of aloe vera extract, however, an additional circuit (see Fig. 8b) consisting 

of a film capacitance (Cfc) and film pore resistance (Rpr) was added to account for an adsorbed 

inhibitor layer–solution interface, as applied elsewhere [20]. The Rct is a measure of the 

polarization resistance of the corroding L80-1Cr steel. The adsorbed species on the steel surface 

modify the capacitance of charges presented in the electric double layer at the steel/solution 

interface. Thus, the double-layer capacitance (Cdl) provides a better validation of an equivalent 

circuit model.  

Table 5 represents the fitting of impedance data at 15 hours which shows the maximum corrosion 

resistance value in fig 7a and 7b. 

 

Figure 7. Results of Electrochemical impedance measurements: Nyquist plot for L80-1Cr steel exposed to 1 wt % NaCl 

solution at 40 °C(a): without and with the addition of MEG, aloin and aloe vera alone (b): at different concentration of  aloe 

vera together with MEG at 15 hours time. 
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Fig. 8. (a): Simplified Randle’s system showing a single layer interface, (b): a double-time constant circuit showing a 

perforated film interface or perforations filled with corrosion product. 

 

Table 5. Circuit fitting elements: EIS parameters obtained based on the fitted curves on experimental data according to 

equivalent circuits presented in Fig. 8a and 8b for L80-1Cr steel exposed to 1 wt % NaCl solution at 40 °C, without and 

with the addition of inhibitors. 

Sample 
Rs 

Ω.cm2 
Cfc 

µΩ-1.cm-2.sn 
n1 

Rpr 

Ω.cm2 
Cdl 

µΩ-1.cm-2.sn 
n2 

Rct 

Ω.cm2 

Reference 14 907 0.79 8 - - - 

4000 ppm aloe vera 15 512 0.85 17 1921 0.33 106 

200 ppm aloin 16 579 0.24 18 913 0.77 89 

MEG 29 799 0.75 23 843 0.68 121 

200 ppm aloin with MEG 26 783 0.70 22 814 0.74 163 

2000 ppm aloe vera with MEG 36 979 0.63 22 782 0.99 160 

3000 ppm aloe vera with MEG 33 189 0.89 46  766 0.51 230 

4000 ppm aloe vera with MEG 34 188 0.88 49 551 0.56 269 

8000 ppm aloe vera with MEG 35 127 0.89 119 240 0.48 528 

 

3.3.3. SECM Study 

 

AC-SECM was explicitly introduced as a tool for localized EIS, having a powerful competency to 

visually detect the micro-scale conductivity/electrochemical activities at solid/liquid interfaces. 

Local impedance over the steel surface in the various solutions of 0.01 M NaCl, 0.01 NaCl with 

200 ppm aloe vera, and 0.01 NaCl together with 20% MEG resulted from ic-AC-SECM 

measurements and are presented in Fig. 9. The figure shows a variation in the impedance 

magnitude of the Pt tip during scanning the steel surface in both uninhibited and inhibited 

conditions. The difference in the local impendence at various surface points indicates 

heterogeneous conductivity of the surface, which governs the resistance against the electron 

transfer from/to the counter electrode using the bulk of the sample. The impedance variation in the 

uninhibited solution in Fig. 9a could attribute to the probable formation of corrosion products on 

the surface with a conductivity different from the bare steel surface during SECM scanning. 

Comparing lower and upper limits of impedance in the SECM maps in Fig. 9 reveals that by the 

injection of aloe vera and MEG inhibitors to the NaCl solution, the averaged impedance value of 

the steel surface was increased by about 15% and 38%, respectively. It should be pointed out that 
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due to applying a high frequency of the alternating potential during the AC-SECM measurements, 

the impedance values mainly represent the solution resistance of the solution, in which the change 

in the conductivity of the surface by adsorbing the ionic species can partly play a role as well. The 

SECM results in Fig. 9c can confirm that the solution resistance remarkably increased as the MEG 

was injected into the solution, which is well consistent with the research studies. 

 

 

 

 

 
   

Figure 9. 2D SECM plots showing the variations of the impedance magnitude R (Ω) as a function of x- and y-positions in 

(a): 0.01 M NaCl solution, (b): 0.01 M NaCl with 200 ppm aloe vera and (c):  0.01 M NaCl containing 20% MEG solution 

The alternating potential over the open-circuit potential was 50 mV at a frequency of 100 kHz. 
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3.3.4. Surface characterization 

 

Fig. 10. Results of X-ray diffraction of L80-1Cr steel corroded at 40 °C in 1 wt% NaCl with and without green inhibitors. 

Fig. 10 shows the XRD patterns of the scale formed on the specimens during the electrochemical 

experiments in the NaCl solution at 40 °C. Cementite (Fe3C) was detected in all the samples scales; 

however, with an increase in the concentration of aloe vera (especially at 8000 ppm aloe vera), the 

intensity of Fe3C diffracted peaks were decreased. For example, the peaks as seen in reflections 

(121), (210), (002), (211), (102), (112), (131), (221) and (122) were almost absent in aloe vera 

solution with 8000 ppm with MEG.  

Figs. 11 a, c, e and g represent cross-sectional SEM images of reference, MEG, the mixture of 

MEG and 4000ppm aloe vera, and mixture of MEG and 8000ppm aloe vera, respectively, after 48 

hours of immersion in the NaCl solution at 40°C. The SEM images show a corrosion product layer 

with varying thicknesses (8 µm to 20 µm) except for a mixture of MEG with 4000 and 8000 ppm 

aloe vera. The corrosion product scale formed on the reference specimen seems to be denser (less 

porous) compared with MEG. Figs. 11 b, d, f and h represent the top surface morphology of the 

corrosion products formed on the reference, MEG, the mixture of MEG and 4000ppm aloe vera, 

and the mixture of MEG and 8000ppm aloe vera, respectively. The L80-1Cr steel samples exposed 

in 1% NaCl solution in the absence of inhibitors (Fig. 11 a) show the formation and cracking of 

heavy deposits of corrosion products. The SEM images indicate that the reference specimen (Fig. 

11b) and MEG (Fig. 11d) corroded homogeneously; however, the cracks in the reference specimen 

are coarser than the MEG. In case of aloe vera in combination with MEG, there is some shallow 

localized corrosion (Fig. 11f, 11h). In Fig. 11h that are non-uniformly distributed over the sample 

surface. 
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Figure 11. SEM images for L80-1Cr steel exposed to 1 wt% NaCl solution, (a and b): cross-sectional and top view of the 

specimen without inhibitor, (c and d): cross-sectional and top view of the specimen with MEG, (e and f): cross-sectional and 

top view of the specimen with MEG mixture of MEG and 4000 ppm aloe vera and (g and h): cross-sectional and top view 

of the specimen with MEG mixture of MEG and 8000 ppm aloe vera  at 40 °C. 
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Fig. 12 shows the FTIR spectrums for aloin and aloe vera gel extract. A strong broad absorption 

band around 3399.3 cm-1 in aloe vera spectrum denotes the presence of hydrogen-bonded N−H 

stretching, characteristic of amino acids [37]. The absorption band at 2811.8 and 2118.0 cm-1 in 

aloe vera and 2917.3 cm-1 in aloin is due to the symmetrical and asymmetrical C−H stretching of 

the CH2 groups. This band is also characteristic of the presence of aliphatic (−CH) groups in these 

compounds. The absorption band at 1640.2 cm-1 in aloe vera is characteristic of C=O stretching 

and indicates the presence of flavonoids groups, and another medium band at 1412.8 cm-1 in aloe 

vera and 1488.9-1429.4 cm-1 may be characteristic of C=C (aromatic ring) [38]. The absorption 

band at 1259.9 cm-1 is likely because of the stretching vibrations of C−O groups of esters and 

phenols have also reported similar results. The absorption band in the region 1080.5 cm-1 in aloe 

vera corresponds to the stretching vibrations of C=S. The strong absorption band at 709 cm-1in 

aloe vera indicates the C−H out of plane deformation.  However, in aloin only two major peaks 

were observed that are at 3341.1 cm-1 due to the presence of –OH group [39] and the strong 

absorption band at 1604.1 cm-1 in aloin is due to C=C stretching which indicates the presence of 

aloin compound [37,40,41]. 

 

Figure 12. FTIR spectra of aloin and aloe vera. 

 

3.3.5. Inhibitory properties upon subsequent injections 
 

Fig. 13 shows the effect of subsequent injection of aloe vera alone and mixed with MEG. L80-1Cr 

specimen was typically tested in NaCl solution with MEG and 4000 ppm aloe vera. The 

polarization resistance value initially increased to 458 Ω.cm2in 17 hours and subsequently reduced 
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back to its starting value of 216 Ω.cm2in 4 days. Injection of the second dose of 4000 ppm aloe 

vera on day 4 did not affect the decreasing trend of polarization resistance. The polarization 

resistance dropped to 150 Ω.cm2 within the next 3 days. When the same specimen was immersed 

into a new solution containing fresh NaCl with the mixture of MEG and 4000 ppm aloe vera on 

day 7, the polarization resistance increased and stabilized for the next 7 days in the range of ~160 

Ω.cm2to 174 Ω.cm2.  

 

Figure 13. Effect of subsequent injection of aloe vera and mixture of aloe vera and MEG mixture for L80-1Cr steel 

exposed to 1 wt % NaCl solution at 40 °C. 

 

4. Discussion 

In this paper, different electrochemical techniques were used to study the corrosion inhibition 

behavior of aloe vera extract as corrosion inhibitor alone or in combination with MEG. The 

corrosion inhibition effects of different concentrations of aloe vera were also investigated. In 

addition, molecular modelling was carried out to understand the adsorption behavior of the 
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inhibitors and their different functional groups on the Fe(110) surface in a CO2 corrosive 

environment. Aloe vera extract containing solution was found to be effective in inhibiting the 

corrosion and its efficiency improved significantly with an increase in its concentration. 

Furthermore, aloe vera has a promising synergistic effect when combined with MEG leading to a 

higher efficiency of corrosion inhibition. In general term, the observed corrosion inhibition 

properties are mainly due to the interaction of the inhibitors with the steel surface, and in some 

cases due to changes in the properties of the solution. 

The L80-1Cr steel displayed more positive OCP values (see Fig. 5a) in the presence of aloe vera 

indicating that the inhibitor lowers the propensity of the L80-1Cr steel for dissolution in the NaCl 

solution due to the inhibitor film formation [20]. The positive shift in OCP values (-0.635 V) upon 

addition of 8000 ppm of aloe vera in combination with MEG in Fig. 5 b highlights absorption of 

inhibitor molecules on the L80-1Cr steel surface [17], which was further supported by the results 

from other experiments. There was an increase in Rp values in the presence of aloin, aloe vera, 

and MEG in pure and combined forms (Fig. 6). These results confirm reduction in corrosion in the 

presence of these inhibitors. Aloe vera consists of organic compounds that have Π centered 

electrons and functional groups of O, S or N/ or combination, which can contribute to its corrosion 

inhibitive properties [12,14,17]. The structure of aloin (the main constituent of aloe vera) has an 

anthraquinone link to a pentose with 5 oxygen atoms (shown in Fig. 1b) that can form a strong 

bond with the steel surface [11]. Previous studies have found that aloe vera gets adsorbed both 

chemically and physically on the metal surface (e.g. zinc, aluminium, mild steel, stainless steel, 

etc.) [9–11,17]. It should be noted that aloin is just one of the constituents of aloe vera among other 

molecules, therefore more amount in solution for inhibition compared to the pure form of aloin. 

The aloe vera spectrum in Fig. 12 confirms the presence of other constituents such as: amino acids 

(at 3399.3 cm-1), phenols (at 1259.9 cm-1) etc.; in addition to aloin. The molecular adsorption of 

aloe vera limits the steel surface area exposure to the solution largely by blocking active (anodic) 

sites and forming a layer of  the inhibitor[17]. This limits the exposure of the solution to the anodic 

sites and protects the steel surface from being severely attacked by the aggressive ions (such as Cl-

, CO32-, etc.) from the acid solution[11]. 

The corrosion inhibition effects were increased significantly upon the addition of MEG to aloe 

vera. The Rp values observed (Fig. 6) for combined aloe vera and MEG were higher than those 

observed for pure forms, which is well-consistent with the SECM results in Fig. 9, where MEG 

resulted in a highest impedance magnitude range. These findings reveal the synergistic corrosion 

inhibition effects of the two inhibitors when used in combination. The synergistic effects of 

combined aloe vera and MEG could come from impacts in adsorption properties because of 

changes in solvation energies [35], but could also come from additional mechanisms than just 

surface adsorption mechanisms, such as the changes in the properties of the solution [21]. For 

example, upon the addition of MEG, there is decreased CO2 solubility, decreased CO2 diffusivity 

/ increased solution viscosity, decreased water activity and decreased solution polarity [21]. These 

changes in solution likely contribute to increases the resistance of the solution as shown by 

impedance results in Table 5 and SECM images in Fig. 9. Upon addition of MEG, the solution 

resistance was higher (29 Ω.cm2) than the reference sample value without any inhibitor (14 Ω.cm2). 

The solution resistance further increased to 36 Ω.cm2 when MEG was mixed with 2000 ppm aloe 

vera. The solution resistance did not increase further with higher concentrations of aloe vera 

suggesting the solution resistance was mainly influenced due to the presence of MEG (as 
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confirmed by SECM results in Fig. 9) and any effects seen due to aloe vera were saturated at lower 

concentrations of aloe vera (2000 ppm) (Table 5). 

Despite no further increase in solution resistance with a higher concentration of aloe vera, there 

was an increased corrosion inhibition with increasing concentration of aloe vera. The aloe vera 

concentration used in this study ranged between 2000 to 8000 ppm, with higher ppm resulting in 

higher Rp values (see Fig. 6b). Similar findings were seen in the inhibition efficiencies in Table 4. 

Higher concentration leads to a compact and coherent film on the L80-1Cr steel providing more 

protection from corrosion [14]. In addition, better inhibition efficiency at higher concentration 

(2000 ppm: 49% ; 3000 ppm: 67% ; 4000ppm: 76%; 8000 ppm:89%) may also attribute to a larger 

coverage of sample with inhibitor molecules [14].  Furthermore, in presence of MEG, as the 

concentration of aloe vera increased, the corresponding values of Rpr (2000 ppm = 22 Ω.cm2; 8000 

ppm = 119 Ω.cm2) and Rct (2000 ppm = 160 Ω.cm2; 8000 ppm = 528 Ω.cm2) also increased (Table 

5). The Rpr increase corresponds to the formation of a denser film (fewer cracks) on the sample 

surface or localized corrosion (Figs. 11f and h) leading to a slower rate of charge transfer as 

indicated by an increase in Rct values in Table 5. A higher concentration of aloe vera also led to an 

increase in thickness of inhibitor film, which is indicated by a decrease in Cfc value (2000 ppm: 

979 µΩ-1.cm-2.sn; 8000: ppm 127 µΩ-1.cm-2.sn) in Table 5. The increased thickness of the inhibitor 

film is related to the double layer capacitance, Cdl on the basis of the Helmholtz model [Cdl =
A(εε0 δ⁄ )] [42], Where A is the surface area, ε0 is the permittivity of the vacuum, and δ is the 

surface layer thickness. which assumes the double layer can be taken as a parallel plate capacitor. 

The Cdl value also decreased (2000 ppm: 782µΩ-1.cm-2.sn 3000 ppm: 551 µΩ-1.cm-2.sn; 8000 ppm: 

240 µΩ-1.cm-2.sn) with an increase in aloe vera concentration supporting the increase in the 

thickness of the capacitive surface layer, which is also an indication of a gradual replacement of 

the surface water molecules with inhibitor adsorption. Overall, the impedance results suggest an 

increase in aloe vera concentration led to a more protective film formation on the L80-1Cr steel 

surface. 

The XRD (Fig. 10) and SEM (Fig. 11) analysis also supported the experimental findings. An 

increase in aloe vera concentration led to less coarse, localized and non-uniform distribution of 

corrosion (Fig. 11 f and h). In addition, XRD analysis revealed less dissolution (anodic) of Fe2+ 

with increased concentration of aloe vera, which is indicated by the reduction in peak Fe3C 

intensity. Previous studies have reported at very high concentrations of inhibitors, the protective 

layer itself can get desorbed leading to no further increase in the corrosion inhibition [42]. In the 

current study the highest aloe vera concentration that was used was 8000 ppm and the corrosion 

inhibition effects did not saturate at the highest aloe vera concentration.  

The adsorption energy findings help explain the mechanisms underlying the corrosion inhibition 

behavior of the inhibitors observed in this study. Higher adsorption energy values were obtained 

for aloin (-110 kJ/mol) and MEG (-50 kJ/mol) as compared to water (-31 kJ/mol) suggesting that 

these inhibitor molecules are able to replace water on the Fe(110) surface limiting the corrosion.  

Table 3b shows the differences in the adsorption energy between the inhibitor and water molecules 

on Fe(110) surface. Based on the adsorption energy of the different functional groups that bind to 

the Fe(110) surface, the inhibitor molecules can replace different numbers of water molecules 

(Table 3b) that may contribute to their corrosion inhibition effects on the sample surface.  The 

adsorption energy values of the different parts of the aloin also appear to depend on the binding 

geometry of the inhibitor molecules, which may have influenced their corrosion inhibition 
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properties. For example, a vertical binding geometry between -OH group of aromatic aloin 

fragment on 4x3 Fe(110) led to a low adsorption energy value of -35 kJ/mol, whereas a horizontal 

binding geometry between -CH group of carbohydrate aloin fragment led to the higher adsorption 

energy value of -110 kJ/mol. In addition, the corresponding distances between the above two 

groups from the Fe molecules were 3.36 Å and 2.22 Å. The observed relationship between the 

binding geometry and the adsorption energies supports the idea that adsorption energy values can 

be used to understand the molecular mechanisms of the corrosion inhibition of organic inhibitors, 

at least when the expected mechanism of inhibition is based on the formation of a protective film, 

hindering water molecule access to the surface. However, there can be a possibility where the aloin 

molecules cover most of the iron surface, but are not able to form a perfect protective film and that 

water can still get to the surface in between the adsorbed aloin. When combined with MEG, the 

MEG is only slightly smaller than water, and because it binds stronger, it can replace the water, 

acting as a “filler” between the adsorbed aloin, making the combined protective film stronger than 

aloin without MEG. This view is supported by our experimental observation that the contact angle 

is higher for a combination of aloin and MEG compared to aloin or MEG on their own, (see Fig. 

4). 

Contact angle measurements of different inhibitors were along the same lines as their adsorption 

energy behavior (Fig. 4). A higher contact angle measures were observed for aloe vera (75°-72°) 

as compared to MEG (51°-37) and water (30º- 10º) over a 5-minute period. The higher contact 

angle is indicative of hydrophobic (water repellant) property and suggests a higher affinity for 

water replacement for aloe vera as compared to MEG and water. The contact angle of a mixture 

of aloe vera and MEG was the highest (97°-86°) supporting the highest corrosion inhibition 

behavior of the combination of these molecules.  

 

5. Conclusions 
 

 A green corrosion inhibitor in form of aloe vera (4000 ppm) led to 45% increase in corrosion 

resistance as compared to the reference sample, suggesting an efficiency of 9.6%. 

 In combination with MEG, the efficiency of aloe vera increased substantially, to ~8 times the 

result without MEG. The incubation time for a combination of aloe vera and MEG is 10-12 

hours and is apparent only at aloe vera concentration of 3000ppm and above. 

 There was a direct relationship between the concentration of aloe vera and the corrosion 

inhibition. The greatest inhibition was observed with the highest concentration of aloe vera 

(i.e. 8000 ppm) used in this study. 

 The rise in efficiency with an increase in concentration did not plateau at 8000 ppm suggesting 

we may not have reached the highest levels of efficiency. Future studies may look at the 

efficiencies at higher concentrations of aloe vera. 

 The addition of aloe vera extract, especially at higher concentrations, increases the impedance 

values (capacitive loop diameter), confirming higher corrosion inhibition due to increased 

thickness of inhibitor film. 

 The average impedance values measured by the AC-SECM method at high frequency revealed 

an increase in the resistance of the aloe vera- and MEG-containing solutions by about 15% and 
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38%, respectively. This resulted from the lower conductivity of the surface by adsorbing the 

ionic species.  

 The DFT modelling, on the basis of adsorption energy calculations and estimation of water 

replacement, help explain the mechanisms underlying the corrosion inhibition behavior of 

different inhibitors as observed in the experimental findings. The highest adsorption energy 

was observed for aloin, the main constituent of aloe vera that contributes to corrosion 

inhibition.  
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Abstract 

Aloe vera extract as corrosion inhibitors found to be environment-friendly corrosion inhibitor 

for oil and gas industry. The objective of this investigation was to characterize the corrosion 

inhibition properties of aloe vera extract on steel surface at different concentrations of H2S 

under CO2 saturated conditions.  Investigations were carried out with and without mono 

ethylene glycol (MEG). The electrochemical and surface characterization techniques were used 

to study the corrosion inhibition properties. The Rp values for the reference sample increased 

with the concentration of H2S, while with aloe vera extract under 400 ppm H2S conditions 

showed almost 50% efficiency together with MEG.   

 

 

Keywords: A. Steel, B. Polarization, B. EIS, B. XPS, C. Oxidation. 

 

1. Introduction 

Corrosion prevention is an unmet need of oil and gas industry worldwide. Accidents, 

maintenance, and production interruption resulting from corrosion-related failures adds to a 

huge economic loss in oil and gas industry [1]. The presence of CO2 and H2S mixture in the 

environment causes a severe form of attack on low carbon steel, which is the predominant alloy 

used for manufacturing in oil and gas industry [2–4]. The concentration of H2S is a key 

determinant of extent of corrosion in CO2-H2S environment. Severe corrosion in CO2-H2S 

environment is of great concern as globally there is an increase in number of sour oil and gas 

fields (i.e. with high S content) [5]. Use of corrosion inhibitors is one of effective and economic 

way of preventing corrosion due to CO2 and H2S in oil and gas environment.  Various types of 

organic or inorganic chemistries are used as corrosion inhibitors, therefore effect of these 

molecules on environment is a serious concern.   Identifying environment friendly “green” 

inhibitors can help in offsetting the toxicity caused by the commercially available inhibitors. 

Investigating the inhibition efficiency of prospective green inhibitor chemistries under different 

corrosive conditions is the first step towards developing environmental friendly ways of 

corrosion prevention. 
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Aloe vera is one of the potential green inhibitors that have been used to study corrosion 

inhibition of steel [6] [7,8]. Aloe vera consist of  organic compounds such as aloins, aloe 

emodins, tannins, saponins steroids, arabinose, resins, galactose, carbohydrates, 

polysaccharides, anthraglycosides and anthraquinones [9–12]. These compounds, due to their 

chemical structure offer corrosion inhibition properties to aloe vera. For example, aloin is key 

constituent of aloe vera and its structure conatins anthraquinone link to a pentose with 5 oxygen 

atoms [13]. Aloe vera has shown to be an efficient corrosion inhibitor on different surfaces 

including steel, zinc, aluminum, iron and bronze etc  [7,8,11–20]. 
In our previous studies, aloe vera alone and in combination with ethylene glycol is shown to 

be efficient (aloe vera alone =10% combination = 76%) in corrosion prevention of steel surface 

in CO2 environment at 40º C [6]. The inhibition properties of aloe vera are due to the adsorption 

of its key constitutents (e.g. aloin) on the active anodic sites of the metal surface [13]. These 

results cannot be directly translated to CO2-H2S environment as the corrosion is influenced by 

the concentration of H2S. Firstly, in  H2S environment the kinetics of reaction is faster and 

anodic reaction is a multistage reaction (see equation 1-6) which is different from pure CO2 

environment anodic reaction. Secondly,  a key corrosion product of H2S corrosion is FeS, 

which is different from FeCO3 that is observed in pure CO2 corrosion. The characteristics of 

FeS film that is formed in the presence of H2S influences the corrosion of the steel samples, 

and may also have an impact on the inhibition effects of aloe vera. Depending on the 

concentration of H2S and other environmental factors, the FeS layer can be stable offering 

corrosion prevention; however, unstable FeS layer can crack from internal stresses resulting in 

localized corrosion [21]. Secondly, the interaction of H2S (and FeS) with inhibitors like aloe 

vera in CO2-H2S environment has not been investigated limiting the understanding of its 

corrosion inhibition characteristics in CO2-H2S environment.  

On the anodic site, carbon steel oxidation takes place according to the following reactions [22–

25]: 

 

Fe + H2S + H2O ↔ FeSHads
− + H3O

+ 

 

(1) 

FeSHads
− ↔ Fe(SH)ads + e− 

 

(2) 

Fe(SH)ads ↔ FeSH+ + e− 

 

(3) 

FeSH+ + H3O
+ ↔ Fe2+ + H2S + H2O 

 

(4) 

2FeSH+ ↔ FeSads + HS− + H+ + Fe2+ 

 

(5) 

2nFeSads → nFe2S2 → 2nFeSmackinawite 

 
(6) 

 

Therefore, the objectives of this paper is to investigate  the corrosion inhibition behaviour of 

aloe vera extract for low carbon steel under CO2 saturated conditions with different 

concentrations of H2S at 40 °C. In our previous work under CO2 condition, presence of MEG 

was found to be an important factor for efficient inhibition with aloe vera, therefore the 

investigations in this paper was carried both with and without MEG [6].  This study utilized 

the electrochemical experimental techniques such as LPR, Impedance, and potentiodynamic 

polarization to study corrosion and electrochemical behavior. Further, specimens after 

corrosion testing were characterized using SEM, XRD, and XPS.   
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2. Materials and methods 

2.1. Specimen and electrolyte preparation 

In all experiments, 1Cr steel (L80) in a Quenched and Tempered (Q&T) condition was used in 

this study. The chemical composition of the samples used are described in Table 1. The 

specimens were cylindrical in shape with dimension of 10mm diameter x 10mm height (Fig. 

1), and a total surface area of 3.9 cm2. The specimens were polished using SiC paper grades of 

P220, P320, P500, and P1000 and simulataneously being cooled with de-ionized distilled water 

. After polishing, the specimen were degreased with ethanol, rinsed with de-ionized distilled 

water, and then air-dried. Further, dried specimens were used for electrochemical experiments 

and at the end of the experiment, the specimens were rinsed with de-ionized distilled water and 

ethanol, dried in air, and stored in a desiccator for further characterization. 
  

Table 1. Chemical composition in wt % of the L80-1Cr steel. 

Material C Cr Mn Mo P Si S Fe 

API 5CT L80 0.40 1.10 0.75 0.20 ≤0.035 0.20 ≤0.040 base 

 

 

 
 

Figure 1. L80-1Cr steel sample used in all experiments. 

 

The solution used in this study consisted of 1wt. %NaCl solution. Before each electrochemical 

experiment, the solution was de-aerated using the Nitrogen gas for about 12 hours. The de-

aerated solution was then saturated with H2S at different concentrations 100 ppm (92.64 mol% 

CO2 and 0.01 mol% H2S), 200 ppm (92.63 mol% CO2 & 0.02 mol% H2S), and 400ppm (92.62 

mol% CO2 and 0.05 mol% H2S) for 4 hours. These concentrations (100 ppm, 200ppm, 400ppm) 

led to CO2:H2S partial pressure ratios of 9264, 4632, and 1852, respectively. The inhibitors 

were then injected into the CO2-H2S saturated solution, and the solution was de-aerated again 

for at least 60 minutes.  The specimen was then introduced in the solution for electrochemical 

testing.  
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2.2. Inhibitors 

Aloe vera (4000 ppm) and 30ml MEG (≥ spectrophotometric grade 99%) alone, and in 

combination with each other were used in this study. The chemical structure of MEG and aloin 

is shown in Fig.2. 

 

Figure 2. Structure of (a): Ethylene glycol and (b): Aloin. 

 

Preparation of aloe vera extract 

Fresh aloe vera leaves were washed and spikes were removed. The leaves were then cut into 

small pieces and the aloe vera gel was extracted.  The gel was then blended with de-ionized 

distilled water in the ratio of 1:2 (aloe vera: water). The homogenized blended mixture was 

filtered and refrigerated in an air-tight bottle at most one day prior to the use in the experiment. 

2.3. Electrochemical measurement 

A standard three-electrode cell setup in a 1.5 L glass cell was used for the experiments. 

Ag/AgCl reference electrodes were used and a concentric ring of platinum wire was used as 

the counter electrode. For the linear polarization resistance measurement (LPR), the potential 

was scanned in a potential range of ±10 mV vs. Open-Circuit Potential (OCP) at a scan rate of 

0.167 mV/s. One-hour duration was used for the OCP stabilization. The electrochemical 

impedance spectroscopy (EIS) was performed using an AC signal amplitude of ±10 mV vs 

OCP between 10 mHz and 10 kHz. The potentiodynamic sweep test was conducted using a 

range from -250 mV to +1000 mV with respect to OCP at a sweep rate of 0.167mV/min.  

 

2.4. Experimental conditions and procedure 

Table 2 lists the experimental parameters used in this study. In these experiments, the 

specimens were corroded in the NaCl solution at 40 °C with and without inhibitors at different 

concentrations of CO2-H2S (100, 200 and 400 ppm). 

 After saturation of solution with CO2 and H2S, the temperature was set to 40 °C. The inhibitor 

was injected, and the initial pH was measured. The specimen was then immersed into the 

solution for electrochemical experiments for 48 hours.  The final pH values were obtained at 

the end of 48 hours of experimental measurements. The samples were then removed from the 

solution and rinsed first with di-water and then with ethanol. The samples were dried and then 

stored in desiccator for surface analysis. All electrochemical experiments were performed at 
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least twice and the results display average values with error bars. Further, the inhibitor 

efficiency was calculated using the maximum value of the polarization resistance using Eq. (7).  

 
𝐈𝐧𝐡𝐢𝐛𝐢𝐭𝐨𝐫 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 (%) =

(𝑹𝒑𝐢𝐧𝐢𝐛𝐢𝐭𝐞𝐝
−𝑹𝒑𝐔𝐧𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝

)

𝑹𝒑𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐞𝐝
×100 

 

(7) 

Table 2. Experimental conditions of electrochemical experiments used in this study. 

Parameter Condition 

Material Q&T 1Cr steel 

Solution 1 wt.% NaCl in deionized distilled water, CO2-H2S 

saturated 

Temperature 40 °C 

CO2-H2S partial pressure  At 100 ppm H2S(0.9264 bar CO2 and 1x10-4 bar H2S) 

At 200 ppm H2S (0.9263 bar CO2 and 2 x10-4 bar H2S) 

At 400ppm H2S (0.9262 bar CO2 and 5 x10-4  bar H2S)  

Rotation 350 rpm 

Inhibitor Aloe vera extract and MEG 

Inhibitor concentration 4000 ppm and 30 ml 

Test duration 2 days  

 

2.5. Surface characterization and phase analysis 

The morphological and elemental analysis of the corrosion products were investigated using a 

Zeiss Supra FEG-SEM using 5 kV acceleration voltage, assisted with energy dispersive X‐
ray (EDS) analysis equipment. For observing the cross section of the corroding steel, the 

samples were embedded in cold epoxy and cut longitudinally across the two ends of the 

cylinder. The sample was further polished using water free method (using ethanol) with SiC 

grade P220, P320, P500, P1000 and P4000, followed by 3 and 1μm abrasive particles. Gold 

was sputter coated to prevent charging of the sample.  Grazing Incidence X-Ray Diffraction 

(GIXRD) was conducted on corroded samples with and without inhibitor by using Bruker D8 

Advance X-Ray Diffractometer (XRD) to identify the phase composition of the corrosion 

product layer. The instrument was operated at 35 kV and 50 mA with Cr-Kα radiation 

(λ=0.22909 nm). 

The measurements were performed at 1.5° and 3° incidence angle in the 2 θ range 35º to 110º 

with a step size (∆2 θ) of 0.03 ° and a counting time per step 13 s were chosen. Since the results 

were similar at 1.5° and 3° incidence angle so results at 3° incidence angle are discussed. 

 X-ray photoelectron spectroscopy (XPS) spectra were recorded using a commercial XPS-

Thermo Scientific system. The base pressure in the experimental chamber was below 10-9 

mbar. The spectra were collected using Al Kα X-ray source (1486.6 eV) radiation and the 

overall energy resolution was about 0.8 eV. High-resolution scans with 0.1 eV steps were 

conducted over the following regions of interest: Fe 2ps, C 1s, N 1s, and S 2p. Surface charging 

effects were compensated by referencing the binding energy (BE) to the C 1s line of residual 



 Chapter IX   

 

 
165 

carbon set at 285.0 eV BE. XPS spectra were deconvoluted using a non-linear least-squares 

algorithm with a Shirley baseline and a Gaussian–Lorentzian combination. Thermo Avantage 

software, version 5.9913, was used for all XPS data processing. 

 

3. Results 

3.1. Effect of aloe vera extract and MEG on L80-1Cr at 40°C 

3.1.1. OCP and LPR measurements 

 

 

 

 
Figure 3. Variation of open circuit potential (OCP) with time for L80-1Cr steel in 1wt % NaCl solution without and 

with 4000 ppm aloe vera extract and MEG at 40 ºC at (a): 100 ppm H2S, (b):200 ppm H2S, (c): 400 ppm H2S and (d): 

0 ppm H2S concentration. Note: Results shown at 0 ppm H2S are taken from previous study conducted using same 

methods in pure CO2 environment [6]. 

The Fig. 3 shows the OCP values of the L80-1Cr steel sample over the period of 1 hour in 1 

wt% NaCl solution with and without inhibitors (aloe vera and MEG alone, and in combination) 

at different H2S concentrations. In the presence of H2S, experiment using MEG  showed OCP 

values close to the reference specimen. For example, at 200 ppm the OCP values for MEG 

ranged from -0.644V to -0.649 V vs Ag/AgCl, whereas the values for the reference speciement 

ranged from -0.650V to -0.644 V vs Ag/AgCl. However, aloe vera alone and in combination 



Paper IV 

 

 
166 

with MEG shifted the potential toward noble direction with the highest shift at 200 ppm H2S 

(aloe vera alone = -0.639 V to -0.591 V vs Ag/AgCl; aloe vera with MEG = 0.641 V to -0.615 

V vs Ag/AgCl ). Fig. 3d shows the OCP values from previous study in pure CO2 environment 

(0 ppm H2S) [6], Overall the OCP values at 0 ppm H2S were lower than the CO2-H2S (200 

ppm) without and with same concentration of inhibitors. Even at other concentration of H2S 

(100 and 400 ppm ) the OCP values with and without inhibitor were higher than those observed 

at 0 ppm H2S.  

 
Figure 4. Polarization resistance for L80-1Cr steel exposed to 1 wt % NaCl solution without and with 4000 ppm aloe 

vera extract, MEG and combination of aloe vera and MEG inhibitor at 40 °C, for 48 hrs (a): 100 ppm H2S  (b): 200 

ppm H2S, (c): 400 ppm H2S and (d): 0 ppm H2S concentartion. Note: Results shown at 0 ppm H2S are taken from 

previous study conducted using same methods in pure CO2 environment [6]. 

The polarization resistance values (Rp) from the LPR measurement on L80-1Cr steel with and 

without inhibitors at different concentrations of CO2-H2S are shown in Fig. 3. The Rp values 

for the reference sample (i.e. in absence of inhibitors) increased slightly with the concentration 

of H2S from 100 ppm (476 Ω.cm2 at 41 hour) to 200 ppm H2S (483 Ω.cm2 at 43 hour), and 

substantially at 400 ppm H2S (593 Ω.cm2 at 44 hour).  

At 100 ppm H2S (Fig. 4b), the Rp values of the reference remained lower than all other 

conditions and ranged from 138 Ω.cm2 at 1 hour to 478 Ω.cm2 at 41 hour with values remaining 

similar until 48 hour (435 Ω.cm2). The highest Rp values at 100 ppm H2S were observed for 

pure aloe vera, pure MEG, and combination of aloe vera and MEG were 807 Ω.cm2 (at 10 

hour), 643 Ω.cm2 (at 31 hour), and 1075 Ω.cm2 (at 34 hour), respectively (Fig. 4b). The initial 

Rp values of aloe vera in its pure form ranged from 519 Ω.cm2 at 1 hour to 807 Ω.cm2 at 10 

hour and were comparable to the trend seen with combination of aloe vera and MEG (580 
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Ω.cm2 at 1 hour and 840 Ω.cm2 at 10 hour). The Rp values of pure aloe vera reduced 

consistently after 10 hours and reached to very low values (454 Ω.cm2 at 48 hour) that were 

comparable to the reference sample without inhibitor (435 Ω.cm2 at 48 hour). Whereas, the Rp 

values for the combination of aloe vera and MEG increased up to 21 hours (1025 Ω.cm2) and 

remained relatively similar until 48 hours (983 Ω.cm2). The Rp values for MEG alone gradually 

increased from 347 Ω.cm2 at 1 hour to 643 Ω.cm2 at 31 hours and remained relatively similar 

until 48 hours (613 Ω.cm2).  

At 200 ppm H2S, the Rp values of the reference remained lower than all inhibitors and ranged 

from 228 Ω.cm2 at 1 hour to 483 Ω.cm2 at 42 hour with values remaining similar till 48 hour 

(474 Ω.cm2). The highest Rp values in the presence of different inhibitors at 200 ppm H2S were 

1562 Ω.cm2 (at 18 hour), 604 Ω.cm2 (at 46 hour), and 1371 Ω.cm2 (at 24 hour) for pure aloe 

vera, pure MEG, and combination of aloe vera and MEG, respectively (Fig. 4c). The trend of 

change in Rp values over time at 200 ppm concentration of H2S were similar to those seen at 

100 ppm concentration of H2S with three key differences (Fig. 4c). Firstly, the observed Rp 

values at 200 ppm were higher than 100 ppm with and without inhibitors. Secondly, the initial 

Rp values for pure aloe vera were the highest and did not start to reduce until 20 hours (ranged 

from 1022 Ω.cm2 at 1 hour to 1562 Ω.cm2 at 18 hour). Lastly, the Rp values for pure aloe vera 

remained substantially higher than the reference values even at the later hours (1343 Ω.cm2 at 

20 hour to 1075 Ω.cm2 at 48 hour).  

At 400 ppm H2S, the Rp values of the reference were higher than the Rp value of reference at 

100 ppm H2S and 200 ppm H2S, but remained lower than all inhibitors at 400 ppm 

concentration H2S. The Rp values of the reference ranged from 244 Ω.cm2 at 1 hour to 593 

Ω.cm2 at 44 hour with values remaining similar till 48 hour (524 Ω.cm2). The highest Rp values  

for pure aloe vera, pure MEG, and combination of aloe vera and MEG, were 908 Ω.cm2 (at 11 

hour), 1154 Ω.cm2 (at 40 hour), and 1152 Ω.cm2 (at 40 hour), respectively (Fig. 4d). The trend 

of change in Rp values for 400 ppm of H2S (Fig. 4d) was similar to 100 ppm values, except the 

MEG had exceptionally high values ranging between 577 Ω.cm2 at 1 hour and 1154 Ω.cm2 at 

40 hour, which remained similar until 48 hours (897 Ω.cm2). 

Fig. 4d shows the highest Rp values observed in the presence of H2S (all concentrations) were 

higher than that observed in our previous study in the CO2 enviroment [6] (reference 140 Ω.cm2 

(at 44 hour), aloe veral 115 Ω.cm2 (at 15 hour), MEG 197 Ω.cm2  (at 11 hour), and combined 

aloe vera and MEG 314 Ω.cm2 (at 13 hour).  

Table 3 shows the extracted inhibitor efficiency values under various conditions from the Rp 

values. For pure aloe vera, the inhibition efficiency initially increased from 41% to 70% with 

an increase in H2S concentration from 100 ppm to 200 ppm. Upon further increase in H2S 

concentration to 400 ppm, the efficiency for pure aloe vera reduced to 35%. Opposite trends 

were observed for the MEG, where the inhibition efficiency reduced (from 26% to 20%) with 

initial increase in H2S concentration from 100 ppm to 200 ppm, and then increased to 49% at 

400 ppm. The mixture of aloe vera and MEG followed the same trend as pure aloe vera with 

initial increase in efficiency from 56% (at 100 ppm) to 65% (at 200 ppm), and then a reduction 

to 49% (at 400 ppm). Overall, the highest efficiency was observed for aloe vera at 200 ppm 

H2S concentration.  

Tabel 3 also shows compares the inhibition efficiency values under similar conditions when 

the condition is pure CO2 without H2S (0 ppm H2S). The corrosion inhibition efficiency values 

for pure aloe vera were higher in the CO2-H2S environment as compared to pure CO2 

environment (10%). Whereas, in general for pure MEG and in combination with aloe vera, the 
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corrosion inhibition values were higher (47% and 76%, respectively) in pure CO2 environment 

as compared to CO2-H2S environment . 

Table 3. Inhibitor efficiency values for green inhibitor at 40 °C. 

Inhibitor type H2S concentration 

0 ppm* 100 ppm 200 ppm 400 ppm 

Aloe vera 10 41 70 35 

MEG 47 26 20 49 

Aloe vera + MEG 76 56 65 49 

 
*Note: Results shown at 0 ppm H2S are taken from previous study conducted using same methods in pure CO2 

environment [6]. 

3.1.2.  Potentiodynamic polarization 

 

Fig. 5 shows the potentiodynamic polarization curves of L80-1Cr steel in NaCl solution with 

and without inhibitors at 40 °C and 200 ppm of H2S concentration. The cathodic polarization 

results from the reaction: 2H+ + 2e- = H2, which takes place in the CO2-H2S saturated solutions. 

The anodic polarization results from dissolving of iron and formation of iron sulphide on the 

steel surface in the CO2-H2S solution. The displacement in potential values of >85 mV are 

indicative of anodic or cathodic type inhibitors, whereas displacement values of <85 mV 

suggest mixed type inhibitors[26,27]. The displacement in corrosion potential upon addition of 

inhibitors in the current study was less than 0.0850 V, suggesting inhibitors used in this study 

were of mixed-type rather than pure anodic or cathodic type. Interestingly, the current densities 

for L80-1Cr in the anodic branch of the curve decreases upon addition of inhibitors (pure MEG 

and mixture of MEG and aloe vera); however, in the cathodic branch of the curve, the changes 

in the current density values were marginal when using inhibitors. The corrosion potential 

clearly became slightly positive with addition of aloe vera alone or in combation with MEG 

compared to the reference.  
 

 

 
 

Figure 5. Potentiodynamic polarization curves for L80-1Cr steel exposed to 1 wt % NaCl solution with and without 

inhibitor at 40 °C, for 48 hrs at 200 ppm H2S concentration. 
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3.1.3. Electrochemical impedance spectroscopy investigation 

 Figure 6 shows the impedance results in the form of Nyquist plots of L80-1Cr steel at 40 °C 

in the NaCl solution without and with inhibitors after 48 h in different H2S concentrations in 

CO2-H2S environment. An increase in the capacitance loop diameter indicates an increase in 

corrosion resistance. With increase in H2S concentration, without inhibitor, the diameter of the 

capacitance loop for the reference sample decreased from 251 Ω.cm2 to 196 Ω.cm2 (see Figs. 

6 a, b and c). At all H2S concentrations, the diameter of the capacitance loop increased upon 

addition of aloe vera in pure form or in combination with MEG. With increase in H2S 

concentration from 100 ppm to 200 ppm, there was an increase in the capacitance loop diameter 

for aloe vera in its pure form (258 Ω.cm2 and 341 Ω.cm2, respectively see Figs. 6 a and b) and 

in combination with MEG (301 Ω.cm2 and 354 Ω.cm2, respectively see Fig. 6 a and b). Upon 

further increase in H2S concentration to 400 ppm (see Fig. 6c), the capacitance loop diameter 

decreased to 228 Ω.cm2 and 302 Ω.cm2 for pure aloe vera and for combination of aloe vera and 

MEG respectively. The capacitance loop diameter for MEG alone (291 Ω.cm2) was higher than 

the reference sample (196 Ω.cm2) only at 400 ppm H2S concentration. Whereas at 100 ppm 

and 200 ppm H2S concentration, the capacitance loop diameter for MEG alone (264 Ω.cm2 and 

245 Ω.cm2) was comparable to the reference sample (251 Ω.cm2 and 227 Ω.cm2). At all 

concentrations of H2S, there was a shift in the high frequency impedance value for MEG alone 

and in combination with aloe vera. 

Fig. 7 shows the equivalent electrical circuit model of the impedance behavior of the L80-1Cr 

steel without and with the inhibitors in the NaCl solution. The Randle’s electrochemical system 

(Fig. 7) with its double time constant signifies either inhibitor film or the layer of corrosion 

products on the steel sample. The equivalent circuit consists of a solution resistance (Rs), which 

is connected to a double layer capacitance (Cdl) and is in parallel with a charge transfer 

resistance (Rct). In the presence of aloe vera extract, however, an additional circuit consisting 

of a film capacitance (Cfc) and film pore resistance (Rpr) was added to account for an adsorbed 

inhibitor layer–solution interface, as applied elsewhere [15]. The Rct represents a measure of 

the polarization resistance of the corroding L80-1Cr steel. The adsorbed species on the steel 

surface modifies the capacitance of charges present in the electric double layer at the 

steel/solution interface. Thus, the double layer capacitance (Cdl) provides a better validation of 

an equivalent circuit model. Table 4 represents fitting of impedance data at the last cycle of 

impedance measure (at 48 hrs). 
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Figure 6. Results of Electrochemical impedance measurements: Nyquist plot for L80-1Cr steel exposed to 1 wt % NaCl 

solution without and with 4000 ppm aloe vera extract and MEG inhibitor at 40 °C (a): 100 ppm H2S, (b): 200 ppm H2S 

and (c): 400 ppm H2S at 48 hr. 

 

Fig. 7. A double-time constant circuit showing a perforated film interface or perforations filled with corrosion product. 

 

Table 4. Circuit fitting elements: EIS parameters obtained based on the fitted curves on experimental data according 

to equivalent circuit presented in Fig. 5 for L80-1Cr steel exposed to 1 wt % NaCl solution at 40 °C, with and without 

the inhibitors at different concentrations of H2S at 48 hr. 

Sample 
R

s C
fc 

n1 
R

pr C
dl 

n2 
R

ct 
Ω.cm

2

 µΩ
-1

.cm
-2

.s
n

 Ω.cm
2

 µΩ
-1

.cm
-2

.s
n

 Ω.cm
2

 
100 ppm 

Reference 6 230 0.86 102 49 0.07 457 
Aloe vera 21 376 0.90 350 375 0.38 364 

MEG 35 362 0.95 392 305 0.93 226 
Aloe vera with 

MEG 
33 356 0.86 763 468 1.00 61 

200 ppm 
Reference 11 1543 0.95 366 420 0.97 563 
Aloe vera 18 412  0.87 1150 874 0.99 3891 



 Chapter IX   

 

 
171 

MEG 35 2515 0.93 593 924 0.93 834 
Aloe vera with 

MEG 
39 583 0.85 961 362 0.85 3571 

400 ppm 
Reference 18 1911 0.92 463 639 0.94 668 
Aloe vera 23 768 0.79 759 2287 0.96 3556 

MEG 35 1250 0.93 710 414 1.00 1268 
Aloe vera with 

MEG 
38 920 0.94 905 262 1.00 2026 

 

3.1.4. Surface characterization of the corrosion product layer 

 

 

Fig. 8. Results of X-ray diffraction of L80-1Cr steel corroded in 1 wt% Nacl with and without inhibitors at 200 ppm 

H2S concentration, 40 °C.  

Fig. 8 shows the XRD patterns of the corrosion product scales that were formed on the steel 

samples during the electrochemical experiments in the NaCl solution with and without 

inhibitors at 40 °C at 200 ppm concentration of H2S. The XRD results (Fig. 7) showed the 

presence of Fe3C residual product and FeS corrosion product. The amount of Fe3C was much 

higher than that of FeS in all samples. The low reflection peaks of FeS were observed 

(reflections 42.9, 73.4, and 88.9). Further, with the addition of aloe vera and MEG, the intensity 

of the Fe3C diffracted peak were decreased. For example, the peaks as seen in reflections (121), 

(210), (002), (211), (102), (112), (131), (221) and (122) were almost relatively decreased in the 

presence of aloe vera alone and in combination with MEG indicating lower iron dissolution. In 

XRD analysis, the FeS formed lesser number of peaks with smaller intensity reflections (shown 

in Fig.8) suggesting a limited thickness (~ nm) of FeS layer on the steel surface. 
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3.1.2. Binding energy calculation using XPS 
 

The XPS analyses were performed on the samples corroded without and with inhibitor in 1% 

NaCl solution saturated with CO2-H2S solution at 40 °C. The XPS results confirm the presence 

of FeS layer and for cases with inhibitor on the adsorption of green inhibitor (aloe vera) over 

the steel sample surfaces. The XPS results also confirm the formation of thin-layer (organic 

film) of inhibitor on the steel surface. Fig. 9 shows the wide-scan spectra of Fe2p, C1s, N1s 

and S2p of the corroded samples at 200 ppm H2S concentration without inhibitor (Figs. 9a-9d) 

and with inhibitor (Aloe vera alone (Figs. 9e-9h) and in combination with MEG (Figs. 9i-9l)). 

All XPS spectra were found to have complex forms, which were assigned to the corresponding 

species through a deconvolution fitting procedure.  The peaks in individual spectra confirmed 

the presence of Fe, C, N, and S. The signals of C1s and N1s were mainly attributed to the 

inhibitors adsorbed on the steel surface; the signals of S2p came from the corrosive products; 

and the signal of Fe2p could be assigned to the iron matrix and its corrosion products.  

 

The XPS spectra of Fe2p peak was composed of two peaks for all samples. The Fe2p3/2 peaks 

at 709.28 eV, 709.68 eV and 709.78 eV in Figs 9a, 9e and 9i corresponds to Fe (III)-S peak 

respectively [28]. The high-resolution spectra of C1s are shown in Fig. 9b, 9f and 9j. The 

spectra in Fig. 9b splits into two peaks, one at 283.3 eV which corresponds to carbon in 

cementite (Fe3C) [29] and other non-intensive peak at 285.8 eV which corresponds to binding 

energies of C–C bond [30]. However, in  Figs. 9g and 9j spectra was decomposed into three 

peaks, where peaks at 283.8 eV and 285.8 were attributed to the Fe–C bond and C–C bond 

respectively [29,30], and –C=N at 287.4 eV [31,32].  Fig. 9g and 9k shows the high-resolution 

spectra of N1s. High intensive peak at 398.7 eV and 399.4 eV corresponds to the C=N–C in 

aloe vera [29,33] in Figs. 9g and 9k respectively. Again two peaks  can be observed in the high-

resolution spectra of S2p (Fig. 9d, 9h and 9l), Peaks at (161.88 eV, 162.48 eV and 161.88 eV) 

could be attributed to the ferrous sulfide on steel surface in Figs. 9a, 9h and 9l respectively 

[34,35], and peaks at (167.18 eV, 167.88 eV and 167.68 eV)  in Figs. 9a, 9h and 9l corresponds 

to the oxidation of sulfur [36,37]. Similar to 200 ppm concentration of H2S, the presence of 

varying extent of Fe, C, N and S was also confirmed at 100 and 400 pm H2S concentration. 

The area for S2p peaks at different concentrations of H2S with and without inhibitors is shown 

in Table 5. 
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Figure 9: XPS spectrum of (a, b, c and d): Fe2p, C 1s, N 1s and S2p without inhibitor (e, f, g and h): Fe2p, C 1s, N 1s 

and S2p with aloe vera with corrosion  products of NaCl-contaminated L-80 1 Cr steel specimens after 48 h exposure 

to 40 ℃ in CO2-H2S environment. 

Table 5. Area under S2p peaks using XPS analysis on L80-1Cr steel exposed with and  without aloe vera  in 1% NaCl 

solution  after 48 h exposure at different concentartions of H2S at 40 ℃. 

H2S Concentration Area (CPS.eV) Reference Aloe vera 

100 ppm S2p Scan A 1089 1642 

S2p Scan B 912 1772 

200 ppm S2p Scan A 1807 3056 

S2p Scan B 1697 1895 

400 ppm S2p Scan A 4988 3215 

S2p Scan B 3785 3273 

The morphology of L80-1Cr steel surface after 48 hrs immersion with and without inhibitors 

in different concentrations of H2S solution at 40 °C are shown in Fig. 10. On the top surface 

view, the reference sample had minute pores at 100 ppm H2S concentration (Fig. 10a). At 200 

and 400 ppm H2S (Fig 10c and 10e), the reference sample had more porous layer of corrosion 

products with some localized pits of larger size that may have resulted from combination of 

numerous micro pits. The top surface of the sample at 200 ppm and 400 ppm H2S shows FeS 

film uniformly formed all over the sample surface (the content of Fe and S are high in the 

corrosion product as detected by energy-dispersive X-ray spectroscopy (EDS). The cross-

sectional view showed thicker corrosion product layer at 200 and 400 ppm (Figs. 10d and 10f). 

FeS layer as compared to 100 ppm H2S concentration (Fig. 10b).  
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Figure 10. SEM images (top view and cross-sectional view) for L80-1Cr steel exposed to 1 wt% NaCl solution, with 

out inhibitor (Reference) at 40 °C (a-b): 100 ppm H2S,   (c-d): 200 ppm H2S and (e-f): 400 ppm H2S. 

In the presence of aloe vera alone, the corrosion product layer was less thick as compared to 

the reference samples (Figs. 11b, 11d and 11f). In the presence of aloe vera, the top view 

showed minute pores at 100 ppm (Fig. 11a) and 200 ppm (Fig. 11c) H2S concentrations. At 

400 ppm, the FeS layer was highly porous and had cracks leading to maximal surface disruption 

as shown in Fig. 11e. In the cross-sectional view, the thickness of the corrosion product layer 

was very thin (< 1 micron) at 200 ppm (Fig. 11d) and 400 ppm (Fig. 11f) H2S concentration as 

compared to that (~ 2 micron) at 100 ppm (Fig. 11b).   

           

 

Figure 11. SEM images (top view and cross-sectional view) for L80-1Cr steel exposed to 1 wt% NaCl solution, with 

4000 ppm aloe vera at 40 °C (a-b): 100 ppm H2S,   (c-d): 200 ppm H2S and (e-f): 400 ppm H2S. 
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4. Discussion 

This paper extends the findings of our previous work on corrosion inhibition behavior of aloe 

vera on steel samples in pure CO2 enviroment [6] and reports their corrosion inhibition 

behavior in CO2-H2S environment at different concentrations of H2S. Over all the results shows 

that there are significant differences between the inhibition behaviour of aloe vera when H2S 

is present, which is also due to the formation of FeS in comparison with situation under pure 

CO2 conditiion. 

 

4.1. Effect of different concentration of H2S without inhibitor 

The presence of different concentrations of H2S had an effect on corrosion of L80-1Cr steel 

samples in the CO2 environment. The partial pressure of CO2: partial pressure of H2S ratio 

influence the dominant type of corrosion such that: (i) ratio < 20: leads to H2S dominant 

corrosion, (ii) 20 < ratio < 500: leads to mixed corrosion, and (iii) ratio > 500: leads to CO2 

corrosion [38,39]. In this study, the partial pressure of CO2: partial pressure of H2S ratio was > 

500 suggesting a CO2 dominant corrosion. Despite of CO2 dominant corrosion, the effect of 

different concentrations of H2S on corrosion of L80-1Cr steel sample with and without 

inhibitors were evident in this study. In the absence of inhibitors, the reference sample had 

higher Rp values at higher H2S concentrations (see Figs. 4a-c). In presence of H2S, the Rp 

values (Fig. 4) were higher as compared to pure CO2 environment in the absence of inhibitors 

(Fig, 3d and 4d) [6], which could be likely due to formation of FeS in the presence of H2S [40–

42]. The area under S2p A peaks that correspond to FeS increases with the concentration of 

H2S (Table 5). Upon EDS analysis, the presence of sulphur was confirmed on the corroded 

sample surface, which further supports the role of involvement of H2S in the corrosion process. 

Previous literature has also confirmed detection of sulphur in the corrosion product layer in the 

presence of H2S, which can increase the propensity for localized corrosion, especially at higher 

concentrations of H2S [43,44]. 

Differences in extent of corrosion at different concentrations of H2S were seen in the top 

surface morphology of the reference samples. At 100ppm H2S concentration, least corrosion 

was observed with minute pores (Fig. 10a). The presence of H2S in trace amount leads to FeS 

formation that offers corrosion resistance properties. Increasing the concentration further led 

to increase in thickness of the corrosion product layer (Figs. 10b, 10d and 10f). Overall density 

of the FeS layer increased with the concentration of H2S as confirmed by an increase in 

corresponding impedance values (high Rpr and Rct values) (table 4).  However, localized 

corrosion (pit) was observed likely due to higher H2S concentration (Figs. Top view 10c and 

10e). Localized corrosion observed with increasing H2S concentraion can occur due to falling 

off of some loser part of the layer that can lead to pitting in the corrosion product layer. 

Localized pitting was also supported by higher Cfc and Cdl values at higher concentrations of 

H2S. Localized pitting at higher concentrations of H2S have also been reported by previous 

literature [43,44]. 

 

4.2. Effects of inhibitors on corroison inhibition at different concentration of H2S 

Interestingly, aloe vera in its pure form had higher corrosion inhibition efficiency in the 

presence of H2S (at 100 ppm H2S = 41%, 200 ppm = 70%, and 400 ppm = 35%) as compared 

to pure CO2 environment (10%) see Table 3. The OCP (Fig. 3) and Rp (Fig. 4) values observed 

for pure aloe vera in the presence of H2S were also more favorable for corrosion inhibition as 

compared to pure CO2 environment [6]. In the pure CO2 environment, inhibitors can have 

higher affinity for adsorption on the residual or corrosion products (Fe3C and FeCO3) leading 
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to lesser adsorption on the Fe surface and lesser efficiency [45]. Whereas in the H2S, it is 

possible that aloe vera had lesser affinity for FeS causing higher adsorption on the anodic Fe 

sites leading to better corrosion prevention. In combination with MEG, aloe vera had higher 

efficiency (76%) in the pure CO2 enviroment as compared to CO2-H2S environment (at 100 

ppm H2S = 56%, 200 ppm = 65%, and 400 ppm = 49%). The addition of MEG may have 

favored the adsorption of inhibitor on the Fe surface by lowering the threshold of energy needed 

for its adsorption, leading to higher corrosion efficiency in the presence of CO2 environment. 

The aloe vera improved the corrosion inhibition properties in the CO2-H2S environment. In the 

previous study, aloe vera was shown to be effective in corrosion inhibition in pure CO2 

environment by adsorbing on the Fe surface [6]. Aloe vera consists of organic compounds have 

Π centered electrons and functional groups of O, S or N/ or combination, which allows it to 

bind to the metal surface [7,8,17]. In contrast to the previous study in pure CO2 environment 

[6], some interesting observations were made in corrosion inhibition behavior of pure aloe vera 

in the presence of H2S. Firstly, there was an increase in corrosion inhibition (increase Rp value) 

for the first few hours (10-20 hours) followed by a reduction in the values. The initial increase 

in Rp values were likely due to the adsorption of aloe vera on the active anodic sites of the steel 

sample as supported by the positive shift in the potential values (Figs. 3 and 5) [46–49]. 

However, the Rp values of aloe vera reduced after few hours (< 20) in the CO2-H2S 

environment. Aloe vera may have caused the existing FeS layer to become loose and porous, 

which may have contributed to reduced inhibition properties over the time. Similarly, the 

corrosion inhibition effects in presence of aloe vera increased from 100 ppm to 200 pm H2S. 

However the effects diminished significantly at 400 ppm H2S, likely due to more unstable and 

porous layer of FeS at higher concentrations of H2S, which was also supported by the decrease 

in Rpr and Rct and an increase in Cfc and Cdl values (Table 4). The changes in impedance values 

(Cfc and Cdl) suggest more anodic sites were available for corrosion at 400 ppm H2S 

concentration [50].  Overall, the FeS had a larger area for 400 ppm (3215 CPS.eV), followed 

by 200ppm (3056  CPS.eV) and 100ppm (1642 CPS.eV) H2S concentrations (Table 5). 

However, the protectiveness of the layer was poor at 400 ppm H2S concentration as indicated 

by the impedance results as discussed above. Previous studies have also shown at higher 

concentrations of H2S, the protective film can become porous, loose and detach from the metal 

surface  [43].  The formation of FeS layer appeared to be very similar to aggregates of curved 

platelets that are much smaller and thinner [51–53]. Based on these results, the precipitated 

FeS can be identified as nanocrystalline mackinawite shown in Figs. 11c and 11e. In literature 

also FeS layer (mackinawite type) formation has shown to result from the reaction of wet 

elemental iron with sulfur at room temperature, which is very similar to mackinawite particles 

obtained by precipitation [54]. 

For pure MEG, the corrosion inhibition behavior was different from pure aloe vera in H2S 

environment. Unlike aloe vera, the MEG had more gradual and sustained increase in Rp values 

over 48 hours at all H2S concentrations. In addition, MEG had similar corrosion inhibition 

behavior at lower concentrations of H2S (highest Rp = 643 Ω.cm2 and 604 Ω.cm2 at 100 ppm 

and 200 ppm, respectively) whereas substantially higher Rp values (highest Rp = 1154 Ω.cm2) 

were observed at 400 ppm H2S concentration. These findings suggest the mechanisms 

underlying corrosion inhibition effects of pure MEG operated were different than pure aloe 

vera. It is known that MEG operates by two different mechanisms – adsorption of its molecules 

on the sample surface [6], and alteration of the properties of the solution, e.g., increased 

solubility of H2S [55]. In terms of solution properties, MEG facilitates solubility of H2S in the 

solution [56–58]. The presence of MEG contributed to higher solubility of H2S in the solution, 

especially at high concentration (400 ppm) of H2S. Greater amount of dissolved H2S leads to a 
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denser FeS formation, which was evident from higher Rpr and Rct values at 400 ppm than 200 

ppm and 100 ppm H2S (Table 4). 

The effects of combined aloe vera and MEG in the H2S environment were different from the 

previous study in pure CO2 environment [6] . In pure CO2 environment, the addition of MEG 

to aloe vera led to an eight-fold increase in corrosion inhibition efficiency values. However, in 

the CO2-H2S environment, the combination of MEG and aloe vera led to a smaller (~1.5 fold 

at 400 ppm H2S) increase in the inhibition efficiency. The addition of MEG to aloe vera 

obliterated the reduction in Rp values that were otherwise observed in the presence of pure aloe 

vera during later hours (> 20 hours) at all concentrations of H2S (blue vs green lines in Fig. 4 

a-c). These synergistic effects of aloe vera and MEG likely result from the different 

mechanisms underlying the action of these inhibitors. As shown in the previous study in CO2 

environment [6], the aloe vera acts through adsorption on the sample surface, whereas MEG 

changes in the properties of the solution in addition to getting adsorbed on the surface.  

 

5. Conclusion 

This study investigated the corrosion inhibition properties of aloe vera and MEG at different 

concentrations of H2S in the CO2 environment. Overall the results shows that the presence of 

H2S has siginfiant effect on inhibition due to aloe vera.   

 In the absence of inhibitors, there was more porous corrosion product layer and pitting on 

the steel surface as compared to that in the presence of inhibitors. An increase in 

concentration of H2S led to higher Rp values and impedance parameters, that were 

associated with a denser layer of FeS. Increase in H2S concentration also led to localized 

pitting. The XPS results confirmed increase in area of S2p A peaks corresponding to FeS 

with an increase in H2S concentration. 

 Aloe vera is effective in corrosion inhibition in H2S environment as indicated by improved 

inhibition efficiencies, LPR, and EIS values likely due to its adsorption on the anodic 

dissolution sites. Corrosion inhibition ability of pure aloe vera is reduced at 400 ppm of 

H2S as compared to lower concentrations of H2S. 

 Adding MEG to pure aloe vera shows synergistic effects and can negate the reduction in 

Rp values that were otherwise observed in the presence of pure aloe vera. 

 Impedance values confirm that formation of inhibitor film on the steel surface (higher Rpr 

and Rct) and the changes in solution properties (Rs) contributed to corrosion prevention in 

the presence of inhibitors in the CO2-H2S environment. 
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10. Overall Discussion 
 

Corrosion in oil and gas industry is a cause of major economic loses. Amongst corrosion 

mitigation techniques, the use of inhibitors is an attractive option due to its low cost and easy 

application. This thesis has investigated the corrosion inhibition properties of different 

inhibitors including alkanolamines, imidazoline, aloe vera, and mono-ethylene glycol (MEG) 

on low carbon steel. Different electrochemical and characterization techniques are used such 

as LPR, EIS, Potentiodynamic sweep, SEM, XRD and XPS, etc. The thesis builds on the 

previous literature on corrosion inhibition properties of different types of inhibitors in three 

distinct ways.  

 

10.1. Molecular modelling for screening inhibitor molecules 
 

This thesis investigated the mechanism of action for the inhibitors at molecular levels using 

modelling techniques. Molecular modelling results confirm that adsorption of these inhibitors 

on the metal surface contributes to their corrosion inhibition properties, therefore the method 

can be used for screening of inhibitor molecules. Higher adsorption energy of the inhibitor 

molecules as compared to water molecules support adsorption of the inhibitor molecules from 

an aqueous phase. The molecular modeling results of this thesis support the experimental 

findings such that the inhibitors with higher inhibition efficiencies were found to have higher 

adsorption energies on the Fe surface. 

  

10.2. Inhibition studies using organic amines and imidazoline 
 

This thesis established the corrosion inhibition properties of organic amines and imidazolines 

in harsh environments typically seen in oil and gas industry i.e., in the presence of CO2 (sweet 

environment) and H2S (sour environment). Ethanol amine was found to have the best corrosion 

inhibition efficiency amongst all alkanolamines. The corrosion efficiency of amines decreased 

with increase in temperature of the solution due to higher corrosion kinetics and desorption of 

the inhibitors from the surface. This is a relevant finding as higher temperatures are common 

in oil wells. When amines were injected at the beginning of the experiment, the protectiveness 

of the FeCO3 layer was delayed due to a longer immersion time. Whereas, when the amines 

were injected later (after the formation of FeCO3), there was no major change in inhibitor 

efficiency. Molecular modeling confirmed that the amine molecules get adsorbed on the Fe 

surface due to their higher adsorption energy than water molecules. Also, amines had stronger 

affinity to bind to FeCO3 and Fe3C as compared the Fe surface. 

Among imidazoline used in this thesis, larger structures with the phenyl group (2-PI) led to 

better corrosion inhibition than the smaller structures (2-MI) in pure CO2 environment. 

Molecular modeling confirmed higher adsorption energy values for 2-PI as the phenyl group 

provides additional site for bonding with the Fe surface. The corrosion inhibition efficiency of 

2-PI inhibitor was higher (2.6 times) in the presence of H2S as compared to pure CO2. The 

addition of MEG improved the corrosion inhibition properties of both types of imidazolines. 

This opens avenues for the oil and gas industry to experiment with combination of inhibitors 

that may offer synergistic effects on corrosion prevention. This thesis also confirmed that re-

injections of imidazoline later (after 48 hours) can help in attenuating the lowering of corrosion 

inhibition properties over the time.  
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10.3. Eco-friendly green inhibitor 
 

The last unique aspect of this thesis addresses the environmental aspect of inhibitor-based 

corrosion inhibition to the largest extent. The commercially available inhibitors can lead to 

environmental degradation warranting a need of alternative plant-based inhibitors that are 

cleaner and do not lead to environmental toxicity. This thesis established the corrosion 

inhibition properties of aloe vera (a green inhibitor) on steel surface in CO2 and CO2-H2S 

environments. At higher concentrations of H2S (400 ppm) the corrosion inhibition effects of 

aloe vera are lowered. The corrosion inhibition properties of aloe vera were increased 

substantially when used in higher concentrations (8000 ppm) or when used in combination with 

MEG (4000 ppm + MEG) in CO2 environment. In CO2-H2S environment, addition of MEG to 

aloe vera assists in prevention of lowering of corrosion inhibition effects of aloe vera. 

Molecular modeling confirms that the corrosion inhibition effect of aloe vera are due to 

adsorption of its constituent molecules (e.g. aloin) on the metal surface. Establishing the 

corrosion inhibition properties of aloe vera in this thesis is a step towards addressing the issue 

of environmental degradation that is associated with use of commercial inhibitors and devising 

environment friendly strategies for corrosion inhibition. Molecular modeling can help in 

screening the adsorption properties of green inhibitors and finding the inhibitors that can 

potentially offer good corrosion inhibition in oil and gas industry. 
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11. Overall Conclusions 
 

Conclusions covering the work reported in various chapters are summarized below.   

1) Amines were effective in corrosion inhibition of steel surface in CO2 environment due to 

adsorption of its molecules on the steel surface. The formation of the corrosion products 

(FeCO3) is delayed with addition of amines when injected before FeCO3 formation. 

Ethanolamine had the best corrosion inhibition efficiency when compared to other tested 

amines. 

 

2) Imidazolines (2-MI and 2PI) were found to be effective in corrosion inhibition of steel 

surface in CO2 and H2S (only 2-PI tested) environment. Addition of MEG to imidazolines 

improve their corrosion inhibition properties due to increase surface coverage arising from 

ion-pair interactions. Re-injection of another dose of 2-PI partially improves the corrosion 

inhibition by preventing degradation of the initially formed inhibitor film. 

 

3) Aloe vera, which is a form of green inhibitor, was effective in corrosion inhibition of steel 

samples in pure CO2 environment. The corrosion inhibition efficiency of aloe vera 

improved to ~8 times upon addition of MEG. Higher concentration of aloe vera led to better 

corrosion inhibition efficiencies. The corrosion inhibition effects were likely due to the 

adsorption of its constituent molecules (e.g. aloin) on the steel surface.  

 

4) In the presence of H2S in the CO2 environment, aloe vera was found to be effective in 

corrosion inhibition of steel samples. Corrosion inhibition ability of pure aloe vera is 

reduced at 400 ppm of H2S. Adding MEG to pure aloe vera shows synergistic effects and 

can negate the reduction in Rp values that were otherwise observed in the presence of pure 

aloe vera.  
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12. Future Work 
 

1) Molecular modelling work in this thesis is focused only on calculating the adsorption 

energy, and found it is very useful for screening molecules.  However, more detailed 

molecular studies can be carried out including atmospheric conditions such as CO2, H2S 

environment, temperature and pressure, etc. This will be very much useful for finding 

suitable green inhibitor molecules. 

 

2) Aloe vera was found to be a good green extract providing high inhibition efficiency 

together with MEG. However, this is based on the lab scale investigation, which does not 

include all realistic conditions in the well. Therefore, additional flow loop experiments are 

needed in order to understand the effects of temperature, pressure, flow conditions and 

inhibitors injection frequencies. 

  

3) Aloe vera inhibition effect is not fully explained from the mechanistic point of view. 

Additional investigations focusing on spectroscopic methods. Also, other detailed 

investigations are required for understanding the molecular chemistry of aloe vera extract 

and its constituent molecules that offers corrosion inhibition. 

 

4) Highest efficiency was found when aloe vera was mixed with MEG. However, MEG is 

categorized as “yellow” chemical. Therefore, more research in the direction of finding a 

green alternative for MEG is important.  

 

5) Many other natural extracts can be potentially used as corrosion inhibitors. Finding suitable 

extracts using a combination of molecular modelling and experimental work will be good 

to increase the matrix of green inhibitor chemistry.  
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