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ABSTRACT 

DING, YUAN, Ph.D., May 2019, Chemical Engineering 

Mechanistic Understanding of CO2 Corrosion Inhibition at Elevated Temperatures 

Director of Dissertation: Marc Singer 

The mechanisms of corrosion inhibition of mild steel in high temperature and 

high pressure (HTHP) environments have been historically poorly understood. Due to its 

limited understanding, effective corrosion inhibition in HTHP wells is still very 

challenging. The purpose of this dissertation is to investigate the inhibition mechanisms 

of mild steel in the presence of two commonly used inhibitors (an imidazoline-type and a 

quaternary ammonium type (quat-type) inhibitor) at elevated temperatures. This 

comprehensive and systematic study provides insights on the selection of successful 

inhibition strategies at elevated temperatures.  

A series of experiments were first performed in a standard 2L glass cell at low to 

medium temperature (25°C, 50°C and 80°C) to characterize adsorption kinetics over this 

temperature range, using the two selected inhibitors. These experiments included general 

corrosion inhibition tests using linear polarization resistance (LPR) measurements and 

direct determination of adsorption behavior using a quartz crystal microbalance (QCM). 

Both test methods yielded similar trends for the two inhibitors tested. This suggested that 

the loss of inhibition efficiency as temperature increased was a result of desorption being 

favored at higher temperatures. Novel high temperature corrosion inhibition tests were 

performed in a 4L autoclave specially designed to enable the injection of inhibitor under 

pressure, at elevated temperatures of 120°C and 150°C. In addition, the experimental 
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setup and procedure were incrementally improved to minimize the formation of corrosion 

products and help identify the true effect of the inhibitors. For the imidazoline-type 

inhibitor, the inhibition efficiency continued to decrease with increasing temperature up 

to 120°C and was completely masked by the rapid formation of Fe3O4 at 150°C. The 

presence of Fe3O4 played a significant role on the corrosion inhibition at this temperature. 

The quat-type inhibitor completely lost its inhibition ability at temperatures above 80°C. 

The formation of corrosion product controlled the corrosion rates at 120°C and 150°C, 

and the presence of inhibitor had little effect. Both inhibitors showed some degree of 

degradation at high temperature, although this could not explain, by itself, the observed 

decrease in performance. 

The results of this research highlighted the importance of considering the 

formation of corrosion products when developing inhibition strategy at elevated 

temperatures. The work also enabled the development of appropriate experimental setups 

and procedures to evaluate accurately inhibitor performances at high temperatures. This 

brought in a significant improvement in the understanding of corrosion inhibition at 

elevated temperatures, elucidating some aspects of inhibition performance that had been 

overlooked, and allowing better corrosion management strategies for high temperature 

applications. 
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CHAPTER 1: INTRODUCTION 

Modern production and transportation of oil and gas implies ever higher 

requirements, in terms of efficiency, environmental protection, and personnel safety. 

Those concerns have driven researchers to continually investigate what factors can affect 

the integrity of pipelines. Much effort has been made to understand the role of CO2 in 

internal corrosion, due to the ubiquitous presence of this corrosive gas in wells and 

geologic formations [1–13]. Consequently, the understanding of CO2 corrosion has 

progressed significantly over the past thirty years and is, today, relatively well 

established. Many models have been formulated to predict CO2 corrosion [6,8,14]. They 

show good agreement with laboratory and field measurements and provide important 

insights for industrial operations, either helping pipeline design or with failure analysis. 

However, researchers have mostly focused their efforts on understanding phenomena 

associated with CO2 corrosion at low temperatures and pressures (˂100°C, ˂70psi) for 

two reasons: firstly, the conditions have historically corresponded to most production 

wells [15,16]; secondly, high temperature, high pressure (HTHP) testing holds many 

challenges related to experimental methods and environment control.  

In recent years, the depletion of reservoirs in relatively shallow geologic 

environments has compelled the petroleum industry to search for and extract oil and gas 

from deeper geologic formations [16–18]. Accordingly, an increasing number of HTHP 

wells (˃100°C, ˃70psi) have been put into operation. In these conditions, the knowledge 

developed at lower temperature and pressure is insufficient and cannot be easily extended 
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to more severe environments, although recently some efforts have been reported to 

address this gap; at least for temperature up to 250°C [19–22].  

To mitigate internal CO2 corrosion, many strategies have been developed and 

brought into operations associated with production. In the oil and gas industry, expensive 

corrosion resistant alloys (CRA) have been used as an alternative to carbon steels [23,24], 

which are cheaper materials but are much more prone to corrosion. However, carbon 

steel is still by far the most widely used fabrication material, mainly due to its low cost 

and wide availability. The mitigation of CO2 corrosion of carbon is naturally a major 

operational issue that can have tremendous financial consequences. Among many 

methods used to mitigate pipeline degradation, the use of corrosion inhibitors is the most 

popular in the industry; primarily due to its reasonable price and excellent performance. 

Much research effort has been devoted to studying the performance of corrosion 

inhibitors and their inhibition mechanisms [25–33], although significantly more progress 

needs to be achieved.  

As for its CO2 corrosion counterpart, the understanding of corrosion inhibition at 

elevated temperatures is even more limited. In addition, most of the research effort, even 

at low temperature, has been focused on ‘pass-fail’ testing of new corrosion inhibitors as 

candidates for use [34–40] instead of on mechanistic studies. Although some of these 

efforts have been valuable in developing solutions for high temperature corrosion 

mitigation issues [35,39], they have failed to identify the controlling mechanisms 

necessary for effective inhibitor design and selection. Indeed, awareness of corrosion 

inhibition mechanisms is essential to design strategies for corrosion protection at higher 
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temperatures. This is especially true considering that CO2 corrosion behaves quite 

differently at high temperatures compared to low temperatures. The differences are 

mainly related to enhanced reaction kinetics (higher corrosion rate) as well as the 

formation of a somehow unexpected corrosion products, namely, Fe3O4. This, in turn, 

very likely affects the performance of corrosion inhibitors. However, only a handful of 

research works have focused on understanding inhibition mechanisms at elevated 

temperatures [39].  

The research described in this dissertation is an attempt to address this gap by 

conducting a series of novel experiments and investigating inhibition mechanisms over a 

wide range of temperatures (25°C to 150°C) in CO2 saturated environments. Two 

corrosion inhibitors, widely used at low temperatures, were chosen: an imidazoline-type 

inhibitor and quaternary ammonium type inhibitor. While the two inhibitors are not 

expected to perform perfectly at high temperature, the investigation of their modes of 

failure could clarify what makes a corrosion inhibitor successful or not at elevated 

temperatures. The loss of inhibition at high temperature has been commonly attributed to 

two main factors: adsorption/desorption kinetics and/or inhibitor degradation. 

Consequently, the adsorption behavior and inhibition performance of the two candidate 

inhibitors were investigated at the tested temperatures. In addition, the effect of the 

thermal stability of these inhibitors was also examined and discussed.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 CO2 Corrosion Mechanisms 

CO2 corrosion represents a significant problem for the oil and gas industry. The 

ubiquitous presence of corrosive gases such as CO2 in produced fluids represents a real 

threat to pipeline integrity. CO2 corrosion has been studied in depth over the last few 

decades [1–4,6–9,11–13] and the understanding of the mechanisms involved has greatly 

improved. Three main phenomena can be used to describe CO2 corrosion: water 

chemistry, electrochemical reactions at the metal surfaces and the development of 

corrosion products. This section represents a summary of these three main topics.  

2.1.1 Water Chemistry 

CO2 only becomes corrosive when it dissolves in water and when the water comes 

in contact with a pipeline surface. In oil and gas production, an aqueous phase (brine) is 

always present in the produced fluids, together with hydrocarbon products. While the 

aqueous phase may not always be present at a large enough content to wet the pipe (this 

depends on water cut and flow rates), it still holds a corrosive potential. Therefore, a 

comprehensive understanding of water chemistry is essential in determining CO2 

corrosion mechanisms. Many efforts have been dedicated to clarifying the main aspects 

of water chemistry in a CO2-containing environment [1,3,7]. The main reactions involved 

in H2O/CO2 systems are given below.  

 Gaseous CO2 first dissolves in water.  

CO2 dissolution 𝐶𝐶𝐶𝐶2(𝑔𝑔) ⇌ 𝐶𝐶𝐶𝐶2(𝑎𝑎𝑎𝑎) (1) 
 

Aqueous CO2 then reacts with water and forms carbonic acid.  
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CO2 hydration 𝐶𝐶𝐶𝐶2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝐶𝐶(𝑙𝑙) ⇌ 𝐻𝐻2𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎) (2) 
   
Carbonic acid is a weak acid and partially dissociates into hydrogen ions and 

bicarbonate ions.   

Carbonic acid 
dissociation 𝐻𝐻2𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎) ⇌ 𝐻𝐻(𝑎𝑎𝑎𝑎)

+ + 𝐻𝐻𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)
−  (3) 

 

Bicarbonate ions further dissociate into hydrogen ions and carbonate ions.  

Bicarbonate ion 
dissociation 𝐻𝐻𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)

− ⇌ 𝐻𝐻(𝑎𝑎𝑎𝑎)
+ + 𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)

2−  (4) 

 

In addition, water molecules can dissociate into hydrogen and hydroxide ions.  

H2O 
dissociation 𝐻𝐻2𝐶𝐶(𝑙𝑙) ⇌ 𝐻𝐻(𝑎𝑎𝑎𝑎)

+ + 𝐶𝐶𝐻𝐻(𝑎𝑎𝑎𝑎)
−  (5) 

 

The equilibrium constants with reported empirical expressions for those reactions 

are listed in Table 1.  

To establish a water chemistry model in a CO2-containing solution, one more 

equation is needed considering the six unknown species (assuming the partial pressure of 

CO2 (pCO2) is known). This additional equation is usually related to mass conservation. 

For example, in an open system (with continuous sparging of invariable partial pressure 

of gaseous CO2), the additional equation is based on the charge neutrality, as shown in 

Equation (11). 
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Table 1. Equilibrium constants and their empirical expressions in H2O/CO2 system.  

Equilibrium constant 
CO2 

dissolution 
constant 

𝐾𝐾𝑠𝑠𝑠𝑠𝑙𝑙 = 14.5
1.00258

× 10−(2.27+5.65×10−3𝑇𝑇𝑓𝑓−8.06×10−6𝑇𝑇𝑓𝑓
2+0.075×𝐼𝐼molar/bar (6)[41] 

CO2 
hydration 
constant 

𝐾𝐾ℎ𝑦𝑦 = 2.58 × 10−3 (7)[42] 

Carbonic acid 
dissociation 

constant 
𝐾𝐾𝑐𝑐𝑎𝑎 = 387.6 × 10−(6.41−1.594×10−3𝑇𝑇𝑓𝑓+8.52×10−6𝑇𝑇𝑓𝑓

2−3.07×10−5𝑝𝑝−0.4772×𝐼𝐼
1
2+0.1180×𝐼𝐼)molar (8)[41] 

Bicarbonate 
ion 

dissociation 
constant 

𝐾𝐾𝑏𝑏𝑏𝑏 = 10−(10.61−4.97×10−3𝑇𝑇𝑓𝑓+1.331×10−5𝑇𝑇𝑓𝑓
2−2.624×10−5𝑝𝑝−1.166×𝐼𝐼

1
2+0.3466×𝐼𝐼)molar (9)[41] 

H2O 
dissociation 

constant 
𝐾𝐾𝑤𝑤𝑎𝑎 = 10−(29.3868−0.0737549×𝑇𝑇𝐾𝐾+7.47881×10−5×𝑇𝑇𝐾𝐾

2)molar2 (10)[43] 

Note: 𝑇𝑇𝑓𝑓 means temperature in Fahrenheit degrees, 𝑇𝑇𝐾𝐾 is temperature in Kelvin. 𝐼𝐼 is ionic strength in mol⋅l-1, and 𝑝𝑝 is the 

pressure in psi.  

 

 𝑐𝑐𝐻𝐻+ = 𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻3− + 2𝑐𝑐𝐻𝐻𝐻𝐻32− + 𝑐𝑐𝐻𝐻𝐻𝐻− (11) 
Where, c is the concentration of species in mol⋅L-1. 

Similarly, the rule of mass conservation still applies for a closed system. In a 

closed system, the partial pressure of CO2 is not constant due to its dissolution in water 

and the series of dissociation reactions shown in Reactions (1) to (4). However, the total 

carbon in all the carbon containing species (CO2, H2CO3, HCO3−, CO32−) is constant in 

the closed system. The mass balance is illustrated in Equation (12).  

𝑀𝑀𝐻𝐻𝐻𝐻2(𝑔𝑔) + 𝑀𝑀𝐻𝐻𝐻𝐻2(𝑎𝑎𝑎𝑎) + 𝑀𝑀𝐻𝐻2𝐻𝐻𝐻𝐻3 + 𝑀𝑀𝐻𝐻𝐻𝐻𝐻𝐻3− + 𝑀𝑀𝐻𝐻𝐻𝐻32− = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐 (12) 
M is the total amount of species in moles.  

With equation (11) or (12), the water chemistry can be accurately predicted in 

either an open system or a closed system. However, as corrosion progresses, Fe2+ is 
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released in the CO2 containing solution and can react with carbonate ions and precipitate 

to form FeCO3. More details concerning this phenomenon are introduced in detail in 

section 2.1.3 which discusses the formation of corrosion products.  

2.1.2 Surface Electrochemical Reactions  

Corrosion is a phenomenon which involves a combination of electrochemical 

reactions occurring at the steel surface. The overall reaction describing aqueous CO2 

corrosion is summarized in Reaction (13). If FeCO3 forms, as is discussed in section 

2.1.3, the overall reaction evolves to Reaction (14).  

 𝐹𝐹𝐹𝐹(𝑠𝑠) + 𝐶𝐶𝐶𝐶2(𝑔𝑔) + 𝐻𝐻2𝐶𝐶(𝑙𝑙) → 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
2+ + 𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)

2− + 𝐻𝐻2(𝑔𝑔) (13) 
 

 𝐹𝐹𝐹𝐹(𝑠𝑠) + 𝐶𝐶𝐶𝐶2(𝑔𝑔) + 𝐻𝐻2𝐶𝐶(𝑙𝑙) → 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶3(𝑠𝑠) + 𝐻𝐻2(𝑔𝑔) (14) 
 

Although the overall reaction of CO2 corrosion is fairly straightforward, it is 

comprised of a set of half reactions which includes anodic (oxidization) and cathodic 

(reduction) reactions.  

Anodic reactions  

The main anodic reaction is the electrochemical dissolution of iron in aqueous 

solution:  

 𝐹𝐹𝐹𝐹(𝑠𝑠) → 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
2+ + 2𝐹𝐹− (15) 

 

This reaction is in fact a multi-step reaction. The rate-determining step (RDS) is 

related to the concentration of OH−. However, the relationship between the concentration 
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of OH− and rate of anodic reaction is complicated. Nesic, et al., [8] investigated the 

anodic reaction and summarized its rate expression as:  

 𝑖𝑖𝑎𝑎 = 𝑘𝑘(𝑐𝑐𝐻𝐻𝐻𝐻−)𝑎𝑎1(𝑝𝑝𝐶𝐶𝐶𝐶2)𝑎𝑎210
𝐸𝐸
𝑏𝑏𝑎𝑎 (16) 

 

ia is the anodic current density (A⋅m-2), E is the over potential (V), ba is the Tafel slope 

(mV/decade), a1, a2 and k are constants.  

From this equation, it can be seen that the rate of the reaction is a function of pH 

and CO2 partial pressure. In addition, pH also affects the value of a1. When pH is lower 

than 4, pH has a notable effect on the dissolution rate (a1=2). However, when pH˃5, the 

role of pH is no longer significant, and hence a1=0. Similarly, the effect of pCO2 is also 

not straightforward. The effect of pCO2 only matters when pCO2˂0.1 bar (a2=1), and its 

effect fades when pCO2 is higher than 0.1 bar, and hence a2=0. Moreover, the kinetics of 

the anodic reaction is also dependent on the materials involved.  

Cathodic reactions 

Generally, the major three cathodic reactions in the CO2 saturated environment 

are:  

Hydrogen 
reduction 2𝐻𝐻(𝑎𝑎𝑎𝑎)

+ + 2𝐹𝐹− → 𝐻𝐻2(𝑔𝑔) (17) 

 

Carbonic acid 
reduction 2𝐻𝐻2𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎) + 2𝐹𝐹− → 𝐻𝐻2(𝑔𝑔) + 2𝐻𝐻𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)

−  (18) 

 

Water reduction 2𝐻𝐻2𝐶𝐶(𝑙𝑙) + 2𝐹𝐹− → 𝐻𝐻2(𝑔𝑔) + 2𝐶𝐶𝐻𝐻(𝑎𝑎𝑎𝑎)
−  (19) 
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The reduction of carbonic acid has been the focus of more recent research efforts. 

De Waard and Milliams [1] investigated the corrosion of steel in two aqueous 

environments: one containing only a strong acid and the other saturated with CO2. The 

authors found that at the same pH, the CO2-saturated solution was more corrosive than 

the strong acid solution. They explained this behavior by the existence of an additional 

reduction reaction, as shown in Reaction (18), and labeled it as “direct reduction of 

carbonic acid”. The direct reduction of carbonic acid was also postulated by other 

researchers [2–4,6]. Gray, et al., [2,3] conceived that hydration of dissolved CO2 was the 

rate determining step. Later on, Nesic, et al., [8] further incorporated the diffusion of H+ 

ions and carbonic acid in the overall corrosion mechanism.  

However, Remita, et al., [11] rejected the existence of direct reduction of H2CO3. 

Instead, they showed that the experimental results did not require an additional reduction 

reaction and could, in fact, be explained by considering carbonic acid as a provider of 

hydrogen ions (buffering effect). However, the contribution of hydrogen ions and 

carbonic acid to the overall current could not be clearly differentiated in the tested 

conditions as the corrosion process was never entirely under charge transfer controlled. 

Nevertheless, the authors were the first to develop a model entirely based on the H2CO3 

buffering effect, ignoring the direct reduction of H2CO3. They found that the 

measurements still agreed well with the model without consideration of H2CO3 direct 

reduction. Linter and Burstein [44] also mentioned that the reduction of H2CO3 was 

thermodynamically unfavorable compared to the reduction of hydrogen ions.  
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More recently, Tran, et al., [45] and Kahyarian, et al., [12,13] extended this work 

by considering different substrate materials (316L stainless steel) and different 

experimental conditions specifically chosen to highlight the charge transfer part of the 

reduction reactions, hence showing clearly if H2CO3 could have an effect on the overall 

reduction kinetics. The authors found no sign of H2CO3 direct reduction in any conditions 

tested and could explain all the results by only considering the hydrogen ion reduction. 

However, the anodic reaction seemed to be affected by the presence of CO2 although the 

underlying multistep mechanisms remained somehow elusive.  

In conclusion, although much progress has been made in identifying and 

characterizing the cathodic and anodic reactions involved in the corrosion mechanisms, 

efforts are still ongoing to clarify some basic aspects of the electrochemical process.  

2.1.3 Formation of Protective Corrosion Product Layers  

As mentioned in the previous two sections, the formation of corrosion product 

layers usually happens when the concentration of Fe2+ ions, produced by the dissolution 

of iron, and the concentration of CO32− ions, generated when CO2 dissolves in the water 

(Reactions (2)-(4)), exceed the solubility of iron carbonate, as shown in Reaction (20). To 

simplify this concept, saturation of the iron carbonate is introduced and defined in 

Equation (21) (KspFeCO3 is the solubility of iron carbonate). The formation of the corrosion 

product consequently creates a diffusion barrier for the corrosive species such as 

hydrogen ions. Due to the protective nature of iron carbonate, its formation is also a topic 

of great interest in CO2 corrosion research [9,28,46].  

 𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎)
2+ + 𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)

2− ↔ 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶3(𝑠𝑠) (20) 
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 𝑆𝑆𝐹𝐹𝐹𝐹𝐻𝐻𝐻𝐻3 =
𝑐𝑐𝐹𝐹𝐹𝐹2+𝑐𝑐𝐻𝐻𝐻𝐻32−
𝐾𝐾𝑠𝑠𝑝𝑝𝐹𝐹𝐹𝐹𝐻𝐻𝐻𝐻3

 (21) 

 

Another important concept which is used to describe the protectiveness of the iron 

carbonate layer [47] is scaling tendency (ST), which is given in Equation (22). In this 

equation, PR stands for the precipitation rate and CR the corrosion rate, which are both 

expressed in mm⋅y-1. ST, representing the protectiveness of the corrosion product layer, is 

higher when the precipitation rate is high and the corrosion rate is low. If the corrosion 

rate is too high, the metal substrate underneath the layer can be easily dissolved away and 

makes it difficult for the corrosion product to bond with the metal effectively and 

physically. This is called the undermining effect. A dense and protective layer only forms 

when the precipitation rate is fast enough to balance the undermining effect.  

 𝑆𝑆𝑇𝑇 =
𝑃𝑃𝑃𝑃
𝐶𝐶𝑃𝑃

 (22) 
CO2 corrosion is a relatively complex phenomenon that is influenced by many 

parameters. The next sections present a review of the main effects of common operating 

parameters on CO2 corrosion.  

2.1.4 Influential Factors 

As discussed in 2.1.1 to 2.1.3, CO2 corrosion involves a number of physical and 

chemical phenomena that interact with each other in a complex way. The change of water 

chemistry alters the reactant concentrations and hence the rates of surface 

electrochemical reactions. The overall electrochemical process in CO2 corrosion of steel 

generates ferrous ions and consumes H+, which in turn, changes the water chemistry. In 

addition, if the concentration of Fe2+ ions, produced by surface electrochemical reactions, 
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and the CO32− ions, generated by the dissolution and dissociation of carbonic species in 

water, reaches a critical concentration, the precipitation of corrosion products can occur. 

This would reduce the rate of electrochemical reactions, by creating a diffusion barrier, 

and change, in turn, the water chemistry. In the following sections, the effect of the main 

operating parameters on CO2 corrosion is introduced.  

Effect of pH 

Generally, corrosion rate increases with decreasing pH. The H+ ion is an 

important oxidant in the corrosion of mild steel in CO2 environments. At a lower pH, the 

concentration of H+ ions is higher in the electrolyte and the rate of reaction (17) 

increases. Secondly, pH also influences the formation of corrosion products. The 

equilibrium constant of reaction (20) is a function of pH, with the solubility of FeCO3 

increasing as pH decreases, creating a less favorable environment for the formation of 

FeCO3. This, in turn, also influences the corrosion rate.  

Effect of CO2 Pressure 

CO2 partial pressure is another important parameter playing a central role in the 

corrosivity of the CO2-containing environment. CO2 is an acid gas which can be hydrated 

into a weak acid, H2CO3. This weak acid generates additional H+ ions through reaction 

(1) to reaction (4). The reduction of H+ and H2CO3 are the main cathodic reactions in 

CO2 corrosion. Therefore, the corrosion rate generally increases with the CO2 partial 

pressure until operating conditions favor the formation of FeCO3 (high pH, high Fe2+ and 

CO32− concentrations).  
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Effect of Temperature 

The temperature dependence of corrosion rate is also complicated. On one hand, 

the electrochemical reaction rates increase with increasing temperature. On the other 

hand, a higher temperature also facilitates the formation of iron carbonate by increasing 

its precipitation rate and by decreasing its solubility through reaction (20). Therefore, the 

corrosion rate does not change unitarily with temperature. Due to these balancing effects, 

the corrosion rate of steel in an aqueous environment subjected to 1 bar CO2 has been 

reported to increase with temperature below 80°C and then decrease at temperature above 

80°C due to the formation of protective FeCO3 layer [1].  

The role of high temperature (>80°C) should be especially examined, since it is a 

central concern of this research topic. Generally, high temperature affects CO2 corrosion 

not only kinetically but also thermodynamically. Tanupabrungsun, et. al.., [19] found that 

at temperatures above 120°C, the formation of another corrosion product, Fe3O4 

(magnetite), is thermodynamically favored. The presence of Fe3O4 was later confirmed in 

experiments at 150°C in the presence of CO2 [22]. Potter and Mann [48] reported that the 

kinetics of formation of Fe3O4 takes the form of a parabolic law. In the presence of a 

magnetite layer, the corrosion rate was found to be governed by the slow diffusion of 

soluble iron ions through the magnetite layer, which is usually the rate controlling step. 

Therefore, the thickness of the magnetite layer is one of the key factors influencing the 

corrosion rate at elevated temperatures. However, the current understanding of the effect 

of magnetite on CO2 corrosion is still relatively limited due to the complexity of high 
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temperature testing methods. Its potential effect on corrosion inhibition, which is the 

topic of this work, remains largely unknown. 

Effect of Flow 

The effect of the flow is mainly seen through the enhancement of mass transport 

of the reactants to as well as away from the metal surface. H+ ions, which are transported 

more readily to the metal surface, increase cathodic reaction rates. At the same time, Fe2+ 

ions easily diffuse away from the metal surface rendering the precipitation of corrosion 

products less likely. Therefore, with more reactant available, the corrosion rate usually 

increases with higher flow [8,10,14]. However, this effect is considerably minimized in 

the presence of corrosion product precipitates, since mass transfer limitation through a 

dense layer becomes the controlling step and is not as readily affected by bulk flow 

conditions. In addition, some researchers [49–51] believed that high flow velocity can 

cause the failure of protective corrosion product layers. Li, et. al., [52] disproved the 

likelihood of mechanical removal of corrosion products (FeCO3) through direct 

measurement of wall shear stress. They found that shear stresses in typical multiphase 

flow environments are only of the order of 103Pa, which is much less than the mechanical 

stresses needed to remove the corrosion product layers (50-100MPa).  

2.2 Corrosion Inhibitors in the Oil and Gas Industry 

2.2.1 Introduction 

As discussed earlier, costs associated with corrosion in the oil and gas industry are 

considerable. Although CRAs are available, low alloy carbon steels are still the primary 

construction materials in the industry due to economic reasons. Although those materials 
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possess suitable mechanical properties, they are susceptible to corrosion during 

production and processing operations. The corrosion of those materials can lead to loss of 

integrity, leakages in casing, tubing and other related facilities, which could create 

serious issues such as loss of life and environmental pollutions. The economic impact of 

corrosion can be enormous; Tems and Al-Zahrani, et al., [53] presented that the 

economic costs related to CO2 corrosion and oil refining plants can add up to 10% to 30% 

of the maintenance budget.  

Traditional corrosion mitigation methods include cathodic protection, coatings 

and the use of corrosion inhibitors [54,55]. However, cathodic protection is only 

applicable to external corrosion and where the structure to be protected is readily 

accessible. Coatings are also mainly used against external corrosion as their application 

requires routine maintenance. They can indeed be used on the internal surface of 

pipelines but are damaged during the process of welding/joining pipe sections [56]. 

Inspections and repairs are challenging if not impossible and small undetected damaged 

areas can lead to major failure, requiring facilities shut down and major economic losses.  

In comparison, the use of corrosion inhibitor presents many advantages for 

internal corrosion. First, inhibitors can be directly injected in the flow without affecting 

production and their use is relatively versatile as injection rates can be adjusted easily 

[57]. Secondly and most importantly, its associated costs are low compared to other 

mitigation techniques. This being said, many challenges also exist with the use of 

corrosion inhibitors. The selection of the appropriate chemical and dosage is a necessary 

and complicated step which requires comprehensive evaluation in simulated laboratory 
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environments. From an operational standpoint, it requires constant attention: discontinued 

inhibitor injection or injection at the wrong dosage are unfortunately too common. Issues 

related to partitioning (the inhibitor may have a tendency to accumulate in the oil phase) 

and with degradation (after exposure to harsh environments) also need to be taken into 

consideration. Proper monitoring of inhibitor concentration is possible but field reality 

often prioritizes production continuity over corrosion mitigation requirements [58]. 

Nevertheless, corrosion inhibitors have been used very effectively and extensively in oil 

and gas fields. In fact, the application of corrosion inhibitor as a mitigation method is not 

limited to the oil and gas industry – they are very common in packaging, automotive 

industry, chemical processing, etc. The presents review focuses on inhibitor formulations 

and experiences related to oil and gas production.  

2.2.2 Adsorption Mechanisms 

Since the basic working principle of most inhibitors is related to adsorption on 

metal surfaces, the study of the adsorption behavior of inhibitors is very important [59–

62]. Adsorption mechanisms of inhibitors can be classified as physisorption and 

chemisorption. Physisorption occurs by electrostatic attraction between inhibitor ions or 

intramolecular dipoles and a charged metal surface, whereas chemisorption involves the 

formation of primary bonds between an iron surface and the adsorbed molecules [55]. 

Although it is known that the inhibition performance of inhibitors is directly related to 

their adsorption behavior, how inhibitor adsorption occurs is often poorly understood.  
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Physisorption 

Physisorption involves an interaction between an adsorbent and an adsorbate, 

typically being governed by opposite charges being present. When a metal is placed in an 

electrolyte, its surface acquires a charge due to the adsorption and orientation of water 

molecules forming into a double layer [63]. Inhibitor molecules can also be charged 

(anions or cations) and have polar groups capable of forming an induced dipole. For 

example, the N atom in imidazoline molecules, or structural moieties, can be easily 

protonated [64]. The molecular polarity, charge, and ability to bond to the metal surface 

depends on the presence of lone pairs of electrons, π-electron clouds (aromatic ring 

systems), and functional groups. When both metal surface and inhibitors molecules are 

oppositely charged, Coulombic forces facilitate inhibitor adsorption onto the surface. 

Here, it is very important to introduce the concept of potential of zero charge (PZC), the 

potential of the electrode (vs. a given reference electrode) when the surface charge on the 

electrode is zero [65]. Amin, et al., [66] found the steel surface was positively charged vs. 

the PZC. Chloride ions (Cl−) in solution are then naturally attracted to the surface. The 

adsorption of Cl− also facilities the subsequent physisorption of cationic inhibitors, by 

acting as linkage between the positively charge surface and the positively charged 

cationic inhibitor molecule. Oguzie, et al., [67] found that introduction of iodide ions (I−) 

improved corrosion inhibition efficiency of methionine (MTI). They believed that the 

iodide ions were directly adsorbed on the mild steel surface and serve as adsorption sites 

for protonated MTI molecules (cationic inhibitors), which were drawn onto the surface.  
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Chemisporption 

Chemisorption is related to the formation of chemical bonds between the metal 

and the inhibitor molecules that contains unsaturated π bonds. Moretti, et al., [68] 

hypothesized that tryptamine (TA), which has high electron density, chemisorbed on the 

iron surface. In addition, they found that its adsorption Gibbs energy increased with 

temperature, which suggested that a complexation-type surface reaction occurred 

between iron and inhibitor molecules. This phenomenon can be categorized into 

chemisorption as well. Tedeschi, et al., [69] illustrated the basic working mechanism of 

chemisorption for an acetylenic corrosion inhibitor. They hypothesized that the inhibitor 

adsorbed on the surface through charge transfer from the π bond of the acetylenic group 

to the iron surface to form a coordinate type of bond.  

The most recognized method to evaluate whether an inhibitor was physisorbed or 

chemisorbed on metal surfaces is based on its adsorption Gibbs energy (∆G°ads) 

calculated from inhibition efficiency. It was proposed that an inhibitor with a value of 

∆G°ads around −20kJ⋅mol-1 is physisorbed on metal surface while ∆G°ads around 

−40kJ⋅mol-1 is chemisorbed inhibitor [70–72]. However, this classification might not be 

reliable due to the lack of a sound theoretical basis. The Gibbs energy only reflects the 

spontaneity of a reaction and is not directly related to the binding energy, which is a key 

difference between physisorbed and chemisorbed corrosion inhibitor. In addition, there is 

much evidence against this simple classification. Souza, et al., [73] found that a caffeic 

acid has ∆G°ads of −27.3kJ⋅mol-1, which is likely a physisorbed corrosion inhibitor 

according to the category. However, by using Raman spectroscopy, it was found that the 
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structure of the inhibitor was different when it was in a ‘pure compound’ form compared 

to when it was adsorbed on the electrode surface, indicating a possible chemisorption 

mechanism. Therefore, it can be seen that the classification of the adsorption mechanisms 

based on the value of ∆G°ads is not completely valid. This method requires further 

investigation and evaluation.  

2.2.3 Types of Corrosion Inhibitors 

Corrosion inhibitors used in the oil and gas industry are usually molecules 

containing one or more functional groups that have one or more heteroatoms (N, O, S, P). 

These atoms, directly or indirectly, play the role of anchoring the inhibitor onto the metal 

surfaces. This is important since the first stage of the inhibition in the corrosive media is 

by adsorption of inhibitors on metal surfaces. Many different types of chemical 

compounds or packages of chemical compounds are used in the industry to mitigate CO2 

corrosion. Here, the most widely used inhibitors are introduced and listed by different 

functional groups.  

Imidazoline-Based Inhibitor 

One of the most extensively used inhibitors is the imidazoline-type inhibitor. This 

inhibitor usually consists of three parts (as shown in Figure 1): a 5-member imidazoline 

head ring, a pendant chain and a long hydrocarbon chain of various carbon numbers. The 

imidazoline ring has two nitrogen atoms which work commonly as the adsorption sites; 

the side chain is considered as an anchor to the molecules [32,74] (-R2 group); the long 

hydrocarbon chain (-R1 group), usually hydrophobic, can drive the molecule towards the 

interface and also act as a barrier against water molecules and other corrosive species.  
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Figure 1. Schematic of a general imidazoline-type inhibitor 

 

Quat-Type Inhibitor 

Quat-type inhibitor, as indicated in its name, mainly consists of a quaternary 

ammonium group (see Figure 2). In the molecule, the nitrogen atom is the main 

adsorption site. In addition, it is likely that it involves only electrostatic-type interactions 

with surface (physisorption) attraction as there is no lone-pair or π-electrons present 

within its molecular structure. The R1, R2, R3 usually are short chain alkyl groups. R4 is 

a long hydrocarbon chain, which also acts as a repellent to water molecules and corrosive 

species, as for the imidazoline-type inhibitor.  

 

 

Figure 2. Schematic of a general quat-type inhibitor 

 

N N R2

R1
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Other Typical Inhibitors in Oil and Gas Industry 

The imidazoline-type and quat-type inhibitors are the most extensively used 

inhibitors in the oil and gas industry. However, other inhibitors are also used for different 

purposes. Acetylenic type inhibitor, which contains an ethynyl group, has a significant 

role in high temperature inhibition. Although it is reported to be very effective against 

high temperature corrosion, its effectiveness is critically dependent on the pH (usually 

<1) and mainly used against corrosion during pickling and acid cleaning during oil and 

gas production [75,76]. However, the pH in CO2-saturated environments, which are of 

interest in the present study, is usually only between 4 and 7. In addition, high doses of 

acetylenic-type inhibitor are required to be effective (10 wt.% and above), which makes it 

neither practical nor cost-effective. Therefore, the acetylenic type inhibitor is not a good 

candidate for inhibiting high temperature corrosion for internal pipeline applications.  

Another widely used inhibitor is phosphate-type inhibitor. This inhibitors has a 

similar structure compared to quat-type inhibitor except for a P atom which plays the role 

of adsorption site instead of the nitrogen atom. This inhibitor is also a good scaling 

inhibitor, which can be used against the formation of scales (CaCO3, MgCO3, etc.) and 

therefore prevent the blockage of pipelines [77–79]. However, this type of inhibitor is 

also particularly dangerous for the environment. It can pollute the water sources and 

endanger the safety of wildlife and humans [55]. It is therefore not commonly used in 

corrosion mitigation in pipelines in modern days.  

In summary, the most commonly used inhibitors for oil and gas field applications 

are still the imidazoline-type and quat-type inhibitors. Therefore, those two inhibitors 



   47 

were investigated in the current research. One more important thing that needs to be 

pointed out is that these inhibitors are not usually used solely as it is but as a part of a 

package of chemical compounds [57]. This is because organic compounds themselves 

have many limitations such as low solubility in the aqueous phase, high viscosity, etc. 

These limitations make the operational use of inhibitors difficult. Therefore, a proper 

package containing solvents, co-solvents, intensifiers and other ingredients is often used 

in the field applications.  

2.2.4 Effect of Temperature on Corrosion Inhibition 

As introduced earlier, little has been reported on the high temperature corrosion 

inhibition and its mechanism. However, there is extensive literature regarding low 

temperature corrosion inhibition (15°C to 65°C). It seems rather natural that 

understanding the mechanisms of corrosion inhibition at low temperature should serve as 

a solid foundation for investigation at higher temperatures.  

Available literature on the effect of temperature on the inhibition efficiency is 

rather confusing. The inhibition efficiency of particular inhibitors has been shown to 

decrease with temperature [32,66,80], whilst in other cases it increased with temperature 

[68,81]. Others have reported that the effect of temperature for a particular inhibitor is 

dependent on the temperature range under study [82]. Some examples of temperature 

effects on different inhibitors are shown in Table 2. 
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Table 2 Temperature effect on Inhibition Efficiency (IE) on various corrosion inhibitors 

Inhibitor Inhibitor Formula 
Temperature 

Effect on IE of 
Mild Steel 

Methylthiourea 
 

IE decreased with 
temperature (30-

50°C) [80] 

Amino acids: 
Serine, Threonine, 

Glutamine 
 

 

 

 

IE decreased  with 
temperature (10-

60°C) [83] 

Tryptamine 
 

IE increased with 
temperature (25-

55°C) on ARMCO 
iron [84] 

2-
mercaptothiazoline  

IE increased with 
temperature(25-

55°C) [81] 
Vinyl alcohol-o-
methoxy aniline 

 

IE first increased 
with temperature 
(30-50°C) then 
decreased with 

temperature (50-
70°C) [82] 

 

The understanding of the complex interactions between temperature and 

inhibition efficiency is quite limited. It was generally believed that the role of 

temperature on the inhibition performance is related to the adsorption mechanism of the 

inhibitor. Inhibitors whose efficiency decreases with temperature are frequently 

interpreted as being physisorptive inhibitors; the reverse effect, when the inhibition 

efficiency increases with temperature, suggests a chemisorption mechanism [84–90]. 
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However, as far as the mechanisms behind these assertions are concerned, the 

understanding is still limited. Bentiss, et al., [85] studied the role of a thiadiazole-type 

inhibitor on the corrosion behavior of mild steel in an acidic environment at different 

temperatures (30°C-60°C). They found that the efficiency of the inhibitor increased with 

temperature and attributed the temperature dependency as a sign of the chemical 

adsorption. However, there was no further discussion on what correlates the temperature-

dependent behavior with the nature of chemisorption. Popova, et al., [91] investigated the 

effect of temperature (20°C-60°C) on mild steel corrosion with and without derivatives of 

benzimidazole derivatives. The inhibitors’ performance was found to generally decrease 

with an increase in temperature, which could be related to the physisorptive nature of 

these inhibitors. In addition, to prove the nature of physisorption, they also investigated 

the role of anions by the addition of potassium iodide (KI) and found a synergistic effect 

between KI and the inhibitors. Therefore, they concluded that the adsorption of the 

benzimidazole derivatives was likely through the electrostatic adsorption of the 

protonated form of the compounds. Although they confirmed the likelihood of the 

physical adsorption of the inhibitor, the authors provided no further explanation of how 

temperature affects adsorption behavior.  

In addition, the effect of temperature can be not limited to adsorption behavior. 

Most inhibitor molecules are organic and their molecular structure is sensitive to 

temperature. Therefore, thermal stability could be another important consideration, 

especially at high temperatures (150°C-250°C). However, the thermal stability of 

corrosion inhibitors is usually neglected. This is expected because most inhibitors are 
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required to be thermally stable, which means that there should be no chemical 

degradation through hydrolysis, condensation, polymerization, etc. [92]. Therefore, the 

stability of inhibitors is usually pre-tested before application. Solmaz, et al., [81] 

investigated the thermal stability of 2-mercaptothiazoline (2-MT) corrosion inhibitor 

using thermogravimetric analysis (TGA). They found that 2-MT exhibited a relatively 

good thermal stability. The TGA curve for pure 2-MT compound showed only one 

instant weight loss at 170°C (up to 440°C), which could be related to the loss of moisture 

and impurities. However, the working temperature of this inhibitor was only up to 90°C. 

Therefore, the inhibitor should still provide a high protective efficiency under the tested 

environments without considering the effect of its degradation. However, growing 

concerns have been paid to the role of the thermal stability of corrosion inhibitors. Zheng, 

et.al., [93] investigated the durability of 2-mercaptobenzimidazole (MBI) in a post-

combustion CO2 capture system using long-term immersion corrosion tests. They found 

that the inhibitor degraded at pressure above 4.13×105 Pa and temperature above 108°C 

and the degradation led to the formation of a non-protective FeS layer on the metal 

surfaces. Therefore, it is suggested that the corrosion inhibitors with thiol group might 

not be a good candidate for high temperature environments.  

On the other hand, some molecules, like acetylenic corrosion inhibitors, can react 

with each other at high temperature and form into polymerized multilayers [69],[94], 

hence increasing inhibition efficiency [75]. Consequently, the molecular degradation of 

corrosion inhibitors does not necessarily lead to a decrease in the performance of 

corrosion inhibitors. In conclusion, the high temperature effect on the thermal stability of 
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inhibitor molecules is complicated and needed to be investigated separately according to 

different inhibitors.  

As far as the imidazoline-type inhibitor is concerned, there is still no consensus on 

how temperature affects its behavior. Okafor, et al., [95] investigated the inhibition and 

adsorption behavior of 2-undecyl-1-ethylamino imidazoline (2UEI) in a CO2-saturated 3 

wt.% solution using various electrochemical methods. They found that the increase of 

temperature led to an increase in the inhibition efficiencies of this imidazoline-type 

inhibitor. They also measured the ∆G°ads as −48.18kJ⋅mol-1, and proposed the chemical 

adsorption mechanism of this inhibitor. Therefore, they attributed the increased 

performance of the corrosion inhibitor at higher temperatures as a result of its 

chemisorptive behavior. They also investigated the inhibition behavior of a rosin amide 

imidazoline (RAIM) inhibitor using similar electrochemical methods [96]. Again, they 

noticed the performance of this inhibitor increased over the tested temperature range and 

associated the increased efficiency with the chemisorptive nature of RAIM. Other 

researchers [97] also found that the inhibitive performance of the imidazoline-type 

inhibitors was enhanced by higher temperatures. However, not all the imidazoline-type 

inhibitors’ performance seems to follow this temperature-dependency. Zhang, et al., 

[98,99] examined the inhibition performance of three different halogen-substituted 

imidazoline derivatives (1-IM, 2-IM, 3-IM) for mild steel in a hydrochloric acid solution 

from 30°C-70°C. They noticed that the performance of the two inhibitors either 

decreased (1-IM, 3-IM) or only slightly changed (2-IM) at elevated temperatures. 

Therefore, the authors concluded that these three inhibitors are mainly physisorbed on the 
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metal surfaces. He, et al., [100] studied the inhibition properties of 2-phenyl-2-

imidazoline (2-PI) on AA5052 aluminum alloy in 1M HCl solution. A decrease in 

inhibition efficiency was also identified in their research. Quiraishi, et al., [101] also 

investigated the performance of some imidazoline derivatives on the corrosion inhibition 

of aluminum in acid solutions at various temperatures (30°C-60°C). They found a 

decrease in inhibition efficiency with a rise in temperature for all the tested imidazoline 

derivatives. Therefore, it can be seen that the role of temperature on the performance of 

imidazoline-type inhibitor is still unclear.  

In addition, the imidazoline-type inhibitor was reported to be unstable in aqueous 

solutions. The synthesis of imidazoline-type inhibitor goes through a 2-step dehydration 

reactions between diamines and carboxylic acids [102,103]. The first dehydration 

reaction forms into an amide precursor and the second yields the closed-ring final product 

imidazoline inhibitor. The synthesis reactions usually occur at elevated temperatures 

(above 150°C) in vacuum conditions [104]. Therefore, the inhibitor molecules are 

supposed to be stable at lower temperatures. However, Martin and Valone [102] 

investigated the actual chemical composition of commercially available imidazoline-type 

inhibitors using various spectroscopic methods (Fourier transform infrared (FTIR), 

carbon-13 nuclear magnetic resonance (13C NMR), ultraviolet (UV) spectroscopy). They 

confirmed that the inhibitor formulation changed from imidazoline to its amide precursor 

with time. More importantly, they found the inhibition performance of the two 

formulations were not quite different. Other researchers [105] also found that the amide 

precursor showed a similar inhibition performance. However, Cruz, et al., [106] found 
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that such an imidazoline-type inhibitor showed a much higher performance than its amide 

precursor using electrochemical impedance spectroscopy (EIS). Olivares-Xometl, et al., 

[107] also studied the inhibitor films formed by imidazoline and its amide precursor 

using gravimetric (weight loss) and many electrochemical techniques. They found that 

the imidazoline appeared to be a more efficient inhibitor compared to its amide precursor. 

From the literature reviewed, it can be seen that the thermal stability and its role on the 

performance of imidazoline-type inhibitor are also not clear.  

The temperature effect on the inhibition performance of the quaternary 

ammonium type inhibitor, the other inhibitor of the current research, is relatively 

straightforward compared to the imidazoline-type inhibitor. Soror and El-Ziady [108] 

investigated the performance of cetyl trimethyl ammonium bromide (CTAB) on the 

carbon steel corrosion in HCl and H2SO4 solution from 30°C to 60°C, using weight loss 

and other electrochemical methods. They discovered that the inhibition performance of 

CTAB generally decreased over the tested temperature. Deyab [109] studied the 

corrosion behavior of carbon steel in formation water with the presence of dodecyl 

dimethyl ammonium chloride (CS) from 30°C to 70°C. The author also found that the 

inhibition efficiency of CS decreased with increasing temperature. The rather simple 

pattern of temperature effect of the performance of the quat-type inhibitor might be 

related to its physisorptive nature. Typically, the quaternary ammonium type inhibitor is 

cationic and has no unpaired electrons in the molecules for coordinate bonds. Therefore, 

it can only be physisorbed through electrostatic attraction. Moreover, as far as the thermal 

stability of the quat-type inhibitor, little has been reported.  
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Last but not least, the corrosion behavior itself might have certain effects on the 

adsorption behavior at elevated temperatures. The dissolution of the steel substrate 

electrode during the corrosion process makes the surface unstable. As a result, the 

corrosion of electrodes can also affect the adsorptive behavior of inhibitor molecules. 

Drazic and his coworkers [110,111] suggested that the dissolution rate of metal can 

enhance the desorption of the inhibitor. Therefore, the inhibition performance might 

decrease with higher corrosion rates. Moreover, as discussed earlier, corrosion products 

(FeCO3) can also form over time during the corrosion process and play an important role 

on the performance of corrosion inhibitors. However, the understanding related to this 

aspect is still limited [112–114]. In addition, at elevated temperatures, Fe3O4, a corrosion 

product otherwise not commonly encountered at low temperature in the CO2-containing 

system, can form. However, the role of Fe3O4 on the inhibition performance has yet to be 

characterized.  

In summary, the role of temperature on corrosion inhibition is complex and 

differs from inhibitor to inhibitor. The understanding of the effect of temperature on 

inhibitor adsorption behavior is also limited. In addition, most research efforts on 

temperature effects have only focused on lower temperatures (below 80°C) and the 

thermal stability of these organic inhibitor molecules are not often discussed. Therefore, 

it is necessary to investigate the temperature effect on the inhibitors from a mechanistic 

point of view along with the thermal stability of corrosion inhibitors.  
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2.2.5 Testing Techniques 

Many techniques have been applied to explore the various characteristics of the 

inhibitor. These techniques can be categorized according to their purposes. Some 

techniques are mainly used for evaluating inhibition efficiency; some techniques are used 

for determining the adsorption behavior of the corrosion inhibitor; some are for the 

characterization of corrosion inhibitors themselves. In this section, these testing methods 

are introduced separately.  

Techniques Used for the Determination of Inhibition Efficiency 

Inhibition efficiency is of great concern in corrosion inhibitor research. It is the 

most important indication of the performance of corrosion inhibitor. Many methods have 

been used for evaluating the inhibition efficiency. These methods include linear 

polarization resistance (LPR), polarization sweeps, electrochemical impedance 

spectroscopy (EIS), and weight loss measurement [115,116].  

The evaluation of efficiency of a corrosion inhibitor is usually through the 

following equation:  

 𝐼𝐼𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑐𝑐 𝐹𝐹𝑒𝑒𝑒𝑒𝑖𝑖𝑐𝑐𝑖𝑖𝐹𝐹𝑐𝑐𝑐𝑐𝑒𝑒(𝜂𝜂) = �1 −
𝐶𝐶𝑃𝑃𝑏𝑏𝑖𝑖ℎ
𝐶𝐶𝑃𝑃𝑢𝑢𝑖𝑖𝑏𝑏

� × 100% (23) 

where, CRuni is the corrosion rate without the addition of corrosion inhibitor, CRinh is the 

inhibited corrosion rate. LPR, EIS, polarization sweep, and weight loss method can all 

provide values of CRuni and CRinh. Among these methods, LPR is the most convenient 

method for determination of η. However, it requires some knowledge of the corrosion 

mechanisms for calibration and can be therefore less accurate than the weight loss 

method, especially in solution with a low conductivity [115]. The weight loss method is 
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the most reliable method to measure the corrosion rate and has a wide range of 

applications in various environments even in hydrocarbon phases. Nevertheless, the 

method only provides time averaged corrosion rates and cannot help determine the 

corrosion trends over time [115,117].  

EIS is also a convenient method for the on-line measurement of corrosion rates 

[118]. Similarly to LPR, it has limited applications in poorly conductive solutions 

because the high solution resistance might compromise the measured polarization 

resistance. In addition, this technique is more complicated than LPR and the 

interpretation of the data requires some level of expertise that typically limits its 

systematic use [57,115].  

Techniques Used for Characterizing the Adsorption Behavior of Inhibitor 

 The inhibition efficiency of an inhibitor is closely related to its adsorption 

behavior. Most researchers have assumed that inhibition efficiency (𝜼𝜼) is the same as the 

degree of surface coverage by the inhibitor molecule (θ) [29,31,119,120]. This simple 

model which assumes that part of the metal surface is fully covered by the adsorbed 

inhibitor molecules and part of the surface is completely free goes against recent findings 

[121,122]. While the adsorption of inhibitor might lead to a decrease in the corrosion 

rate, the degree of the inhibition efficiency is dependent on many factors such as the size 

of the inhibitor molecule, the nature of the active sites, the material tested, the solution 

chemistry, etc. In addition, the inhibition efficiency, as measured by LPR for example, 

cannot provide any in-depth information about the properties of the inhibitor films, such 

as the persistence (adhesion force), the viscoelasticity of the films, the structures of the 
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adsorbed films (number of layers, orientations of the adsorbed inhibitor molecules), etc. 

Therefore, more efforts are necessary to investigate the adsorption behavior of inhibitors.  

 Quartz crystal microbalance (QCM) has been primarily used for the studies of 

thin films on an electrode. The operation of QCM is built on the converse piezoelectric 

effect of quartz. Jacques and Pierre Curie [123] discovered the piezoelectric effect when 

they found that when there was mechanical stress applied on the crystal surfaces, an 

electrical potential was generated across the surface corresponding and proportional to 

the applied forces. Vice versa, the applied electrical potential can induce mechanical 

stress on the surfaces. Gunter Sauerbrey [124] used the piezoelectric effect for micro-

gravimetric applications. He developed the relationship between the mass changes, due to 

adsorption or precipitation of molecules/compounds on a substrate, and the frequency 

change of quartz crystals where the substrate is deposited, as Sauerbrey equation:  

 ∆𝑒𝑒 = −2𝑒𝑒02(𝜇𝜇𝑎𝑎𝜌𝜌𝑎𝑎)−1/2 ∆𝑚𝑚
𝐴𝐴

 (24) 

or simply:  

 ∆𝑒𝑒 = −𝐶𝐶𝑓𝑓 ∙ ∆𝑚𝑚 (25) 

where ∆f is the measured resonant frequency shift (Hz), f0 is the original resonant 

frequency of the quartz crystal without mass loaded (Hz), µq and ρq are the density and 

the shear modulus of the quartz, in g cm-1⋅s-2 and g cm-3, respectively. A is the 

piezoelectrically active area (cm-2), Cf is the sensitivity factor for the crystal, and the 

negative sign is an indication that the mass increase results in a frequency decrease.  
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A QCM with a resonant frequency of 5 MHz can detect mass changes as small as 

several nanograms. Therefore, QCM appears to be an ideal tool study the adsorption of 

corrosion inhibitors.  

 Knag, et al., [125] studied the adsorption behavior of CTAB on a gold-coated 

crystal with the presence of short-chain alcohols using the QCM technique. They found 

that the addition of short alcohols can reduce the adsorption of CTAB. The addition of 

the alcohols led to the change of the inhibitor’s molecular packing ratio, from spherical 

aggregates to a bilayer film that is similar to a lamellar crystalline phase. Gutig, et al., 

[126] measured the adsorption of CTAB (cationic) and CH3(CH2)11(OCH2CH2)6OH 

(C12E6) from aqueous solutions onto the gold and silica surfaces using QCM. Their 

results indicated that C12E6 formed a monolayer-like structure and CTAB developed a 

double layer-like structure on both surfaces when the concentration in the solutions 

exceeds the critical micelle concentration (CMC). Obviously, the use of QCM did 

improve the understanding of the adsorption behavior and hence the structures of the 

inhibitor films. However, QCM has a number of limitations. For example, although Gutig, 

et al., [126] detected the formation of monolayer/bilayer-like structures, they could not 

determine the accurate structure of the adsorbed films, whether it belongs to monolayers, 

hemi-cylinders or hemispheres nor between bilayers, cylinders, or spheres. As a result, 

they always used the term ‘monolayer/bilayer-like’. Moreover, many researchers had 

reported that the QCM measurement might overestimate the adsorption of the adsorbate 

[127,128]. Hook, et al., [127] investigated the adsorption behavior of a mussel adhesive 

protein (Mefp-1) on a gold surface using three techniques, specifically QCM, 
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ellipsometry, surface plasmon resonance (SPR), separately. They found that a much 

larger mass uptake was measured by QCM compared to SPR and ellipsometry. With 

further experiments using D2O as the supporting electrolyte, the authors concluded that 

the overestimation was because that the adsorption of Mefp-1 happened with a large 

portion of trapped water, which formed into a hydrogel-like protein film. Macakova, et 

al., [128] studied the adsorption of didodecyltrimethylammonium bromide (C12)2-DAB 

(DDAB), the single-chained hexadecyltrimethylammonium bromide C16TAB (CTAB), 

and dodecyltrimethylammonium bromide C12TAB (DTAB) on silica surfaces using QCM 

together with atomic force microscopy (AFM). They also noticed a mass increase 

associated with water trapped in the adsorbed films. However, Gutig, et al., [126] 

attributed this mass gain as a result of surface roughness, instead of trapped water. In 

conclusion, the use of QCM to study the adsorptive behavior of inhibitor, while 

promising, can also generate misleading results.  

Atomic force microscopy (AFM) is another advanced technique to study the 

surfaces with adsorbed molecules. It uses a physical probe to scan the surface at the 

atomic level. AFM does not require any surface pretreatment and or the use of a vacuum 

environment. Therefore, it has a wide applicability in both gas and liquid environment 

and makes an excellent technique for studying the adsorption of inhibitors. Atkin, et al., 

[129] stated that the use of in situ AFM imaging is perhaps the greatest advance in the 

investigation of the adsorption of surfactants at the solid-liquid interfaces in the last 

decade. However, the use of AFM in the research of corrosion inhibitor adsorption is still 

mostly limited to surface imaging. Solmaz, et al., [81] investigated the surfaces of mild 
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steel exposed to HCl solution in the presence and absence of 2-MT using AFM 

topography. They found that the addition of inhibitor formed a protective film on a mild 

steel surface. Karlsson, et al., [130] investigated the aluminium oxide surfaces with the 

presence of two different inhibitors, sodium dodecyl sulfate (SDS) and sodium dodecyl 

phosphate (SDP), using AFM imaging. They found that the adsorption of SDP was strong 

while no apparent adsorption was noticed for SDS. It can be seen that AFM imaging only 

provided a direct analytical support for the adsorption of inhibitors. More recently, Xiong, 

et al., [131] investigated the films of a tall oil fatty acid (TOFA) imidazoline-type 

inhibitor using an in situ AFM. The structure of the adsorbed inhibitor film was found to 

be bilayer when the concentration was above the CMC. More importantly, they could 

measure the normal force required to damage the film and pointed out that the shear 

stress levels typically encountered in oil and gas applications were not likely responsible 

for the removal of corrosion inhibitor films.  

Although more attention has been paid to investigate the adsorption behavior of 

inhibitors, plenty of unanswered questions remain. One of them is how to relate the 

inhibition properties with its adsorption behavior. It is widely accepted that the inhibition 

performance of inhibitor is closely related to the adsorption behavior, however, the 

intrinsic connections are still not clear. The most significant example is whether it is 

acceptable to simply equate coverage (θ) to inhibition efficiency (η).  

Techniques Used for Inhibitor Characterization and Evaluation 

As stated above, inhibitors are usually organic species and their structures are 

temperature-sensitive. As a result, their molecular structure might change at elevated 
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temperatures and, hence, affect their performance as inhibitors. Moreover, in the 

application of corrosion inhibitors, reactions between inhibitor molecules and other 

chemical species in the system, their adsorption onto solid surfaces (parasitic 

consumption), and solubility changes could all affect inhibitor concentration. To maintain 

the facility integrity and operational safety, it is necessary to add more inhibitor when its 

concentration is depleted/low. Therefore, many techniques have been developed to 

accurately determine residual inhibitor concentrations, thus enabling their adjustment to 

appropriate, predefined values [58].  

Current techniques used for evaluating corrosion inhibitors are mostly based on 

spectroscopic methods. Ultraviolet and visible (UV-vis) spectroscopy has the advantages 

of ease to operate and inexpensiveness. The robustness of this technique makes it 

routinely used in many laboratories. However, to strengthen the signals, the use of UV-

vis usually requires the addition of dyes, most of which are toxic; this brings in safety 

concerns for the analyst [58]. Spectroscopic techniques have been used for analyzing the 

inhibitors of interest in the research reported in this dissertation. Martin and Valone [102] 

compared the UV spectra of a pure imidazoline-type inhibitor, a commercial amide 

(imidazoline precursor), an imidazoline-formulated inhibitor and an aged imidazoline-

formulated inhibitor. They found that the imidazoline-formulated inhibitor consisted of 

both characteristic peaks of amide and imidazoline, suggesting the inhibitor contained 

both molecules.  

Fourier transform infrared (FTIR) spectroscopy is also a rapid and precise 

technique that can be used to determine the composition of inhibitors. However, its 



   62 

operation is usually for hydrocarbon phases and is less applicable to aqueous samples. 

Therefore, its usage is usually limited to quality control in the manufacture of 

imidazolines and amides. Martin and Valone also investigated the FTIR spectra of pure 

imidazoline, precursor amide, and commercial imidazoline relating to the inhibitor 

molecules. Again, the results confirmed that the commercial imidazoline-type inhibitor 

was a mixture of imidazoline and amide species.  

Mass spectroscopy (MS) is a sensitive analytical tool capable of detecting 

molecules in the water phase. The use of MS is usually coupled with other techniques, 

such as liquid chromatography (LC) and electrospray ionization (ES). The sophisticated 

MS instrument usually requires advanced training for operation and spectral 

interpretation [58]. Gough and Langley [132] analyzed the quaternary ammonium and 

imidazoline corrosion inhibitor using electrospray mass spectroscopy (ES-MS) coupled 

with high-performance chromatography (HPLC). They found that the technique had the 

potential of quantifying both inhibitor residual concentrations in complicated production 

fluids.  

NMR is also a powerful tool in determining the structures of the organic species. 

In Martin and Valone’s work, they also studied the hydrolysis of imidazoline to amide 

using 13C NMR. It was found that the molar ratio of imidazoline/amide decreased more 

than 20-fold in 20 days.  
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CHAPTER 3: OBJECTIVES AND HYPOTHESES 

3.1 Research Objectives 

According to the literature review, the performance of corrosion inhibitors can be 

affected by temperature in two ways: either by influencing the equilibrium of 

adsorption/desorption of inhibitor according to their specific adsorption mechanisms or 

by modifying (‘degrading’) the inhibitor molecular structures. It is also impossible to 

investigate the behavior of every single surface active molecule. Rather, a few candidate 

inhibitors (imidazoline-type and quat-type inhibitors) are selected based on their 

commonality and proven performance at low temperature. 

Based on these considerations, two hypotheses are proposed:  

• 1st hypothesis: As temperature increases, the desorption of the inhibitor is favored 

and the inhibitor efficiency is lost as long as the dominant adsorption mechanism 

is physisorption. In the case of chemisorption, the opposite behavior is expected. 

• 2nd hypothesis: Inhibitor structure alterations due to thermal degradation are 

directly linked to the loss or gain of efficiency. 

Based on these two different hypotheses, the main objectives of my research can 

be distilled down to two parts: 

• 1st objective: Investigate the temperature effect on the adsorption/desorption 

behavior of the candidate inhibitors based on their adsorption mechanisms. 

• 2nd objective: Study the effect of thermal stability of candidate inhibitors on their 

corrosion inhibition efficiency. 
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3.2 Research Strategy 

The scope of work not only involves the investigation of adsorption behavior and 

corrosion inhibition performance of selected corrosion inhibitors, but also tackles the 

issue of their thermal stability in a wide range of temperature conditions from low (25°C) 

to high (150°C). The complex systematic study requires an explicit strategy. Therefore, a 

three-step research plan was established to address the objectives of the study: 

• Step #1: The adsorption characteristics and inhibition performance of corrosion 

inhibitors at low temperatures will be established using QCM and electrochemical 

methods, at 25°C-80°C.  

• Step #2: Inhibitors will be directly tested at higher temperature (80°C-150°C), 

without any pre-heat treatment. Their performance will be evaluated using 

electrochemical methods. Corrosion inhibition performance will be established 

and understood.  

• Step #3: Corrosion inhibitor concentrations will be determined at different 

temperatures before and after experiments using spectroscopic methods. By 

checking if the structure of the inhibitor changed after experiments, the 

relationship between the thermal stability and the inhibition performance will be 

established.  

The dissertation is organized in the same procedure. The adsorption behavior and 

inhibition properties of imidazoline-type inhibitor at 25°C-80°C are introduced in 

Chapter 4, followed by the high temperature (120°C-150°C) inhibition performance of 

the imidazoline-type inhibitor in Chapter 5. The role of the thermal stability of the 
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imidazoline-type inhibitor is discussed in Chapter 6. Similarly, the inhibition properties 

of the quat-type inhibitor at low temperatures and high temperatures are discussed in 

Chapter 4 and Chapter 5, respectively. The role of thermal stability of the quat-type 

inhibitor is described in Chapter 9.  

3.3 Experimental Strategy 

3.3.1 Summary of Techniques Used in This Study 

Adsorption/desorption mechanisms are studied either by directly measuring mass 

change with the QCM techniques or interpreting LPR measurements. The kinetics and 

thermodynamics of the adsorption were evaluated. In addition, issues in QCM results 

interpretation were identified during the experimental campaign and are discussed in the 

next section. The inhibitor efficiency is assessed by performing corrosion tests in glass 

cell and autoclave experiments and measuring uninhibited and inhibited corrosion rates 

with LPR. Finally, inhibitor degradation is investigated by measuring the inhibitor 

concentration by UV-vis and the inhibitor composition by LC-MS and NMR. The 

experimental setups and methodologies are described in detail in each related chapter. 

3.3.2 Significance of QCM Interpretation  

Section 3.3.1 presented a brief summary of the QCM technique and how it has 

been used to measure adsorption of organic compounds. However, several issues arose 

during experimentation which made the interpretation of the results problematic. This 

section presents an effort to discuss the meaning of QCM measurements and justify how 

the results are presented.  
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The use of QCM to interpret the adsorptive behavior of inhibitors plays an 

important role in this project. Although it has shown promising use in the research of 

adsorption studies presented in the literature review, its interpretation can be problematic.  

The most popular quartz crystal cut is the AT-cut (sliced at an angle of 35°15′ 

with respect to the x-axis) [133]. There are many advantages of the AT-cut crystal: 

firstly, it is capable of vibrating at a relatively high frequency, which ensures its ability to 

detect micro mass changes (nanogram level); secondly, it exhibits excellent stability in 

terms of frequency vs. temperature [134] (-25°C to 110°C in aqueous solution). This is 

also crucial for the current research which focuses on temperature effect. Last but not 

least, it can be obtained rather economically [133]. Therefore, the crystals used in the 

present research are all AT-cut crystals.  For these crystals, the sensitivity factor in the 

Sauerbrey equation (Equation (25)), Cf, for a 5MHz crystal can be determined as:  

 𝐶𝐶𝑓𝑓 = 56.6𝐻𝐻𝐻𝐻 ∙ 𝜇𝜇𝜇𝜇−1 ∙ 𝑐𝑐𝑚𝑚2 (26) 

As mentioned earlier, the Sauerbrey equation is used to convert the change in 

frequency of the crystals, directly measured with the QCM, into mass change (i.e., mass 

adsorbed). However, the validity of the Sauerbrey equation is based on the assumption 

that the adsorbed film is rigid, evenly distributed, and thin [127]. Some of these 

assumptions might not be verified when applied to adsorption of inhibitor films in 

aqueous environments. As introduced earlier, Hook, et al., [127] found that the 

adsorption mass of Mefp-1 measured by QCM was not ‘real’ mass, which was largely 

overestimated as a result of water molecules trapped in the adsorbed film. The damp 

adsorbed layers (hydrogel-like film) can cause a considerable energy dissipation, which 
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invalidates the use of the Sauerbrey equation for the conversion of frequency changes 

into mass adsorbed. Similarly, the mass changes measured in the current research, using 

the Sauerbery equation, clearly yielded inaccurate results. As an example, the adsorbed 

mass of imidazoline-type inhibitor calculated from the Sauerbrey equation was usually 4-

6µg⋅cm-1. However, the mass of a single layer of imidazoline-type inhibitor, evaluated 

through the estimate molecule footprint, is around 0.22µg⋅cm-1, suggesting that there 

were 20-30 layers of corrosion inhibitor molecules adsorbed. The extremely high number 

of layers is most likely incorrect. The literature [105,135] indicates that the adsorption of 

imidazoline-type inhibitor is most likely through a bilayer-structure. In addition, the 

adsorption kinetics was found to follow the Langmuir adsorption model, which excludes 

the possibility of multi-layer development. Therefore, the adsorbed mass (∆m) of 

imidazoline-type inhibitor was most likely overestimated when calculated directly from 

the Sauerbrey equation.  

Although the conversion from frequency change to mass adsorbed was found to 

be misleading, the use of frequency change (∆f) itself can still provide important kinetic 

information. Consequently, all QCM results presented in this dissertation are shown in 

terms of frequency change (∆f), instead of mass change (∆m).   
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CHAPTER 4: THE EFFECT OF TEMPERATURE ON THE ADSORPTION 
BEHAVIOR AND INHIBITION PERFORMANCE OF AN IMIDAZOLINE-TYPE 

INHIBITOR AT LOWER TEMPERATURES (25°C TO 80°C) 

4.1 Introduction 

Understanding the role of high temperature on the inhibition performance is a 

complex task. First, many aspects of the tested system are affected by an increase in 

temperatures and each of them must be taken into account. More importantly, any 

attempt to investigate the role of high temperature also needs to be built upon existing 

knowledge developed at lower temperature ranges.  

In this chapter, the adsorption behavior of an imidazoline-type inhibitor was 

investigated using a quartz crystal microbalance (QCM) at various temperatures (25°C, 

50°C, and 80°C). The inhibition performance of the inhibitor was also evaluated using 

electrochemical methods (LPR) in the same environments. In addition, a comparison 

between the adsorption behavior and the inhibition performance was made to establish a 

relationship between them.  

4.2 Experimental 

4.2.1 Equipment and Procedure 

QCM Measurement 

The adsorption behavior of the selected imidazoline-type inhibitor was studied 

using a Stanford Research System (SRS) quartz crystal microbalance (Series No. 

QCM200). The system consists of a controller, a crystal oscillator, a crystal holder, and a 

gold-coated quartz crystal (total surface area of 4 cm2, AT-cut, 5 MHz). The QCM 

measurements were carried out in a glass cell, as shown in Figure 3. The electrolyte 
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generally consisted of 1 wt.% NaCl aqueous solution. CO2 gas was sparged continuously 

during the test to remove oxygen and maintain a constant CO2 partial pressure. The 

solution was stirred with a stir bar at a speed of 200 rpm to make the solution well mixed. 

A temperature probe was used to monitor the temperature of the solution during these 

tests. The solution pH was continuously recorded with a pH probe immersed in the 

electrolyte. Once the solution had been purged for more than two hours and the desired 

temperature had been achieved, the pH of the solution was adjusted to 4.0 by adding 

deoxygenated diluted HCl or NaHCO3 solution. The QCM holder was then immersed 

into the test electrolyte and the mass recording was started. After each experiment, the 

crystal was cleaned in isopropanol with ultra-sounding for 3 minutes.  

 

 

Figure 3. Configuration of a QCM in a glass cell (Courtesy of Cody Shafer) 
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Corrosion Measurement 

The corrosion behavior of an API 5L X65 pipeline steel in the presence of 

different concentrations of inhibitors was investigated using electrochemical methods and 

surface analysis. The chemical composition of the API 5L X65 used in the present study 

is given in Table 3. The steel displayed a quenched and tempered microstructure. A 

typical three-electrode glass cell was used to study the inhibition performance of the 

corrosion inhibitor, as shown in Figure 4. The working electrode (WE) was a cylindrical 

electrode, 1.2 cm diameter by 1.4 cm in height. A platinum mesh was used as a counter 

electrode (CE). In addition, an external saturated silver/silver chloride (Ag/AgCl) 

electrode was used as a reference electrode (RE) via a Luggin capillary. The solution was 

also mixed using a stir bar at 200 rpm. 

The electrolyte selected for the corrosion experiments was also a 1 wt.% NaCl 

aqueous solution, as for the QCM measurements. The test solution was continuously 

sparged with CO2 to remove oxygen and maintain the partial pressure of CO2 during the 

experiments. When the desired temperature was achieved, the pH of the solution was 

adjusted to 4.0 using diluted deoxygenated HCl or NaHCO3. Before being inserted in the 

solution, the WE specimen was polished with 200 grit, 400 grit and 600 grit sandpaper, 

rinsed with alcohol and dried with N2 as a routine procedure. In addition, two square 

specimens (1.27 × 1.27 × 0.2 cm) were used in each test for additional information, such 

as mass balance. The same procedure was applied to the specimens selected as the 

working electrode. Those specimens were immersed in the solution at the same time 

when the WE were immersed. During the tests, a deoxygenated and diluted HCl solution 
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was injected to maintain the solution pH which tended to increase, due to the ongoing 

corrosion process and release of corrosion products. The corrosion rate was monitored 

using linear polarization resistance. Polarization resistance measurements were 

performed from -5mV from the open-circuit potential (OCP) to +5mV from OCP at a 

scanning rate of 0.125mV/s. The B value for the corrosion rate determination is 

23mV/decade. Initially, the corrosion rate before the injection of corrosion inhibitor was 

recorded as a baseline. Following inhibitor injection, the corrosion rate was monitored 

until it stabilized for more than 5 hours. 

 

Table 3. Chemical composition (wt. %) of the API 5L X65 

C Mn Si Al Cr V Mo Ni Fe 

0.045 1.2 0.17 0.028 0.25 0.042 0.092 0.29 Balance 
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Figure 4. Configuration of the 3-electrode glass cell (figure courtesy of Cody Shafer) 

 

4.2.2 Tested Inhibitor 

The tested corrosion inhibitor was an imidazoline-type inhibitor. The effective 

ingredient is a tall oil fatty acid/dietheltriamine (TOFA/DETA) imidazoline. Its general 

structure is given in Figure 5. Here, it is worthy to note that the inhibitor is actually in its 

protonated form. That is because the imidazoline molecule has a strong tendency for 

protonation into imidazolinium in an acidic environment. Therefore, for the reason of 

accuracy, the inhibitor is named as ‘imidazoline-type inhibitor’. In addition, the inhibitor 

itself has a limited water solubility and a high viscosity which make its use as a pure 

molecule rather impractical. Instead, it is introduced in a package of chemicals developed 

to increase its solubility in water and facilitate its transport to the metal substrate. The 

detailed information on the inhibitor package is given in Table 4.  
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Figure 5. General structure of the TOFA/DETA imidazolinium 

 

Table 4. Package information of imidazoline-type inhibitor 

 TOFA/DETA 
imidazoline Acetic acid 2-

butoxyethanol water 

Percentage 24% 10% 13% 53% 
 

4.2.3 Test Matrices 

Experiments were carried out at various temperatures and concentrations. The test 

matrices of QCM measurements and corrosion measurements are given in Table 5 and 

Figure 6. 
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Table 5. Test matrix for QCM experiments of the imidazoline-type inhibitor 

Description Parameters 
Temperature/°C 25 50 80 

Electrolyte 1 wt.% NaCl solution saturated with CO2 
Inhibitor Talloil fatty acid diethyltriamine imidazoline 
Inhibitor 

concentration/ppm 
11/22/44/88 

Material 5MHz polished gold-coated crystal 
pH 4 

Stirring bar speed/rpm 200 
 

Table 6. Test matrix for corrosion measurements of the imidazoline-type inhibitor 

Description Parameters 

Temperature/°C 25 50 80 
Electrolyte 1 wt.% NaCl solution saturated with CO2 
Inhibitor Talloil fatty acid diethyltriamine imidazoline 
Inhibitor 

concentration/ppm∗ 
22/44/88 

Material API 5L X65 
pH 4 

Stirring bar speed/rpm 200 

Techniques applied 
Linear polarization resistance(LPR), open circuit 

potential(OCP) 
∗Here, if there is no special statement, the ppm is by volume for the rest of the document.  
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4.3 Results and Discussion 

4.3.1 Effect of Inhibitor Concentration on the Adsorption Behavior of the Imidazoline-

Type Inhibitor 

The adsorption behavior of the imidazoline-type inhibitor is shown in Figure 6. 

The frequency change is shown as -∆f since it is negatively related to the mass uptake. It 

can be seen that without any inhibitor, the frequency change quickly stabilized after a few 

minutes of exposure – this curve is used as a baseline in the following. However, with the 

addition of inhibitor, the frequency started to decrease immediately and kept decreasing 

until a plateau was reached. The plateau suggests that the adsorption equilibrium was 

achieved. A significant observation in each dataset was the time required to attain this 

stable frequency. It is noteworthy that with a successive doubling of the concentration of 

inhibitor (11 ppm → 22 ppm → 44 ppm → 88 ppm), the time for reaching the adsorption 

equilibrium was approximately halved (85 min → 43 min → 25 min → 20 min). This 

observation indicates that adsorption rate was related to the concentration of corrosion 

inhibitor. 
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Figure 6. Adsorption of the imidazoline-type inhibitor at 25°C with the presence of 
different amount of inhibitor. (1wt.% NaCl, pH=4.0, pCO2=0.97 bar; 200 rpm, 5 Mhz 

polished gold-coated crystal ) 

The trend in frequency change of the imidazoline-type inhibitor over time at 50°C 

is given in Figure 7. The adsorption rate increased with increasing concentration, 

similarly to what was observed at 25°C.  

The frequency change of the imidazoline-type inhibitor over time at 80°C is given 

in Figure 8. Similar trends were observed at 80°C as at 25°C and 50°C. At 80°C, the 

results obtained with 11 ppm of inhibitor are not shown due to a failure of the quartz 

crystal during the test.  

It is important to mention that all of these results were obtained using the same 

crystal. Attempts to repeat these results with a different crystal proved problematic as the 

adsorption behavior at the same condition was quite different in terms of frequency 

change value.  
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Figure 7. Adsorption of the imidazoline-type inhibitor at 50°C with the presence of 
different amount of inhibitor. (1wt.% NaCl, pH=4.0, pCO2=0.97 bar; 200 rpm, 5 MHz 

polished gold-coated crystal ) 

 

 

Figure 8. Adsorption of the imidazoline-type inhibitor at 80°C with the presence of 
different amount inhibitor. (1wt.% NaCl, pH=4.0, pCO2=0.97 bar; 200 rpm, 5 MHz 

polished gold-coated crystal ) 
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4.3.2 Effect of Temperature on Adsorption Thermodynamics and Kinetics 

 In this section, the role of temperature on adsorption thermodynamics and 

kinetics is discussed in more details. However, before introducing how temperature 

affects the adsorption behavior of the imidazoline-type inhibitor, it is necessary to find a 

way to quantify the adsorption kinetics and thermodynamics. Generally, an adsorption 

isotherm model is adapted to interpret the adsorption behavior. Several adsorption models 

have been described for the adsorption of corrosion inhibitors and can be found in Table 

7.  

 

Table 7. Adsorption models and their characteristics [65] 

Isotherms Description 

Langmuir adsorption Only considers fundamental adsorption/desorption steps 

Frumkin adsorption 
Considers the adsorption/desorption steps and the 

interactions among adsorbed inhibitor molecules 

Temkin adsorption  Considers a heterogeneous surface  

Flory-Huggins 

adsorption 

Considers the substitution of adsorbed solvent by 

adsorbing molecules  

 

In this work, the Langmuir adsorption model was chosen as a starting point as it is 

the simplest. Langmuir adsorption only considers fundamental adsorption steps and 

neglects other factors such as interactions between molecules. Key aspects of the 

Langmuir adsorption model can be described as follows [71,136]. 

The adsorption of the inhibitor consists of a reversible reaction; 

Forward reaction: 
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 𝑖𝑖𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖(𝑖𝑖𝑏𝑏𝑏𝑏𝑘𝑘)
𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑝𝑝𝑎𝑎𝑏𝑏𝑠𝑠𝑖𝑖
�⎯⎯⎯⎯⎯⎯⎯� 𝑖𝑖𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖(𝑐𝑐𝑏𝑏𝑖𝑖𝑒𝑒𝑎𝑎𝑐𝑐𝐹𝐹) (27) 

Forward reaction rate: 

 𝑖𝑖 = 𝑘𝑘𝑎𝑎(1 − 𝜃𝜃)𝑐𝑐 (28) 

Backward reaction: 

 𝑖𝑖𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖(𝑐𝑐𝑏𝑏𝑖𝑖𝑒𝑒𝑎𝑎𝑐𝑐𝐹𝐹)
𝑎𝑎𝐹𝐹𝑠𝑠𝑠𝑠𝑎𝑎𝑝𝑝𝑎𝑎𝑏𝑏𝑠𝑠𝑖𝑖
�⎯⎯⎯⎯⎯⎯⎯� 𝑖𝑖𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖(𝑖𝑖𝑏𝑏𝑏𝑏𝑘𝑘) (29) 

Backward reaction rate:  

 �⃖�𝑖 = 𝑘𝑘𝑎𝑎𝜃𝜃 (30) 

Net reaction rate:  

 𝑑𝑑𝜃𝜃
𝑑𝑑𝑐𝑐

= 𝑖𝑖 − �⃖�𝑖 = 𝑘𝑘𝑎𝑎(1 − 𝜃𝜃)𝑐𝑐 − 𝑘𝑘𝑎𝑎𝜃𝜃 (31) 

where, 𝜃𝜃 is a parameter commonly defined as the surface coverage of the inhibitor 

(unitless), 𝑘𝑘𝑎𝑎 is the adsorption rate constant (h-1), 𝑘𝑘𝑎𝑎 is the desorption rate constant 

(mol⋅L-1⋅h-1) and c is the inhibitor concentration (mol/L).  

Equation (31) is a first order differential equation, which can be integrated into 

 𝜃𝜃(𝑐𝑐) = 𝐾𝐾1[1 − exp (−𝐾𝐾2𝑐𝑐)] (32) 

Where: 

 𝐾𝐾1 =
𝑐𝑐

(𝑐𝑐 + 𝑘𝑘𝑎𝑎
𝑘𝑘𝑎𝑎

)
,𝐾𝐾2 = 𝑘𝑘𝑎𝑎𝑐𝑐 + 𝑘𝑘𝑎𝑎 (33) 

The kinetic form of Langmuir adsorption can be determined as Equation (32). 

Therefore, if the relationship between coverage (𝜃𝜃) and time (t) is known, kinetic 

parameters such as 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑎𝑎 can be determined.  
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On the other hand, the thermodynamic side of the Langmuir adsorption model can 

be expressed as follows:  

When at equilibrium, dθ/dt=0,  

 𝜃𝜃 =
𝑘𝑘𝑎𝑎𝑐𝑐

𝑘𝑘𝑎𝑎𝑐𝑐 + 𝑘𝑘𝑎𝑎
 (34) 

In another form:  

 
𝑘𝑘𝑎𝑎
𝑘𝑘𝑎𝑎

=
𝜃𝜃

1 − 𝜃𝜃
𝑐𝑐 = 𝐾𝐾𝐹𝐹𝑎𝑎 (35) 

From the basics of reaction thermodynamics:  

 𝛥𝛥𝛥𝛥𝑎𝑎𝑎𝑎𝑠𝑠 = −𝑃𝑃𝑇𝑇𝑘𝑘𝑏𝑏𝑐𝑐𝐾𝐾𝐹𝐹𝑎𝑎 (36) 

where, Keq is equilibrium constant (mol⋅L-1), and ∆Gads is adsorption Gibbs energy 

(kJ⋅mol-1), which indicates the spontaneity of the adsorption reaction. Equation (36) 

shows a critical relationship between temperature and adsorption behavior. As for any 

reversible reaction, the equilibrium shifts as temperature changes. 

These kinetic and thermodynamic parameters presented in the Langmuir model 

can be obtained by fitting of experimental results. However, the coverage (θ) needs to be 

determined before any fitting exercise is performed. The determination of coverage is 

rather critical in the simulation of adsorption models. θ is the factor that connects the 

whole kinetic and thermodynamic aspects of Langmuir adsorption model, as it can be 

found in Equations (28), (30), (31), (32), (34), (35).  

To determine the coverage, the notion of frequency at equilibrium (-∆fequilibrium) is 

needed and discussed in this section. -∆fequilibrium is the frequency change generated by the 

adsorption of inhibitor at equilibrium on the gold-coated quartz crystal. Since the mass 
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measured by QCM includes both inhibitor and water baseline, the equilibrium frequency 

can be calculated from the difference between the frequency at equilibrium and the 

baseline mass (frequency when no inhibitor is present, 780Hz). Figure 9 shows that the -

∆fequilibrium generally increases with increasing concentration of inhibitor. For example, at 

50°C, the frequency change (-∆fequilibrium) increased from 198Hz with the presence of 11 

ppm corrosion inhibitor to 283Hz with 88 ppm inhibitor. This agrees with the adsorption 

thermodynamics. According to Equation (35), when the inhibitor concentration increases, 

𝐾𝐾𝐹𝐹𝑎𝑎 does not change because 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑎𝑎 do not change at a fixed temperature. As a result, 

the coverage θ is supposed to increase. In other words, more inhibitor is adsorbed at the 

crystal surface at equilibrium. Another important finding is that with the same 

concentration of inhibitor, the equilibrium frequency change decreases with temperatures. 

This suggests that the equilibrium of adsorption/desorption favors desorption at elevated 

temperatures. Here, it is important to point out that the repeatability of the set of 

experiments is good. The errors between repeated experiments is usually less than ±5Hz. 

Therefore, the error bars in each case are very small and the results of the experiments are 

reliable.  

However, at 25°C, when the inhibitor concentration doubled from 44 ppm to 88 

ppm, -∆fequilibrium remained stable or only slightly decreased from 350Hz to 340Hz. The 

phenomenon indicates that the crystal surface may have been already fully covered by the 

imidazoline-type inhibitor molecules with the 44ppm corrosion inhibitor in solution at 

25°C. Therefore, even when the inhibitor concentration was doubled, the frequency 

change did not measurably increase. In conclusion, the maximum equilibrium frequency 
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(−∆fequilibrium, max) caused by the adsorption of inhibitor (−∆mequilibrium, max) on the gold-

coated crystal was estimated to be at 350Hz (25°C, 44ppm imidazoline-type inhibitor). 

For a known frequency change, ‘coverage’ can be determined at any time as: 

 𝜃𝜃∗ =
∆𝑚𝑚

∆𝑚𝑚𝐹𝐹𝑎𝑎𝑢𝑢𝑏𝑏𝑙𝑙𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑢𝑢𝑒𝑒,𝑒𝑒𝑎𝑎𝑚𝑚 
=

−𝐶𝐶𝑓𝑓 ∙ ∆𝑒𝑒
−𝐶𝐶𝑓𝑓 ∙ ∆𝑒𝑒𝐹𝐹𝑎𝑎𝑢𝑢𝑏𝑏𝑙𝑙𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑢𝑢𝑒𝑒,𝑒𝑒𝑎𝑎𝑚𝑚

=
−∆𝑒𝑒

−∆𝑒𝑒𝐹𝐹𝑎𝑎𝑢𝑢𝑏𝑏𝑙𝑙𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑢𝑢𝑒𝑒,𝑒𝑒𝑎𝑎𝑚𝑚
 (37) 

Here, ∆m is the mass adsorbed at any tested time, ∆f is the frequency change measure by 

QCM at any tested time. Note that the term ‘coverage’, although widely used in the 

literature, only refers to the ratio of the frequency change to maximum equilibrium 

frequency change of the crystal. However, the definition of coverage is that the ratio of 

the area covered by inhibitor and the total area. There are some subtle differences 

between the two definitions. For example, the frequency change could only indicate how 

much inhibitor is adsorbed, it cannot describe how the inhibitor molecules adsorbed. In 

fact, the molecules can exhibit a structure of single, double or multiple layers. Therefore, 

the increase in frequency change (i.e., amount of inhibitor adsorbed) might not necessary 

lead to an increase in coverage if there are multiple layers. In summary, the ‘coverage’ 

defined by the ratio of frequency change (related to the adsorbed mass) and maximum 

equilibrium frequency change (related to the maximum equilibrium adsorbed mass) is not 

genuine coverage. However, it certainly is closely related to the coverage and therefore 

the symbol used here is ‘θ∗’.  
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Figure 9. Equilibrium frequency vs. inhibitor concentration (1 wt.% NaCl, 200 rpm, 
ptotal=1 bar; 5 MHz polished gold-coated crystal) 

 

The determination of θ∗ can help reveal important information about the kinetics 

of adsorption using Equation (32) and Equation (33). All experimental results were fitted 

with the Langmuir kinetic process using the least square method. The fitted results are 

listed in Table 8. The R2 in the table is the statistical measurement of how close the data 

are to the fitted line: a good fit is obtained when the value of R2 is close to 1. From the 

table, it can be seen that in most conditions, R2 is higher than 0.95, which means that the 

experimental coverage vs. time curve shows good agreement with the Langmuir 

adsorption process. This also suggests that the adsorption of the imidazoline-type 

inhibitor generally follows the Langmuir model.  
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Table 8. Fitting results of Langmuir adsorption model using QCM measurements 

Temperature/°C 
Inhibitor 

concentration/ppm 
K1 K2 R2 

25 

22 0.9 2.54 0.9 

44 1 4.61 0.99 

88 0.94 7.5 0.99 

50 

22 0.73 2.45 0.99 

44 0.76 6.07 0.99 

88 0.83 12.31 0.99 

80 

22 0.64 4.81 0.98 

44 0.66 14.37 0.98 

88 0.84 18.27 0.95 

 

Here, the excellent agreement with Langmuir adsorption model also inferes that 

non-specific adsorption should not affect significantly the measured frequency. Non-

specific adsorption is the adsorption that occurs in the long-range (contrary to the specific 

adsorption that happens in the inner layer or directly with the surface) [127]. Some 

researchers assumed that the measured mass with QCM might be over-estimated because 

it can include non-specific adsorption [125, 126]. However, it is not likely it played a role 

in the adsorption of the imidazoline-type inhibitor. Assuming that non-specific adsorption 

took place, the adsorption kinetics should include not only the specific adsorption of 

molecules but also the non-specific process. Owing to the different interacting forces, the 

specific and the non-specific adsorption kinetics should undergo different kinetics. 

However, the high R2 value in Table 8 suggests that the simple Langmuir adsorption 

model, which is only used for description of specific adsorption [65], is enough to 
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represent the adsorption process. Therefore, non-specific adsorption is presumably not 

occurring significantly in the measured mass with QCM. In addition, kinetic parameters 

can be calculated using Equation (33) from the obtained K1 and K2 values in Table 8. 

Corresponding calculated 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑎𝑎  values are listed in Table 9.  

 

Table 9. Calculated adsorption rate constants of the adsorption of the imidazoline-type 
inhibitor 

Temperature/°C 
Inhibitor 

concentration/ppm 

Adsorption rate 

constant ka/ 

105⋅h-1 

Adsorption 

rate constant 

kd/ 

mol⋅L-1⋅h-1 

25 

22 - - 

44 4.37 0 

88 3.34 0.42 

50 

22 3.37 0.67 

44 4.38 1.44 

88 4.86 2.03 

80 

22 5.87 1.72 

44 8.99 4.87 

88 7.28 2.89 

 

To further illustrate the change of adsorption parameters, the logarithmic change 

of the change of 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑎𝑎 with temperature is plotted in Figure 10. It is clear that both 

reaction rate constants increase with temperature. The fundamental equation of reaction 

kinetics can be expressed as: 
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 𝑘𝑘 = 𝐴𝐴𝐹𝐹𝐴𝐴𝑝𝑝(−
𝐸𝐸(𝑎𝑎𝑐𝑐𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑠𝑠𝑖𝑖)

𝑃𝑃𝑇𝑇𝑘𝑘
) (38) 

where, 𝑘𝑘 is reaction rate constant, Ea is reaction activation energy in kJ⋅mol-1, Tk is 

temperature in Kelvin, R is the gas constant (8.314 J⋅mol-1) and A is a pre-exponential 

constant. According to this equation, a linear relationship should be obtained between 

ln(k) and 1/Tk because of the logarithmic relationship between k and Tk. This linear 

relationship is shown in Figure 10, as indicated by the black trend line. It can further be 

used to determine the activation energies of the adsorption and desorption reactions. 

Therefore, 𝐸𝐸𝑎𝑎 (adsorption reaction activation energy) and 𝐸𝐸𝑑𝑑 (desorption reaction 

activation energy) were calculated as 10.25 kJ⋅mol-1 and 21.4 kJ⋅mol-1 based on Equation 

(12). Error bars are taken from ka and kd measured with different concentrations of 

inhibitors at the same temperatures.  
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Figure 10. Temperature dependence of rate constant ka and kd of the imidazoline-type 
inhibitor adsorption. (a). ln(ka) vs. -1/Tk (b). ln(kd) vs. -1/Tk 

∗Error bars are taken from ka and kd measured with different concentrations of inhibitors at the same 

temperatures, as shown in Table 9. 

 

Although it is found that both 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑑𝑑 increase with temperature, their 

dependence on temperature is not the same. As shown in Figure 11, the ratio of 𝑘𝑘𝑑𝑑/𝑘𝑘𝑎𝑎 

increases with temperature, which suggests that 𝑘𝑘𝑑𝑑 increases faster than 𝑘𝑘𝑎𝑎 with 
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temperature. This in turn yields a reduction in surface coverage when equilibrium is 

reached. In addition, Gibbs energy of adsorption can be calculated since both kinetic rate 

constants are obtained. The standard Gibbs energy ∆G°ads is then calculated as 

−33.7kJ⋅mol-1. 

 

 

Figure 11. Temperature dependence of 𝑘𝑘𝑑𝑑/𝑘𝑘𝑎𝑎 

∗Error bars represents the ka/kd calculated from different concentration at the same temperatures.   

 

4.3.3 Effect of Inhibitor Concentration on the Corrosion Inhibition Performance 

In the last section, it is concluded that desorption of inhibitor seemed to be 

favored at higher temperatures. The effect of temperature on the corrosion inhibition 

performance is examined in this section. It is widely accepted that the adsorption of 

inhibitor is critical to its inhibition performance, however, how these two concepts 

actually relate to each other is not quite clear. Therefore, additional experiments were 

performed considering corroding samples at different temperatures. These could 
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theoretically be performed using a QCM equipped with iron-coated crystals. However, 

this technique would not be appropriate in this study since mass gain due to inhibitor 

adsorption would occur simultaneously with mass loss due to corrosion. For example, the 

adsorbed inhibitor mass is typically of the order of the µg⋅cm-2 level, however, the mass 

loss due to iron dissolution could easily be up to mg⋅cm-2. Therefore, the adsorption 

information can be easily compromised due to the corroding of iron. Instead, the 

experiments were performed in a typical electrochemical cell with the cylindrical X65 

working electrode as the corroding surface. 

In general, the corrosion rate started at a fairly high value and decreased quickly 

with time with the injection of inhibitor. It usually reached a steady-state value within 3 

to 4 hours, depending on temperature. In comparison, QCM results clearly showed a 

similar behavior but the steady state was achieved within only one hour. This discrepancy 

can be attributed to the effect of corrosion on the substrate metal which undermines the 

adsorption phenomenon. 

At 25°C, the corrosion rates dropped from 2 to 0.12, 0.11, and 0.10 mm/y with the 

addition of 22 ppm, 44 ppm and 88 ppm inhibitor, respectively (Figure 12). The low 

corrosion rate is an indication of successful corrosion inhibition. However, at 50°C 

(Figure 13), with the presence of 22 ppm imidazoline-type inhibitor, corrosion rates were 

still high (2.5 mm/y compared to a baseline of 4 mm/y). Nevertheless, with higher 

amounts of inhibitor, the corrosion rate dropped to 0.6 (44ppm) and 0.4 mm/y (88ppm). 

Clearly, higher concentrations of inhibitor are needed to provide adequate protection 

against corrosion at higher temperatures.  
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Figure 12. Corrosion rate at 25°C with the addition of different concentrations of the 
imidazoline-type inhibitor (1 wt.% NaCl, pCO2 (partial pressure of CO2) is 0.97bar, 

pH=4.0;200 rpm). Purple line indicates when the inhibitor was injected. 

 

 

Figure 13. Corrosion rate at 50°C with the addition of different concentrations of the 
imidazoline-type inhibitor (1 wt.% NaCl, pCO2 is 0.8bar, pH=4.0;200 rpm). Purple line 

indicates when the inhibitor was injected.  
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It was more difficult to obtain a stable corrosion rate at 80°C (Figure 14). 

Corrosion rate even increased to 7 mm/y with 22 ppm corrosion inhibitor. An ‘inhibited’ 

corrosion rate of 2 mm/y was obtained at the end of the experiment with 44 ppm of 

inhibitor, which was still high and not considered to be successful inhibition. Moreover, 

unexpected results were observed with 88 ppm corrosion inhibitor. At first, the corrosion 

rate seemed to decrease to as low as 0.2mm/y after 24 hours. However, significant 

localized corrosion areas were observed on the corroded sample surface after examining 

the weight loss specimen used in this experiment. To confirm the occurrence of localized 

corrosion, another square specimen was tested in the same conditions. Again, a large 

localized corrosion area was identified and characterized using a profilometer as shown 

in Figure 15. This localized corrosion feature had a flat bottom and covered a large part 

of the specimen surface (6 mm long on a 12 x 12 mm specimen). In addition, the depth of 

this attack was about 100 µm in 24 hours leading to a rate of 36.5 mm/y localized 

corrosion, which was 7 to 8 times higher than the general corrosion rate (4.7 mm/y) 

without corrosion inhibition. Obviously, the low corrosion rate obtained with LPR (0.2 

mm/y) was not representative of the localized corrosion. Usually, the occurrence of 

localized corrosion is a result of insufficient corrosion inhibition [113,114,137]. 

Therefore, a higher concentration of inhibitor was introduced to confirm whether it is 

caused by lack of inhibitor. It was found that the localized corrosion was mitigated with a 

higher concentration of corrosion inhibitor. In the experiment with 176 ppm corrosion 

inhibitor in the solution, no localized corrosion was observed and the corrosion rate was 



   92 

only 0.26 mm/y after 24 hours (Figure 14). From the discussion, it can be seen that the 

inhibition performance was significantly limited by higher temperatures.  

 

 

Figure 14. Corrosion rate at 80°C with the addition of different concentrations of the 
imidazoline-type inhibitor (1 wt.% NaCl, pCO2=0.5bar, pH=4.0;200 rpm). Purple line 

indicates when the inhibitor was injected. 

∗ Error bars in each cases represents the repeated experiment with the same conditions. 
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Figure 15. Surface profilometry of localized attack at 80°C (1 wt.% NaCl, pCO2=0.5bar, 
pH=4.0;200 rpm, with 88ppm imidazoline-type inhibitor). Surface profilometry was 

obtained on a square sample. Test lasted for 24hours.  

 

The measured inhibited corrosion efficiencies are summarized in Table 10. 𝜼𝜼 

represents the inhibition efficiency and is calculated through Equation (23). It can be seen 

that inhibition efficiency usually increases with increasing concentration of corrosion 

inhibitor at a constant temperature. For example, inhibition efficiency increased from 

38%→82%→89% with 22 ppm, 44 ppm, 88 ppm corrosion inhibitor at 50°C, 

respectively. In addition, the inhibition efficiency decreases with temperature. Inhibition 

efficiency decreased from 95%→82%→60% with 44 ppm corrosion inhibitor at 25°C, 

50°C and 80°C, respectively. The observed pattern is similar to that obtained for the 

adsorption study on an inert gold substrate. It was also observed that the θ∗increases with 

inhibitor concentration at the same temperature and decreases with temperature at a fixed 
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inhibitor concentration. This similarity confirms that coverage obtained from corrosion 

inhibition efficiency is closely related to adsorption behavior. 

 

Table 10. Inhibition test results of the imidazoline-type inhibitor from 25°C to 80°C 

Temperature 

/°C 

Inhibitor 

concentration/ppm 

Initial 

corrosion 

rate/ 

mm⋅y-1 

Final 

corrosion 

rate/ 

mm⋅y-1 

Localized 

corrosion 

Inhibition 

efficiency(η) 

25 

22 1.9 0.12 No 93% 

44 1.9 0.11 No 95% 

88 1.7 0.1 No 94% 

50 

22 4 2.5 No 38% 

44 3.9 0.6 No 82% 

88 4 0.4 No 89% 

80 

22 4.8 7.7 No - 

44 4.9 2 No 60% 

88 4.7 0.2 Yes - 

176 4.2 0.4 No 93% 

∗Here, ‘-’ suggests that the inhibition efficiency is not available. The reason could be there was no 

inhibited corrosion rate or LPR results did not represent localized corrosion.  

 

4.3.4 Discussion on the Relationship between the Adsorption Behavior and Inhibition 

Performance of Corrosion Inhibitor 

In the last section, a similarity was found between the adsorption behavior and the 

inhibition performance of the imidazoline-type inhibitor. In this section, the connection 

between the two different aspects of inhibitor is discussed in-depth. The analysis of the 
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QCM results showed that the adsorption of the imidazoline-type inhibitor generally 

follows the Langmuir adsorption process. Similarly, the 𝜼𝜼 vs. time relationship obtained 

from the corrosion inhibition experiments can be fitted with Langmuir adsorption process 

to determine whether the corrosion efficiency follows a similar trend. In the QCM tests, 

θ∗ was determined by the ratio of the steady-state frequency change (related to the mass 

absorbed) to the maximum steady state frequency change (maximum steady state mass 

absorbed) (Equation (37)). In most cases, the 𝜼𝜼 vs. time relation showed acceptable fitting 

results (R2>0.98) (see Table 11). Assuming that θ∗ is closely related to the inhibition 

efficiency (𝜼𝜼) (𝜃𝜃≈𝜼𝜼), the thermodynamic parameter 𝑘𝑘𝑑𝑑/𝑘𝑘𝑎𝑎 can be first determined using 

steady-state inhibition efficiency via Equation (9). The obtained 𝑘𝑘𝑑𝑑/𝑘𝑘𝑎𝑎 can be then 

compared with the 𝑘𝑘𝑑𝑑/𝑘𝑘𝑎𝑎 value calculated from QCM results, as shown in Figure 16. 

Here, cases with poor R2 were not used in this comparison – they corresponded to cases 

with localized corrosion. The obtained results from the two different sets of experiments, 

nevertheless, are almost the same. This observation shows that evaluating the surface 

coverage via ratio of frequency change (related to mass adsorbed) or via corrosion 

efficiency yields similar outcome in term of equilibrium adsorption constants at 

temperatures from 25°C to 80°C. Therefore, it can be concluded that the term ‘inhibition 

efficiency’ has a closely related relationship with the quantity of absorbed inhibitor, 

defined as ‘coverage’. One more important fact is that the testing materials are 

completely different: QCM measurements were on gold-coated crystals and corrosion 

inhibition tests were performed with mild steel specimens. This might suggest that the 

substrate metal is not critical to the thermodynamics of adsorption of inhibitor, at least in 
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the conditions selected for this study. However, the effect of the substrate on the kinetics 

of adsorption maybe more pronounced – this is explored in the next section. 

 

Table 11. Fitting results of Langmuir adsorption model using inhibition results 

Temperature/°C 
Inhibitor 

concentration/ppm 
K1 K2 R2 

25 

22 0.914 1.58 0.99 

44 0.93 3.24 0.98 

88 0.94 3.24 0.99 

50 

22 - - - 

44 0.83 2.12 0.99 

88 0.87 3.43 0.99 

80 

22 - - - 

44 - - - 

88 - - - 

176 0.91 2.89 0.99 

∗Here, ‘-’ suggests that the fitting results is not available. The reason could be there was no 

inhibited corrosion rate or LPR results did not represent localized corrosion.  
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Figure 16. Comparison of temperature dependence of kd/ka obtained from QCM and 
inhibition tests.  

 

Although the thermodynamic ratio ka/kd obtained either through corrosion 

inhibition or QCM tests is comparable, the actual values of kinetic constants were 

significantly different between the two test methods. One possible explanation for the 

differences in the kinetic aspect is that there is iron dissolution occurring at the same time 

of the adsorption of corrosion inhibitor. In Equation (31), the net adsorption rate consists 

only two parts: the adsorption reaction from bulk to surface and the desorption reaction 

from surface to bulk. This is valid for an inert surface such as gold or platinum. However, 

Drazic, et al., [110] suggested that for a reactive surface, such as an iron surface, the 

absorbed inhibitor molecules might be mechanically removed due to the underlying 

dissolution of the substrate. As a result, the dissolution of the substrate iron can be 

considered as another component of the overall desorption reaction. It was named 

‘electromechanical’ desorption by the authors [110]. This additional reaction must be 
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proportionally related to the rate of iron dissolution. By adding this extra component into 

Equation (31), a more realistic Langmuir adsorption model can be proposed as: 

 𝑑𝑑𝜃𝜃
𝑑𝑑𝑐𝑐

= 𝑖𝑖 − 𝑖𝑖1�⃖�� − 𝑖𝑖2�⃖�� = 𝑘𝑘𝑎𝑎(1 − 𝜃𝜃)𝑐𝑐 − 𝑘𝑘𝑎𝑎𝜃𝜃 − 𝑘𝑘3𝑗𝑗𝜃𝜃 (39) 

When reached at equilibrium, dθ/dt=0: 

 𝜃𝜃 =
𝑘𝑘𝑎𝑎𝑐𝑐

𝑘𝑘𝑎𝑎𝑐𝑐 + 𝑘𝑘𝑎𝑎 + 𝑘𝑘3𝑗𝑗
 (40) 

where, k3 could be considered as rate constant for the electrochemical desorption reaction 

(no specific unit), j is corrosion current (A⋅cm-2) without inhibition (or corrosion rate).  

 The use of this more comprehensive model can clarify some aspects of the 

phenomena observed in the corrosion tests. On the one hand, it might answer the question 

of why there is no 100% corrosion efficiency. The corrosion inhibition test results (Table 

10) show that although higher concentration of inhibitor lead to higher efficiency, 100% 

protection is never achieved. This is due obviously to the inhibitor desorption reaction 

(expressed through 𝑘𝑘𝑑𝑑) but also to the iron dissolution or electrochemical desorption 

reaction, expressed through 𝑘𝑘𝑑𝑑 and 𝑘𝑘3j, respectively, in Equation (40). On the other hand, 

it points out that the iron dissolution rate is also very important to the corrosion inhibition 

efficiency. Note that in Table 10, at higher temperatures (50°C and 80°C) where the 

uninhibited corrosion rates are the highest, low concentrations of inhibitor cannot provide 

sufficient protection; some cases (80°C, 22ppm imidazoline-type inhibitor) show no 

protection at all. However, 22 ppm of inhibitor is enough to provide an inhibition 

efficiency of 93% at 25°C. This is because when the corrosion rate is low, k3j≈0, 

Equation (40) can be again simplified into Equation (31) which is an ideal Langmuir 
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model. However, when the temperature increases, the corrosion rate also increases, and 

hence k3j is no longer negligible. Therefore, at higher temperatures, the obtained 

corrosion efficiency usually show a larger deviation from the ideal Langmuir model, 

especially with lower concentrations of inhibitor.  

In addition, inhibitor concentration is a key factor in the Langmuir model. 

Although at higher temperature, the role of corrosion rate becomes more important, the 

corrosion rate can be still mitigated by adding a higher concentration of inhibitor. This is 

because a higher concentration of inhibitor leads to a higher kac and thereby limits the 

impact of the electrochemical desorption term linked to the corrosion rate (k3j). In 

conclusion, the influence of temperature is not only through affecting the kinetic 

parameters of adsorption but also on affecting the corrosion rate of mild steel.  

4.3.5 The Role of Temperature on the CMC and Its Impact on the Inhibition Properties 

of Corrosion Inhibitor 

Critical micelle (CMC) concentration plays an important part in the study of 

corrosion inhibitor. Organic inhibitors are usually ionic surfactants that can form into 

micelles above certain concentrations [138]. It has been stated that CMC value has a 

significant effect on an inhibitor’s performance. It is believed that above the CMC, the 

adsorption of inhibitor is not significantly increased by the addition of inhibitor and 

thereby the efficiency does not increase significantly [139]. In the earlier research, it was 

noticed that the inhibition performance decreased with temperature. It is logical to 

question whether this decrease is a result of the change of CMC with temperature. 
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Therefore, in this part, the CMC values of the inhibitor were measured at 25°C, 50°C and 

80°C and its effect on the adsorption behavior and inhibition efficiency was examined.  

The determination of CMC is usually through measuring the surface tension 

considering different concentrations of inhibitor. This process is schematically described 

in Figure 17, considering a gas/water interface. As the concentration of a surfactant 

increases, more inhibitor molecules accumulate at the interface and therefore cause a 

drop in surface tension at the interface (stage 2). However, when the inhibitor 

concentration is above CMC, inhibitor molecules do not go to the interface anymore 

because the interface is almost fully occupied (stage 3). As a result, the surface tension 

does not increase, and the excess inhibitor molecules start to form into micelles (stage 4). 

By finding the cross point of stage 3 and stage 4, the CMC can be obtained. Note that the 

decrease of surface tension is usually a linear relationship with the logarithm of inhibitor 

concentration. This is because the surface tension is also linearly related to the logarithm 

of the adsorbed inhibitor concentration as shown in Equation (41)[140].  

 Γ = −
1
𝑃𝑃𝑇𝑇

(
𝑑𝑑𝑑𝑑

𝑑𝑑(ln (𝑐𝑐))
)𝑇𝑇 (41) 

Where, Γ is the surface excess concentration (mol⋅m-2), γ is the surface tension 

(mN⋅m-1), c is the inhibitor concentration (mol⋅m-3). However, this linear relationship 

only lasts in stage 2.  

The surface tension measurements were carried out with the KRÜSS K20 tension 

meter in a 1 wt.% NaCl solution. The CMC measurement at 25°C results is given in 

Figure 18. It can be seen that the surface tension initially drops with the addition of 
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inhibitor. However, past around 30 ppm, the surface tension did not noticeably change. 

By locating the cross point, the CMC of the imidazoline-type inhibitor can be determined 

as 25±2ppm.  

Similarly, the surface tension was measured at 50°C and 80°C as given in Figure 

19 and Figure 20. It was found that although the surface tension values at 50 and 80°C 

were different from at 25°C, the minimum value was still achieved around 30ppm. CMC 

were determined as 29±2, 28±2ppm for 50°C and 80°C, respectively. At this moment, it 

seems that temperature does not change the CMC value of the imidazoline-type inhibitor.  

 

 

Figure 17. The schematic of the formation of micelles.  
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Figure 18. Surface tension vs. the imidazoline-type inhibitor concentration at 25°C in 1 
wt.% NaCl 

 

  

Figure 19. Surface tension vs. the imidazoline-type inhibitor concentration at 50°C in 1 
wt.% NaCl 
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Figure 20. Surface tension vs. the imidazoline-type inhibitor concentration at 80°C in 1 
wt.% NaCl 

 

At 25°C, the CMC plays a critical role in the inhibition properties of the 

imidazoline-type inhibitor. First, the maximum adsorption mass was achieved at an 

inhibitor concentration closely matching the CMC. Figure 6 shows that the maximum 

frequency change (related to the adsorbed mass) only increased slightly from 22ppm 

(slightly lower than CMC) to 44ppm (higher that CMC). Moreover, the frequency change 

at equilibrium was almost not altered (even slightly dropped) from 44ppm to 88ppm, with 

both concentrations being higher than the CMC. This suggests that with inhibitor 

concentrations above the CMC, the inhibitor does not adsorb on the crystal surfaces 

anymore (similar to Figure 17 (stage 3)), suggesting that the CMC correlates with the 

necessary inhibitor concentration to saturate the surface. Secondly, the inhibition 

efficiency did not change with concentration when the concentration was above CMC. 

Figure 12 shows that the equilibrium inhibition efficiency 𝜼𝜼 basically did not change with 
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the inhibitor concentrations above 22ppm. Therefore, at 25°C, the CMC plays a critical 

role in determining the inhibitor’s maximum abilities both in terms of adsorption 

behavior and inhibition efficiency.   

However, at higher temperature, the role of CMC becomes less significant. At 

50°C, the maximum frequency change at equilibrium kept increasing with concentration 

up to 88ppm (Figure 7), despite the CMC being still around 29ppm. Correspondingly, the 

inhibition efficiency also increased with concentration up to 88ppm. Clearly, the CMC 

does not correlate anymore with optimal inhibitor concentration at 50°C. Similarly, at 

80°C, 22ppm inhibitor cannot provide any protection against corrosion. Only a 

concentration of 176ppm inhibitor can inhibit the corrosion rate to 0.4mm⋅y-1 and not 

cause localized corrosion. The concept of correlation between CMC and optimal 

corrosion inhibitor concentration does not hold anymore at higher temperature. 

There are two possible explanations for the limited role of CMC at elevated 

temperatures. First, when temperature increases, the adsorption/desorption equilibrium 

becomes the determining factor for the maximum equilibrium mass adsorbed. The 

equilibrium usually goes to desorption with the increase of temperature, which means 

that higher dosage of inhibitor is required to achieve the maximum adsorbing mass. 

Secondly, the rate of iron dissolution also plays a role on the impact of CMC. When the 

temperature increases, the surface of mild steel becomes less stable and the iron 

dissolution rate increases. As a result, the desorption of inhibitor caused by iron 

dissolution (k3j) also increases. Therefore, it required higher concentration to achieve 

sufficient protection (Equation (40)).  
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4.4 Summary 

 The adsorption of TOFA/DETA imidazoline inhibitor on gold-coated quartz 

crystals generally followed the Langmuir adsorption model from 25°C to 80°C over the 

tested range of concentrations. The desorption of inhibitor was favored at higher 

temperature because the desorption rate constant 𝑘𝑘𝑑𝑑 increased faster with temperature 

than the adsorption reaction rate 𝑘𝑘𝑎𝑎. 

Corrosion inhibition tests on mild steel generally showed the same behavior as 

observed on the gold-coated crystal. At a constant inhibitor concentration, the inhibition 

efficiency/equilibrium coverage decreased with an increase in temperature. 

Failure cases of corrosion inhibition were observed at higher temperatures or with 

low inhibitor concentrations. This led to either low inhibition efficiency or localized 

corrosion. However, a higher dose of inhibitor can mitigate the general as well as 

localized corrosion up to 80°C.  

The CMC of the inhibitor has a significant role in the inhibition properties of the 

imidazoline-type inhibitor at 25°C but its correlation with optimal inhibitor concentration 

(to achieve maximum inhibition efficiency) does not hold anymore at higher temperature.  
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CHAPTER 5: INVESTIGATION OF THE PERFORMANCE OF THE IMIDAZOLINE-
TYPE INHIBITOR AT 120 AND 150°C 

5.1 Introduction 

In the previous chapter, the performance and the adsorption behavior of the 

imidazoline-type inhibitor were examined at up to 80°C. It was found that the desorption 

of the inhibitor was favored at higher temperatures and therefore the inhibition 

performance was undermined. This chapter extends the study on the temperature effect 

up to 150°C. As stated in Chapter 4, the main challenges in studying corrosion inhibition 

at high temperature is the development of appropriate and representative testing methods. 

Glass cell tests under atmospheric pressure are not suitable at temperatures above 100°C, 

rendering the use of autoclaves necessary. Issues related to pre-corrosion and inhibitor 

injection also need to be addressed. This chapter presents first the development of a new 

testing setup which was built to investigate the performance of the imidazoline-type 

inhibitor at elevated temperature. The experimental results are then presented in detail. 

5.2 Experimental Autoclave Setup Development 

Two autoclaves setups were developed to investigate corrosion inhibition at high 

temperatures: the initial ‘single autoclave’ system and the improved ‘two autoclaves’ 

system. While the ‘two autoclaves’ system ended up being more appropriate to perform 

the study, information gathered with the ‘single autoclave’ system still provided a 

number of relevant information. These experimental setups are described in details 

below. 
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5.2.1 Single Autoclave System 

The single autoclave system (maximum holding pressure and temperature are 

5000psi and 300°C, respectively) consists of a 4-liter autoclave equipped with an 

inhibitor injector (300mL), as shown in Figure 21 (a). There are three electrodes mounted 

through the autoclave stainless steel lid, namely an Ag/AgCl reference probe, a Pt-coated 

Nb counter electrode, and the working electrode. The working electrode is made of API 

5L X65 steel (chemical composition is given in Table 3). In addition, the pH is monitored 

using a ZrO2-based pH probe that can operate in high temperature and high pressure 

environments; calibration is performed using standard solutions. Linear polarization 

resistance (LPR) and open circuit potential (OCP) measurements are performed using a 

Gamry Reference 600™ potentiostat. The temperature in the autoclave is continuously 

monitored and controlled using a digital reader. The test electrolyte is stirred using an 

impeller.  

 

 

Figure 21. Configuration of the autoclave systems. (a) Single autoclave system, (b) 2-
autoclave system (courtesy of Cody Shafer) 

 



   108 

Each experiment was conducted in 3L of 1 wt.% NaCl solution. After the 

electrolyte was poured into the autoclave body, it was purged continuously with CO2 for 

more than 2 hours at 80°C to remove O2. After purging, the stainless steel lid, with pre-

installed specimens, electrodes and probes, was attached to the autoclave body. The gas 

outlet and inlet valves were then closed and the temperature set to the desired value. 

When the desired temperature was achieved, the system was pressurized with CO2 to 

apply an additional 2bar of pressure. Electrochemical measurements (LPR and OCP) 

were started after this pressurizing step, for use as a baseline condition. Polarization 

resistance (Rp) measurements were again run from −5mV from the OCP to +5mV from 

OCP at a scanning rate of 0.125mV/s. The B value for the corrosion rate determination is 

also 23mV/decade. Solution resistance (Rs) was measured by EIS and subtracted from the 

measured Rp. After the completion of baseline measurements, the inhibitor solution was 

injected into the system.  

In the injection system, 200mL of 1 wt.% NaCl containing the desired molar 

amount of corrosion inhibitor was loaded into a pressure bomb; the electrolyte was 

purged beforehand with N2 to minimize contamination with O2. The injection bomb was 

connected to the autoclave lid using appropriate fittings. When it was the time for 

injection, the bomb was pressurized with N2, so its internal pressure was always higher 

than in the autoclave. Upon the opening of the valve connecting the bomb and the 

autoclave, the pressure difference drove the inhibitor solution into the autoclave.  

The corrosion rate was monitored using LPR for 24 hours. Measurements were 

carried out every 30 minutes over the first 2 hours and every hour for the remaining 22 
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hours. Bulk solution pH was measured at the third hour and the end of the experiments 

and samples of the solution were taken for Fe2+ concentration analysis at the end of 

experiments. The system was then cooled to around 80°C (usually took about 5-6 hours), 

depressurized, the lid detached, the hanging specimens removed and the solution was 

drained. This cooling down period can be as long as 8 hours, depending on the 

temperature tested. The retrieved specimens were stored in a N2 flushed cabinet for 

subsequent surface characterization by SEM and EDS as well as by XRD. 

The tests operated at 50°C-80°C in the glass cell (see Chapter 4) showed that 1 

CMC of inhibitor was not enough to mitigate corrosion. This finding was assumed to also 

be valid at higher temperatures. Therefore, to ensure a sufficient amount of inhibitor, at 

least 440ppm (14 times of CMC) corrosion inhibitor was injected in the autoclave setups 

at each testing temperature. 

As mentioned earlier, corrosion inhibition testing at high temperatures holds 

many challenges. The experiments performed in the single autoclave system, while 

yielding very interesting findings, also generated some experimental artifacts mostly 

associated to heating up and cooling down periods. During the heating up period, the 

specimens were immersed in the non-inhibited solution which generated issues with pre-

corrosion and formation of surface layers (corrosion product). Similarly, too lengthy 

cooling down periods could also alter the results and lead to misinterpretations. Once 

these issues were identified, an updated version of the system was developed and 

included a ‘two-autoclave’ system.  
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5.2.2 Two-Autoclave System 

The second autoclave system is shown in Figure 21 (b). The major difference 

between the single autoclave system and the 2-autoclave system is that the solutions and 

the specimens are heated to the desired temperature in two separate autoclaves. 

Otherwise, the main autoclave components are similar: three electrodes as well as a 

HTHP pH probe were mounted through the autoclave lid. The temperature was 

monitored and controlled using the same digital controller. The solution was mixed with 

an impeller set at 200rpm.  

The procedure in the two-autoclave system is only slightly different from the 

single-autoclave system. The main differences are in the heating up and cooling down 

periods. First, the solution was pre-heated at 80°C in autoclave 1 and sparged with CO2 

continuously to remove oxygen, with the stainless steel lid on. Autoclave 2, which 

contains only the specimens, was also sparged with CO2 and heated to 80°C. After 2-3 

hours of purging, gas inlet and outlet valves of both autoclaves were closed and the 

autoclaves are heated to the desired temperature. Later, the solution was transferred from 

autoclave 1 to autoclave 2 with pressurized inert N2 gas by opening valves between the 

two autoclaves. After the solution was completely transferred, electrochemical 

measurements were started in autoclave 2. Two LPR measurements were taken as the 

baseline and then the inhibitor solution was injected into the system through the injection 

vessel (30 minutes pre-corrosion). Similarly, the corrosion rate was monitored using LPR 

for the remaining 23 hours. Bulk solution pH was also measured at the third hour and the 

end of the experiments and solution samples were taken for Fe2+ concentration analysis. 
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After electrochemical measurements ended, autoclave 2 was pressurized again with N2 

and the valve between the two autoclaves was opened to drive the solution from 

autoclave 2 back into autoclave 1. Therefore, the cooling-down of solution and specimens 

were also done separately in two autoclaves. Autoclave 2 was then cooled to around 80°C 

in the inert N2 environment, depressurized (after usually 2-3 hours), the lid detached, and 

the hanging specimens removed with the same procedure as in the single-autoclave 

system. The retrieved specimens were characterized by SEM, EDS and XRD.  

The new ‘two-autoclave’ system yielded the following improvements compared 

to the traditional ‘single-autoclave’:  

• This significantly limited any potential ingress of oxygen. Oxygen ingress is always a 

major concern in inhibition tests. By purging the solution with stainless steel lid on, 

the ingression of oxygen is mostly avoided. For example, the measured oxygen level 

at the end of purging was below 3ppb. 

• The effect of pre-corrosion was significantly reduced. By heating the solution and the 

specimens in two separate autoclaves, the heating period decreased from 3-4 hours to 

less than 20 minutes. Therefore, the specimens were essentially uncorroded before the 

measurement started and hence the formation of corrosion product was delayed.  

• The effect of ‘post-corrosion’ during the cooling down period was also restricted. The 

solutions and the specimens were cooled down separately as well in the 2-autoclave 

system and the cooling-down period was reduced from 5-8 hours to 2-3 hours. In the 

single autoclave system, the corrosion specimens were still in the solution phase, 

corrosion went on and corrosion product kept developing during the cooling-down 
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period. In the 2-autoclave system, by keeping the specimens in inert conditions (N2 

environment) at the end of experiments in the two autoclave system, the nature of the 

corrosion products was not altered during the cooling period. 

The tested conditions, which are the same in both autoclave systems, are given in 

Table 12. Each experiment was performed at least twice to confirm the repeatability. 

 

Table 12. Test matrix of the imidazoline-type inhibitor at 120°C and 150°C 

Description Parameters 

Temperature/°C 120 150 

Electrolyte 1 wt.% NaCl solution saturated with 2bar CO2 

Inhibitor Talloil fatty acid diethyltriamine imidazoline 

Inhibitor 

concentration/ppm 
0,440 and 800* (*only at 150°C) 

Material API 5L X65 

pH Initial pH=4.3 at 80°C after purging with CO2 

Impeller speed/rpm 200 

Techniques applied 
Linear polarization resistance(LPR),  

open circuit potential(OCP) 

 

5.3  Results and Discussion 

5.3.1 Corrosion Behavior of Carbon Steel at 120°C with and without Inhibitor in the 

Single Autoclave System 

The trend of LPR corrosion rates with time for tests conducted with 0ppm and 

440ppm imidazoline-type inhibitor are shown in Figure 22. In the absence of inhibitor, 

the corrosion rates initially increased to around 10 mm⋅y-1 and remained at this value for 
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about 8hours. After that point, the corrosion rates gradually dropped to 1 mm⋅y-1 over the 

next 16hours. This is because, as corrosion progressed, water chemistry changed quickly 

in the closed autoclave system (increases in pH and [Fe2+] are expected) and resulted in 

the development of local environments favoring the growth of iron carbonate on the 

working electrode surface. This led to the formation of an increasingly protective 

corrosion product layer and a decrease in the corrosion rate for the rest 16 hours.  

The test performed with 440ppm corrosion inhibitor shows a different behavior. 

After the inhibitor was injected into the system, the corrosion rate immediately dropped 

from an initial value of 10mm⋅y-1 and stabilized at around 3mm⋅y-1 over a period of 3 

hours. This behavior is similar to what was previously observed at temperatures of 25°C 

to 80°C, as shown in Figure 12, Figure 13 and Figure 14. This proves that the inhibitor 

can still reduce the corrosion rates significantly at 120°C. However, the corrosion rate at 

the end of the experiment was still high. It is noteworthy that, at the end period of each 

test, the uninhibited and inhibited corrosion rates were very close (1.5±0.5mm⋅y-1 for the 

un-inhibited vs. 3±1 mm⋅y-1 for the inhibited test). This result by itself is surprising as it 

suggests that the presence of inhibitor actually led to an increase of the final corroison 

rate. However, the reasons behind this behavior are more complex and can be explained 

by considering the formation of corrosion products, which decreased the uniform 

corrosion rate in the uninhibited test, and the interaction between corrosion products and 

the inhibitor, which prevented the formation of corrosion products. This is discussed in 

more detail in the section below dedicated to surface analysis.  
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Figure 22. Corrosion rate with/without the imidazoline-type inhibitor at 120°C in the 
single autoclave system (1wt. % NaCl, 200rpm, pCO2=2 bar) 

 

The XRD patterns of the specimens exposed to the corrosive environments at 

120°C are shown in Figure 23. The main corrosion product was identified, as expected, 

as iron carbonate for the tests without corrosion inhibitor (Figure 23 (a)). However, for 

the inhibited test, only the iron peaks (44.75°, 65.15°), representing the substrate metal, 

could be detected (Figure 23 (b)). This means that in the inhibited conditions, no 

corrosion product was developed. This infers that the decrease in corrosion rate was 

solely due to the presence of inhibitor and that, as opposed to the blank test, corrosion 

products played no role.  
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Figure 23.XRD patterns of the specimens retrieved after experiments in the single 
autoclave system at 120°C. (a) with 0ppm imidazoline-type inhibitor; (b) with 440ppm 

imidazoline-type inhibitor (S stands for iron carbonate, and Fe stands for iron). 

 

In order to confirm that the development of an iron carbonate layer was the reason 

behind the decrease in corrosion rate in the uninhibited test, the specimen surfaces were 

characterized using SEM, as shown in Figure 24 (a) and (b) for the uninhibited and 

inhibited tests, respectively. Although all the surfaces show extensive signs of corrosion, 

distinctive features were observed. The surfaces of specimens retrieved in the absence of 

corrosion inhibitor showed different morphological features as well. The surface with 

0ppm inhibitor (Figure 24 (a)) exhibits signs of formation of crystalized structures, which 

are likely iron carbonate crystals. In comparison, there were only some porous structures 

on the surface of the specimens immersed with the presence of 440ppm inhibitor (Figure 
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24 (b)). Clearly, there was no obvious formation of corrosion products on top of the 

surfaces with the presence of 440ppm inhibitor.  

 

   

Figure 24. SEM images of the steel surfaces after 120°C test. (a) With 0 ppm 
imidazoline-type inhibitor; (b) with 440 ppm imidazoline-type inhibitor( 1 wt.% NaCl, 

200rpm, pCO2=2 bar) 

 

Cross-section images of the specimens with and without the presence of 

imidazoline-type inhibitor at 120°C are shown in Figure 25. The SEM images show that 

there was a corrosion product layer (zone 1) on the steel surface in experiments 

conducted in the absence of corrosion inhibitor. Combined with the XRD results shown 

in Figure 23, it can be concluded that the layer is made of iron carbonate and is 40μm 

thick. In contrast, the corrosion product on the surface of the inhibited specimen did not 

display any coherent structure comparable to what was observed in the uninhibited test. 

The absence of any iron carbonate peaks in the XRD patterns (Figure 23 (b)) suggests 

that its formation was suppressed by the presence of corrosion inhibitor. Instead, the layer 

visible on top of the steel surface in Figure 25 (b) is postulated to be iron carbide, which 
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is porous and not protective. This agrees well with what was observed with the surface 

morphology (Figure 24).  

 

 

Figure 25. SEM images of steel cross-sections of specimens retrieved from tests 
conducted at 120°C. (a) with 0ppm imidazoline-type inhibitor; (b) with 440 ppm 

imidazoline-type inhibitor. (From left to right: epoxy→corrosion product layer→steel 
matrix). 

 

Consequently, the true effect of chemical inhibition could have been masked in 

this test as a consequence of using a single ‘closed system’ autoclave. To determine the 

performance of corrosion inhibitor, it is necessary to know where the uninhibited 

corrosion rate is, as indicated in Equation (23). However, in the single autoclave system, 

it is not straightforward to define the uninhibited corrosion rate because the corrosion rate 

is not stable as a result of the formation of FeCO3 layer. In addition, the inhibited 

corrosion rate is not well defined either. The likelihood of corrosion product formation at 

120°C makes it difficult to differentiate what contributes the low corrosion rate in the 

presence of corrosion inhibitor. Without a thorough understanding of the uninhibited and 

the inhibited corrosion rates, the inhibition properties of the imidazoline-type inhibitor 
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are not clear. Therefore, efforts were made to develop a more appropriate system: the 2-

autoclave system. The advantages of the 2-autoclave system can be found in the 5.2.2.  

5.3.2 Corrosion Behavior of Mild Steel at 150°C with and without Corrosion Inhibitor 

in the Single Autoclave System 

Corrosion rates of API 5L X65 specimens exposed to different concentrations of 

corrosion inhibitor at 150°C are shown in Figure 26. With 0ppm corrosion inhibitor, the 

corrosion rate initially increased then dropped and stabilized at around 1mm⋅y-1; as for 

the previous test performed at 120°C, this is likely due to the formation of a corrosion 

product layer. With 440ppm corrosion inhibitor, the corrosion rate decreased steadily 

over the testing period until it reached a value of around 2mm⋅y-1 after 24hours. Figure 26 

shows that the results with 0 and 440ppm of inhibitor seem very close. It seems that the 

addition of inhibitor did not change the corrosion rate or that the concentration of 

inhibitor is not sufficient. To confirm if this was caused by the lack of inhibitor, an 

additional experiment with 880ppm corrosion inhibitor was carried out. However, the 

corrosion behavior with 880ppm of inhibitor ended up being very similar to that observed 

for the other two tests. This is significantly different from what was observed at 120°C, 

which showed a sharp decrease in inhibited corrosion rate immediately after injection and 

not a gradual decrease as seen at 150°C. At this point, it is unclear what, if any, effect the 

presence of corrosion inhibitor had on the corrosion behavior.  
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Figure 26. Corrosion rate for different concentrations of imidazoline-type corrosion 
inhibitor at 150°C. (1 wt.% NaCl, 200rpm, pCO2=2 bar) 

 

The surface of the specimen was characterized by SEM, as shown in Figure 27 

(a), (b), and (c). The surface morphologies of the steel specimens with and without 

corrosion inhibitor show clear differences. Without corrosion inhibitor, the surface seems 

relatively uniform and the presence of a homogeneous corrosion product layer is evident. 

However, in the presence of corrosion inhibitor (440 or 880 ppm), a porous, 

heterogeneous layer is present on the metal surface which is postulated to be iron carbide.  
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(a) 0ppm inhibitor           (b) 440ppm inhibitor               (c) 880ppm inhibitor 

Figure 27. SEM of X65 steel surface with various concentrations of corrosion inhibitor at 
150°C. (a) with 0ppm imidazoline-type inhibitor; (b) with 440 ppm imidazoline-type 

inhibitor; (c) with 880ppm imidazoline-type inhibitor (1 wt.% NaCl, 200rpm, pCO2=2 bar) 

 

The XRD patterns of the specimens retrieved from the experiments at 150°C are 

shown in Figure 28. At 150°C, a new type of corrosion product, Fe3O4, was observed for 

the experiments at 150°C, with and without inhibitor. Fe3O4 was also observed at high 

temperature in other researchers’ work [21,22]. It is noteworthy that, in the tests with 

corrosion inhibitor, the XRD patterns feature low-intensity peaks of Fe3O4 and high-

intensity peaks of iron. Conversely, the XRD pattern associated with the uninhibited 

specimen shows high intensity peaks for Fe3O4, which suggests that the thickness of the 

Fe3O4 layer for the test with corrosion inhibitor was thinner than for the test without 

corrosion inhibitor. 
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Figure 28. XRD patterns of the specimens retrieved after experiments in the single 
autoclave system at 150°C. (a) with 0ppm imidazoline-type inhibitor; (b) with 440ppm 

imidazoline-type inhibitor; (c) with 880ppm imidazoline-type inhibitor(S stands for iron 
carbonate, M for Fe3O4 and Fe for iron). 

 

In addition, the specimen cross-sections were examined by SEM/EDS as shown in 

Figure 29 (a), (b), and (c). Figure 29 (a) clearly indicates the presence of a thick corrosion 

product layer (40µm) for the uninhibited conditions. However, no apparent layer was 
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observed in the inhibited environments, as shown in Figure 29 (b), or (c). This again 

confirms that the formation of corrosion product was significantly hindered by the 

presence of the imidazoline-type corrosion inhibitor as at 120°C.  

 

   

   

Figure 29 Cross-sections images and EDS Fe element mapping of specimens with various 
concentrations of corrosion inhibitor at 150°C. (a) with 0ppm imidazoline-type inhibitor; 
(b) with 440 ppm imidazoline-type inhibitor; (c) with 880ppm imidazoline-type inhibitor. 

 

The use of the single autoclave setup at 120°C and 150°C proved problematic and 

significantly complicated the interpretation of the results. Experimental artifacts, linked 

to the formation of corrosion products, masked the true effect of the inhibitor. The main 

issue with the single autoclave system was the long heating and cooling transition periods 

that could have led to the formation of corrosion product even before the inhibitor was 

injected. To address this issue, the two-autoclave system was developed so that the 

solution and the specimens were heated separately. This would reduce the transition 
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periods and, hence, the formation of corrosion product thereby isolating the effect of 

corrosion inhibitor.  

5.3.3 Corrosion Behavior of Mild Steel at 120°C with Reduced Transition Period with 

and without Imidazoline-Type Inhibitor in the Two-Autoclave System 

As stated above, the long transition time associated with the heating up period, 

before any actual measurement could take place, might have altered the results of 

inhibitor performance. To clarify the role of inhibitor, similar experiments were carried 

out in the 2-autoclave system, which was designed to limit the pre-corrosion time. In the 

new system, the pre-corrosion was completely by-passed. The trend of LPR corrosion 

rates with time, with and without imidazoline-type inhibitor at 120°C, is shown in Figure 

30. In the uninhibited system, the corrosion rate was initially around 5mm⋅y-1 and 

increased gradually to 9mm⋅y-1 during the first hour. After that, corrosion rate remained 

around 9mm⋅y-1 for the next 22 hours of exposure. The stable corrosion rate suggests that 

the formation of corrosion product layers was prevented in the 24 hour experiment, 

indicating that, in the new 2-autoclaves system, the formation of corrosion product was at 

least significantly delayed. This is likely a result of a decrease in the carbon steel 

specimen exposure time to the solution, which decreases the pre-corrosion time and 

minimized the release of Fe2+ ions in solution. It is fully expected that, with enough 

exposure time, significant changes in water chemistry would also occur, as with the 

single autoclave. However, by minimizing the precipitation of the surface layers in the 

first 24 hours, the use of the two-autoclave system appears to be a more appropriate setup 

for the investigation of high temperature corrosion inhibition. 
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In the presence of 440ppm of imidazoline-type inhibitor, the corrosion rate 

dropped quickly from an initial corrosion rate of 7mm⋅y-1 to 3.5mm⋅y-1 after the addition 

of corrosion inhibitor. The corrosion rate then remained stable for the rest of the 

experiment. This behavior is similar to what was previously observed at 120°C in the 

single autoclave system (Figure 22). The similarity in inhibited corrosion rate between 

the single and the two-autoclave systems also suggests that the performance of the 

inhibitor is accurately captured in both autoclave systems. Only the baseline uninhibited 

test is strongly affected by the experimental procedure. 

 

 

Figure 30. Corrosion rate with/without the imidazoline-type inhibitor at 120°C in the two 
autoclave system (1 wt.% NaCl, 200rpm, pCO2=2 bar) 

 

Since the uninhibited corrosion rate could be determined with confidence in the 

two-autoclave system, the inhibition efficiency (𝜼𝜼) of the imidazoline-type inhibitor was 

calculated as 61% from Equation (23). In the absence of inhibitor, the fact that the 
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corrosion rate remained constant during the entire duration of the test suggests that no 

protective corrosion product layer formed. This is different from what was observed in 

the single autoclave system, in which a thick layer of corrosion product was formed 

(Figure 25). The surface was characterized using XRD, SEM and EDS to confirm the 

absence of an iron carbonate layer.  

The XRD patterns of the specimens recovered from the test with and without 

inhibitor, at 120°C, are shown in Figure 31. The major difference from the single 

autoclave system is that even without corrosion inhibitor, the FeCO3 peaks are absent. 

This again proves that the formation of iron carbonate in the new system was completely 

bypassed in the tested period (2 4hours). Therefore, the limited exposure time of the steel 

specimen to the electrolyte minimized the effect of pre-corrosion and buildup of Fe2+ in 

solution; this delayed the formation of iron carbonate. 
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Figure 31 XRD patterns of the specimens retrieved after experiments in the two autoclave 
system at 120°C. (a) with 0ppm imidazoline-type inhibitor; (b) with 440 ppm 

imidazoline-type inhibitor (Fe stands for iron). 

 

Figure 32 shows the formation of a very porous corrosion product layer (Fe3C) 

without inhibitor while the absence of FeCO3 crystals is also noticeable. In Figure 32 (b), 

the surface appears relatively flat with sheet-like features, often associated with iron 

carbide, partly covering the surface. The formation of FeCO3 was significantly delayed at 

120°C in the two-autoclave system.  
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Figure 32. SEM images of specimen surfaces from 120°C experiments. (a) With 0ppm 
imidazoline-type inhibitor; (b) with 440 ppm imidazoline-type inhibitor 

 

The cross-section images are shown in Figure 33. On the one hand, in the absence 

of corrosion inhibitor, a loose layer on top of the steel substrate is seen in Figure 33 (a). 

As the XRD results have shown (Figure 31), this loose layer is likely made of cementite 

since no FeCO3 could be detected. This layer of cementite is usually porous, hence 

cannot work as an effective mass transfer barrier and mitigate the corrosion rate. On the 

other hand, no apparent layer can be noticed on top of the surfaces exposed to the 

solutions with inhibitor. This behavior is similar to what observed in the single autoclave 

system. The missing of iron carbides in the tests was probably due to artificial reasons. 

The specimens needed to be rinsed with isopropanol and water after experiments to 

remove possible residue salts and other residues. Some porous precipitates was washed 

away during the rinsing. This precipitate was most likely the iron carbides residues, 

because corrosion products (iron carbonate or Fe3O4) are usually well attached to the 

matrix.  
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Figure 33. Cross-section images of the specimens retrieved from 120°C experiments. (a) 
With 0ppm imidazoline-type inhibitor; (b) with 440 ppm imidazoline-type inhibitor 

(From left to right in each image: epoxy→steel) 

 

5.3.4 Corrosion Behavior of Mild Steel at 150°C with and without Corrosion Inhibitor 

in the Two-Autoclave System 

Corrosion rates of mild steel specimens exposed to different concentrations of the 

imidazoline-type corrosion inhibitor at 150°C are shown in Figure 34. The results were 

obtained in the two-autoclave system which minimized transition times (heating-up and 

cooling-down periods). At 0ppm corrosion inhibitor, the corrosion rate increased slightly 

at the beginning of the test and then decreased gradually. Once again, the decrease of the 

corrosion rate was likely due to the formation of corrosion products, even in the 2-

autoclave system which was designed mainly to delay the formation of corrosion 

products. With 440ppm corrosion inhibitor, the corrosion rate trend was repeatedly very 

similar to what was observed without the imidazoline-type inhibitor. The corrosion rate 

decreased to around 3mm⋅y-1 after the 24 hour experiment. Similarly, with 880ppm 

inhibitor added into the system, the corrosion rate also monotonously decreased to around 

6mm⋅y-1. It is noteworthy that in the initial 10 hours, the corrosion rates did not seem to 
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be affected by the presence of inhibitor in the system. These results also resemble what 

was obtained in the single autoclave system.  

The results suggest that the addition of corrosion inhibitor did not inhibit the 

corrosion rate at 150°C even with a limited pre-corrosion period. The results also suggest 

that corrosion products can form relatively rapidly at 150°C and play a significant role in 

determining the corrosion rate.  

 

 

Figure 34. Corrosion rates with various amount of the imidazoline-type inhibitors at 
150°C in the two autoclave system. (1wt. NaCl, pCO2=2 bar) 

 

XRD patterns of the specimens’ surfaces were obtained to identify the corrosion 

products, as shown in Figure 35. The patterns are comparable to the XRD data obtained 

in the single autoclave system at 150°C (Figure 28). In the absence of corrosion inhibitor, 

the Fe3O4 peak intensity is high, which suggests that a thick layer of magnetite formed on 

the surface of the specimen. In the presence of inhibitor, the same Fe3O4 peak was 
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detected but at a much lower intensity. Therefore, the formation of Fe3O4 was neither 

avoided nor delayed in the 2-autoclave compared to the single autoclave system. 

 

  

Figure 35. XRD patterns of the specimens retrieved after experiments in the two-
autoclave system at 150°C. (a) With 0ppm imidazoline-type inhibitor; (b) with 440 ppm 
imidazoline-type inhibitor; (c) with 880ppm imidazoline-type inhibitor. (Fe stands for 

iron, S stands for FeCO3 and M stands for Fe3O4) 
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The surface morphologies of the specimens, considering the tests with and 

without corrosion inhibitor, are shown in Figure 36 (a), (b), (c). Again, in the uninhibited 

environments (Figure 36 (a)), the surface of the mild steel specimen featured a uniform 

surface with crystalline structures on top, similar to what was observed in the single 

autoclave system (Figure 36 (a)) However, the surface of the specimen collected from the 

inhibited tests was uneven and partly covered with a very porous layer (Figure 36 (b), 

(c)), which is likely a residue of cementite.  

 

   

Figure 36. Surface morphology of mild steel for various concentrations of corrosion 
inhibitor at 150°C. (a) With 0ppm imidazoline-type inhibitor; (b) with 440 ppm 

imidazoline-type inhibitor; (c) with 880ppm imidazoline-type inhibitor. 

 

The cross-section images of the corrosion product layers obtained from tests with 

and without corrosion inhibitor are shown in Figure 37 (a), (b), (c). In the uninhibited 

system (Figure 37(a)), a corrosion product layer was observed with a thickness of 30-40 

µm. However, in the inhibited system, no obvious layer was identified. Again, this is 

analogous to what was observed in the single autoclave system (Figure 37).  
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Figure 37. Cross-section images of the mild steel specimens for various concentrations of 
corrosion inhibitor at 150°C with limited transition period. (a) With 0ppm imidazoline-

type inhibitor; (b) with 440 ppm imidazoline-type inhibitor; (c) with 880ppm 
imidazoline-type inhibitor. 

 

The experimental work above demonstrates that the uninhibited corrosion results 

are strongly affected by the formation of corrosion product layers (either FeCO3 or 

Fe3O4). However, the inhibition performance per se does not seem to be significantly 

altered by simply shortening the transition periods (heating-up and cooling-down) and 

avoiding pre-corrosion or corrosion product build-up.  

At 120°C, although the formation of FeCO3 was considerably delayed, the 

inhibited corrosion rates in the single-autoclave and the 2-autoclave system were still 

fairly similar, which means the efficiency of the inhibitor was not affected by the pre-

corrosion time at this temperature. In addition, experimental data showed that the 

imidazoline-type inhibitor prevented the precipitation of FeCO3, inferring that the 

decrease in corrosion rate compared to the baseline data was solely due to the presence of 

inhibitor.  

At 150°C, it is difficult to tell whether it is the formation of corrosion product 

(FeCO3 or Fe3O4?) or the adsorption of the imidazoline-type inhibitor which governs the 

corrosion rate. First, the differences between the inhibited and uninhibited corrosion rates 
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were not significant, no matter the autoclave system used. Therefore, it is not likely that 

the presence of the imidazoline-type inhibitor determined the corrosion rate. Second, the 

presence of inhibitor did prevent the precipitation of FeCO3 but could not stop the 

formation of Fe3O4. In this case, the uninhibited corrosion was likely controlled by the 

presence of Fe3O4 rather than FeCO3. However, more efforts are still needed to 

investigate the interaction between Fe3O4 and the inhibitor adsorption.  

In summary, it is clear that Fe3O4 is probably the governing factor of corrosion at 

150°C. As a result, a new hypothesis was proposed: 

• 3rd hypothesis: At 150°C, the formation of Fe3O4 is kinetically favored, the 

protectiveness of Fe3O4 is dominant and takes control of the corrosion 

rate.  

To demonstrate the role of Fe3O4 on the inhibition performance of the 

imidazoline-type inhibitor, additional experiments are required to further limit the 

formation of Fe3O4. Firstly, the imidazoline-type inhibitor showed a notable ability to 

prevent the formation of corrosion products in the earlier work. Secondly, the 2-autoclave 

system experimental procedure was again modified to further constrain the formation of 

Fe3O4. The previous procedure included a half hour pre-corrosion before the injection of 

corrosion inhibitor; this short pre-corrosion time period was removed by injecting 

inhibitor into the heated solution before transferring it to the autoclave with the X65 

specimens. Through the modified procedure, the pre-corrosion is limited at a maximum 

level and thus the role of inhibitor should be further unveiled. 
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5.3.5 Corrosion Inhibition Behavior without Pre-Corrosion at 120°C  

In this section, supplementary experiments with a new procedure in the 2-

autoclave system were performed to further limit the formation of Fe3O4 and to better 

understand its role in corrosion inhibition.  

The updated testing system presents a slight modification from the 2-autoclave 

system, as shown in Figure 38. The major difference is that the corrosion inhibitor 

injector was attached to Autoclave 1 instead of Autoclave 2 (see Figure 21 (b)). By doing 

so, the inhibitor can be injected into the solution prior to contacting the specimens and 

thereby limiting pre-corrosion time to a minimum. Otherwise, the new autoclave system 

is identical to the earlier 2-autoclve system (details can be found in Section 5.2.1).  

 

 

Figure 38. A new design of the 2-autoclave system (courtesy of Cody Shafer) 
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The experimental procedure was also similar to that described in Section 5.2.2. 

The major difference was that when both autoclaves reached the desired conditions, the 

inhibited solution was injected into autoclave 1 by pressurized CO2 gas. After the 

inhibited solution was completely injected into autoclave 1, autoclave 1 was pressurized 

with excess CO2 to transfer the deoxygenated and inhibited solution to autoclave 2 by 

opening valves between the two autoclaves. Therefore, the pre-corrosion can be 

completely bypassed. In the earlier procedure, the injection of corrosion inhibitor 

occurred after the electrolyte was transferred. The test matrix is the same as earlier work 

shown in Table 12. Other settings are the same as described in Section 5.2.2.  

Figure 39 presents the corrosion rate trends obtained with 0 and 440ppm 

imidazoline-type inhibitor, and with 0 and 30 minutes pre-corrosion. Only the results 

obtained without precorrosion are new and the other two lines have been already 

presented in the previous chapter. However, they are shown here together to ease 

comprehension and comparison. As it was stated before (see section 5.3.3), the corrosion 

rate without inhibitor in the system increased from around 5mm⋅y-1 to around 9mm⋅y-1 in 

the first couple hours of exposure and  stabilized around 9mm⋅y-1 afterwards. Due to the 

stability of this corrosion rate, it was considered as the baseline uninhibited corrosion rate 

at 120°C. With the injection of corrosion inhibitor and a pre-corrosion time of 30min, the 

corrosion rate started at 5mm⋅y-1 and slightly increased to 7mm⋅y-1 during the pre-

corrosion time – however, the corrosion rate quickly decreased to 3.8mm⋅y-1 after 

inhibitor injection.  
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The new test performed without any pre-corrosion showed a stable corrosion rate 

of 4mm⋅y-1 from the start of the test. The inhibited corrosion rates with or without pre-

corrosion are very close (4.0mm⋅y-1 vs. 3.8mm⋅y-1) and the inhibition efficiency can be 

determined at 60%. In conclusion, at 120°C, the corrosion inhibition performance was 

not altered by the presence of 30 min of pre-corrosion.  

 

 

Figure 39. Corrosion rates at 120°C with and without the imidazoline-type inhibitor (1 
wt.% NaCl, 200rpm, pCO2=2 bar; B=23mV/decade) 

 

The XRD patterns of the specimens with and without the imidazoline-type  

inhibitor at 120°C are shown in Figure 39. As mentioned earlier, no other peaks other 

than the peaks at 44.75° and 65.15° (representing iron) were determined in the XRD 

patterns of the specimens in the absence of corrosion inhibitor. This suggests that no 

corrosion product (FeCO3 or Fe3O4) was formed in the 24 hour experiments. Similarly, 

no iron carbonate peak was observed in the XRD patterns with the presence of 440 ppm 
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imidazoline-type inhibitor. This shows good agreement with the surface morphology in 

Figure 40, which exhibited no sign of the formation of corrosion product.  

 

 

Figure 40. XRD patterns of the specimens obtained from 120°C experiments with 
440ppm imidazoline-type inhibitor without pre-corrosion (Fe stands for iron) 

 

The surface morphology and cross-section images with and without inhibitor at 

120°C are shown in Figure 41, Figure 42. There was no sign of the formation of 

corrosion product in the tested conditions. Therefore, it can be seen that the decrease in 

the corrosion rate with the addition of corrosion inhibitor was only a result of the 

adsorption of inhibitor. This finding agrees well with what was observed in the earlier 

designed 2-autoclave system (see Figure 32 (b) and Figure 33 (b)). Clearly, the new 

testing apparatus did not change the performance of the inhibitor at 120°C. However, the 

results still conform with the new hypothesis. The focus of the new hypothesis is that the 

development of the Fe3O4 takes over the role of corrosion inhibitor. As a result, the 

corrosion rate was not likely affected by changing the procedure at 120°C because that 

Fe3O4 is not likely formed at this temperature.  
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Figure 41. Surface morphology of the specimens retrieved from 120°C experiments 
without pre-corrosion with the presence of 440ppm imidazoline-type inhibitor. 

  

 

Figure 42. Cross-section images of the specimens retrieved from 120°C experiments 
without pre-corrosion with the presence of 440ppm imidazoline-type inhibitor.  

 

5.3.6 Corrosion Inhibition Behavior without Pre-Corrosion at 150°C  

A similar process was reproduced at 150°C. Figure 43 shows the corrosion trends 

obtained with and without inhibitor (440ppm) and without pre-corrosion (30 min). The 

results obtained without inhibitor and with pre-corrosion have already been shown in the 

section and are repeated here for ease of comparison. The corrosion rate without 

corrosion inhibitor first increased from 8mm⋅y-1 to 11 mm⋅y-1 after 30 minutes (due to the 
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formation of carbide), remained relatively unchanged for the next 7hours period and then 

gradually decreased to 1mm⋅y-1 over the remaining 24hours testing period. This trend is 

due to the formation of Fe3O4. 

However, when pre-corrosion is totally avoided, the inhibited corrosion rate 

behaved differently compared to the results obtained with 30 min pre-corrosion. At first, 

the corrosion rate also started from around 8mm⋅y-1, however, instead of increasing 

slightly in the first hour of exposure, it decreased rapidly to 6mm⋅y-1, almost remained 

unchanged during the remaining test duration, only decreasing slightly to 5.5mm⋅y-1. In 

contrast, in the case with pre-corrosion (30 min), the corrosion rates kept decreasing over 

the test duration, likely due to the formation of Fe3O4.  

Similarly, with 880ppm imidazoline-type inhibitor, the corrosion rate also 

decreased sharply at the beginning of the test and declined slowly to around 4.5mm⋅y-1. 

The corrosion trend without pre-corrosion is completely different from the one obtained 

with 30 minutes pre-corrosion. With pre-corrosion (30 min), the corrosion rate almost 

followed the same trend with or without corrosion inhibitor. This means that the presence 

of inhibitor had little to no effect on the corrosion rate which kept decreasing with time, 

probably due to the rapid formation of Fe3O4. The elimination of pre-corrosion lead to a 

very different corrosion rate trend and successfully limited the formation of Fe3O4. This, 

in turn, enables identification of the true effect of inhibition at 150°C. 
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Figure 43. Corrosion rate without pre-corrosion at 150°C with various amount of the 
imidazoline-type inhibitor. (1 wt.% NaCl, 200rpm, pCO2=2 bar; B=23mV/decade) 

 

The XRD patterns of the specimens retrieved from 150°C experiments were taken 

and are shown in Figure 44. As indicated in Figure 35 (a), the corrosion product at 150°C 

experiments without corrosion inhibitor is a mixture of FeCO3 and Fe3O4. However, 

despite the implementation of the new procedure limiting pre-corrosion and the formation 

of Fe3O4, Fe3O4 was still found in the XRD patterns with the presence of corrosion 

inhibitor in Figure 44 (a) and (b). Note that the formation of the Fe3O4 is limited as the 

intensity of the Fe3O4 peak with corrosion inhibitor is only 1/6 of the intensity without 

corrosion inhibitor (Figure 35 (a)); identical data acquisition parameters were used. The 

finding of Fe3O4 in the XRD patterns is not surprising because the formation of Fe3O4 is 

kinetically favored at 150°C. As a result, the development of Fe3O4 is almost unavoidable 

at this temperature. The formation kinetics of Fe3O4 are discussed later in Section 5.3.9.  
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Figure 44. XRD patterns of the specimens from 150°C experiments without pre-
corrosion. (a) With 440ppm imidazoline-type inhibitor; (b) with 880ppm imidazoline-
type inhibitor (Fe stands for iron, M stands for Fe3O4 and S stands for iron carbonate) 

 

Figure 45 shows the surface morphology of the specimens exposed to 150°C 

experiments and different concentrations of inhibitors (400 and 880ppm) but with 

eliminating the pre-corrosion period. The results are compared to the data obtained in 

similar conditions but with a pre-corrosion step (30 min). First, it is important to mention 

that the specimen surface obtained from the test without corrosion inhibitor features some 

crystalized corrosion products sitting on top of a flat surface. However, the surface of the 

specimens exposed to inhibited solution suggests no signs of corrosion product other than 

some cementite residues. The absence of corrosion product is observed in all the cases 
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with corrosion inhibitor and with or without pre-corrosion (see Figure 27, Figure 29, 

Figure 36 and Figure 37). This again strongly indicates that the imidazoline-type inhibitor 

also inhibits the formation of corrosion product.  

 

  

Figure 45. Surface morphology of the specimens exposed to 150°C experiments.(a) With 
440ppm imidazoline-type inhibitor; (b) with 880ppm imidazoline-type inhibitor (2-

autoclave system with modified procedure) 

 

Figure 46 shows the cross-section images of the specimens retrieved from 150°C 

experiments in the presence of different amounts of the imidazoline-type corrosion 

inhibitor and ensuring no pre-corrosion time. A 40µm of corrosion product layer (a 

mixture of FeCO3 and Fe3O4) was found in the absence of corrosion inhibitor (see Figure 

37). However, no apparent layer was observed in the cases without pre-corrosion and in 

the presence of 440 and 880 ppm imidazoline-type inhibitor. Similarly, even with 30 

minutes pre-corrosion, no apparent layer was observed after experiments with the 

presence of the imidazoline-type inhibitor. This finding confirms the absence of corrosion 

product layers is related to the addition of the imidazoline-type inhibitor.  
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Figure 46. Cross-section images of the specimens exposed to 150°C experiments (a) With 
440ppm imidazoline-type inhibitor; (b) with 880ppm imidazoline-type inhibitor. (2-

autoclave system with modified procedure) 

 

5.3.7 The Formation of Fe3O4 and Its Role on Corrosion Rate 

In the experimental part, it was noticed that by solely removing the transient 30 

minutes pre-corrosion, the corrosion rate with inhibitor showed some differences; 

relatively modest at 120°C, more significant at 150°C. This confirms the proposed 

hypothesis which suggests that the role of Fe3O4 is critical to the corrosion process at 

150°C. However, it is clear that the presence of inhibitor also had some effect, by 

limiting the formation of corrosion products. In the absence of pre-corrosion, the effect of 

inhibitor was more visible. Further discussion is made in this section to better understand 

the role of magnetite on the corrosion process and to identify the specific role of 

corrosion inhibitor at 150°C.  

In the absence of oxygen, Fe3O4 layers are reported to form at elevated 

temperature in aqueous environment and play an important role in corrosion rate 

[141,142]. When the Fe3O4 layers are formed, solid state diffusion in the Fe3O4 layer is 

the rate-determining step [142]. Generally, when the diffusion of reactants through a 
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growing oxide scale is the rate determining step, the rate follows a parabolic time law 

[142]. Therefore, the measured corrosion rate should also take a parabolic form if the 

formation of Fe3O4 dominates the corrosion rates, which can be expressed as:  

 (𝐶𝐶𝑃𝑃 − 𝐶𝐶𝑃𝑃𝑤𝑤𝑏𝑏𝑎𝑎ℎ𝑠𝑠𝑢𝑢𝑎𝑎 𝐹𝐹𝐹𝐹3𝐻𝐻4)2 = 𝑘𝑘𝑐𝑐 (42) 

Where CR is instantaneous corrosion rate, CRwithout Fe3O4 is the initial corrosion 

rate before the formation of Fe3O4, k is related to the diffusion coefficient and 

concentration difference of the rate-limiting species and t is time (hour).  

Earlier results show that Fe3O4 also controls the corrosion rate when a pre-

corrosion step is included whether imidazoline-type inhibitor is present or not. As 

indicated earlier, parabolic kinetics usually suggest that the diffusion in the Fe3O4 layers 

is the rate-determining step. The corrosion kinetics were fitted with a parabolic time law 

to investigate if it could match with a typical Fe3O4 controlled corrosion process. The 

fitted results, shown in Figure 47, indicate that, in the three tested conditions, the 

corrosion rates seem to adopt a parabolic time law with relatively similar k values (Table 

13). This all suggests that in the tests with pre-corrosion, the rate-determining step has 

little to do with the addition of corrosion inhibitor since the corrosion behavior can be 

simply explained by the presence of Fe3O4.  
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Figure 47. Fitting of corrosion rate with parabolic time law. (a) with 0ppm imidazoline-
type inhibitor; (b) with 440ppm imidazoline-type inhibitor; (c) with 880ppm imidazoline-

type inhibitor(Black dots are the experimental results and the red lines are the 
exponentially fitting) 

 

Table 13. Calculated parameters by fitting of corrosion rate at 150°C with parabolic time 
law  

Test conditions CRwithout Fe3O4/mm⋅y-1 𝐤𝐤/mm2⋅y-1 

150°C, 0ppm imidazoline-
type inhibitor 11.69 4.89 

150°C, 440ppm imidazoline-
type inhibitor 12.64 5.38 

150°C, 880ppm imidazoline-
type inhibitor 13.18 4.90 
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5.3.8 The Role of Corrosion Inhibitor at Elevated Temperatures 

The experiments performed without pre-corrosion could separate the effect of 

corrosion inhibitor from the influence of Fe3O4. Actual inhibition efficiency could be 

then determined, showing that the temperature effect on the inhibition performance could 

be revealed even at 150°C. At lower temperature, it was found that the adsorption of 

imidazoline-type inhibitor could usually follow a Langmuir adsorption model. Its 

thermodynamic form can be found in Equation (35). The following section investigates if 

the same kinetics can be applied at higher temperature. 

Additionally, the van’t Hoff equation can be used to characterize the effect of 

temperature on the adsorption process:  

van’t Hoff 

equation 
𝑏𝑏𝑐𝑐𝐾𝐾𝐹𝐹𝑎𝑎 = −

∆𝐻𝐻𝑎𝑎𝑎𝑎𝑠𝑠0

𝑃𝑃𝑇𝑇
+ 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐 (43) 

The equilibrium constant Keq is calculated using the procedure highlighted in 

Section 4.3.4. Figure 48 presents the results together with data obtained at lower 

temperature (Figure 11). If the temperature is the governing factor to the adsorption 

behavior, Keq should be linearly related to -1/T over the entire temperature range. The 

figure indeed reveals a linear relationship between lnKeq and 1/T. Therefore, it can be 

concluded that the adsorption behavior of the imidazoline-type inhibitor holds the same 

temperature effect over the entire range of temperature, up to 150°C. This could only be 

revealed by minimizing as much as possible the formation of magnetite.  
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Figure 48. Verification of the effect of temperature on the adsorption behavior of the 
imidazoline-type inhibitor up to 150°C.  

∗Error bars are taken from values calculated with different concentrations of inhibitor at the same 

temperatures.  

 

However, it is necessary to point out it was not possible to completely avoid the 

formation of magnetite elevated temperatures above 120°C, whatever the procedural 

change implemented. This is because water is the major oxidant for the formation of 

magnetite and its presence is overwhelming in the tested system. Therefore, it is very 

important to consider the existence of Fe3O4. In addition, it is not practical, in field 

applications, to avoid any pre-corrosion time before injection of inhibitor. Consequently, 

the role of Fe3O4 needs to be taken into account when making mitigation strategies 

against corrosion at temperature above 150°C.  
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5.3.9 Corrosion Production Inhibition Property of the Imidazoline-Type Inhibitor 

In the set of work at higher temperatures, it was found that the imidazoline-type 

inhibitor had a remarkable ability to inhibit corrosion product formation. At elevated 

temperature, the solubility limit of corrosion product is usually particularly low (see 

Equation (45) and Equation (45)). Moreover, the iron dissolution rate is also fast and 

therefore the Fe2+ concentration can be high as well. As a result, the formation of 

corrosion products is significantly favored. For instance, in the conditions tested, the 

thickness of corrosion product layers is commonly around 30-40µm in the absence of 

corrosion inhibitor. However, whenever corrosion inhibitor was injected in the system, no 

apparent corrosion product layer was observed on the surfaces of the retrieved specimens, 

although the tested conditions were similar. Therefore, it is proposed that the inhibitor 

showed good inhibition properties against the precipitation of corrosion products.  

The water chemistry of the solutions after the high temperature testing is given in 

Table 14. The high pH and the high ferrous ion concentration all favor the formation of 

the corrosion product layers. In the absence of inhibitor, a 40μm thick FeCO3 layer 

formed, accounting for about 2% of the total Fe2+ ions released through the corrosion 

process. In the presence of inhibitor, no corrosion product formed although the bulk 

ferrous ions concentration was quite similar to the case without inhibitor.  
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Table 14. Water chemistry of the solution after 150°C experiments without pre-corrosion 
time in the 2-autoclave system 

Test conditions C(Fe2+)/ppm pH 

150°C, 0ppm imidazoline-
type inhibitor 140 6.04 

150°C, 440ppm imidazoline-
type inhibitor 135 6.00 

150°C, 880ppm imidazoline-
type inhibitor 201 6.11 

∗Here, the ppm is parts per million by mole. 

 

To understand the role of corrosion product inhibition ability of the imidazoline-

type inhibitor, the saturation value of the corrosion product at 150°C was evaluated. The 

formation of iron carbonate goes through Equation (20). The solubility equilibria for 

Fe3O4 goes through the following reaction: 

 𝐹𝐹𝐹𝐹2+ + 2𝐹𝐹𝐹𝐹3+ + 4𝐻𝐻2𝐶𝐶 ⇌ 𝐹𝐹𝐹𝐹3𝐶𝐶4 + 8𝐻𝐻+ (44) 

The solubility limit of the FeCO3 and Fe3O4 can be found in the following 

equations: 

 𝐾𝐾𝑠𝑠𝑝𝑝,𝐹𝐹𝐹𝐹𝐻𝐻𝐻𝐻3 = e−59.3498−0.041377𝑇𝑇𝐾𝐾−
2.1963
𝑇𝑇𝐾𝐾

+24.5724𝑙𝑙0𝑔𝑔(𝑇𝑇𝐾𝐾)+2.518𝐼𝐼0.5−0.6571 (45)[143] 

 𝐾𝐾𝑠𝑠𝑝𝑝,𝐹𝐹𝐹𝐹3𝐻𝐻4 = e−
∆𝐺𝐺𝐹𝐹𝐹𝐹3𝑂𝑂4
𝑅𝑅𝑇𝑇𝑘𝑘  (46)[22] 

 

Therefore, the solubility of the iron carbonate (Ksp,FeCO3) and Fe3O4 (Ksp,Fe3O4) at 

different temperatures can be calculated and depicted in Figure 49. Moreover, the 

saturation values are also calculated at the initial condition (pH=4.3) and the final 
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condition (pH=6) with the presence of different concentrations of Fe2+ and shown in 

Figure 50. Both FeCO3 and Fe3O4 saturation values are much higher than 1 at pH=6.0, 

which means that the formation of corrosion product is highly favored. Indeed, with 

corrosion inhibitor, a 30-40µm thick corrosion product layer was formed at higher 

temperatures (Figure 37 (a)). However, when there was inhibitor present in the system, 

no apparent corrosion product developed on top of the surface (Figure 37 (b) and (c)). 

The XRD also confirmed the absence of FeCO3 (Figure 35 (b) and (c)). Although Fe3O4 

was still observed in the XRD, it is likely very thin (nanometer level) and not detectable 

by SEM. Therefore, the inhibitor obviously plays a significant role in scaling inhibition.  

 

 

Figure 49. Solubility limit of FeCO3 and Fe3O4 at different temperatures.  
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Figure 50. Saturation value of FeCO3 and Fe3O4 at 150°C with the presence of different 
concentration of Fe2+. (pCO2=2bar, Initial pH=4.3, final pH=6, 1wt% NaCl, Fe3+=10-

10mol⋅L-1) 

 

 The corrosion product/scaling inhibition property is probably due to the 

imidazoline-type inhibitor absorbing on the growing faces of crystal nuclei and hence 

preventing the formation of symmetrical crystal. Generally, the process of precipitation 

requires nucleation sites. Once the concentration of the species (such as Fe2+, CO32-) 

exceeds the saturation level, corrosion products starts to precipitate and form into dense, 

closed-packed crystals [48]. In the current research, the saturation value was always 

higher than 1. Therefore, the failure of the formation of dense corrosion product layers is 

probably because of a lack of nucleation sites.  In fact, the inhibitor molecules most likely 

adsorb on the crystalline faces and hence block additional formation of corrosion 

products and hence well-structured scales. The scale formed in the presence of scaling 

inhibitors \has been reported to usually be mushy and soft [77-79]. In the post-processing 

of the specimens exposed to the imidazoline-type inhibitor, some fragile and loosely 
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attached residues were also found on the surfaces and could be easily washed away by 

water and isopropanol. These are likely poorly developed amorphous crystals. As a 

result, XRD cannot capture the existence of FeCO3/Fe3O4 easily.  

5.4 Summary 

A two autoclave system was developed to shorten the heating up and cooling 

down time periods of solutions and hence the formation of corrosion products. The two-

autoclave system showed many advantages over the more common single autoclave 

system. The ingress of O2, the heating up and cooling down period was significantly 

limited in the new system.  

Using the two-autoclave system, the formation of iron carbonate in the 

uninhibited test was mostly avoided at 120°C. The efficiency of the inhibitor could then 

be clearly determined at 61%. At 150°C, the rapid formation of Fe3O4 could not be 

prevented and seemed to control the corrosion behavior with or without inhibitor. At this 

temperature, the presence of inhibitor had no visible effect on the corrosion rate. 

 In addition, the imidazoline-type inhibitor was also proved to be an effective 

scaling inhibitor. Whenever there was the presence of the imidazoline-type inhibitor, the 

formation of corrosion product layers were not observed by SEM, although saturation 

value was high for the involved water chemistry.   
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CHAPTER 6: THE ROLE OF THERMAL STABILITY OF THE IMIDAZOLINE-
TYPE INHIBITOR AT ELEVATED TEMPERATURES 

6.1 Introduction 

In Chapter 4 and Chapter 5, the adsorption behavior and the inhibition 

performance of the imidazoline-type inhibitor was examined to verify the first 

hypothesis. It was found that the decreased inhibition performance at elevated 

temperatures was mostly a result of the desorption being favored, as long as the 

formation of Fe3O4 was limited. This chapter presents efforts to demonstrate the second 

hypothesis, which relates to the role of the inhibitor stability at elevated temperatures.  

Methods to evaluate the corrosion inhibitor are required to understand the role of 

the thermal stability. Many techniques are applied for the characterization and 

determination of the corrosion inhibitor in the field or the laboratory, including visible 

spectroscopy, UV-vis spectroscopy, fluorescence, mass spectroscopy, Fourier 

transformation infrared (FTIR) spectroscopy, etc. However, these techniques all have 

certain limitations in detection capabilities, automation, relative ease of the setup and 

operations [144].  

Here, UV-vis spectroscopy was used to analyze the inhibitor and determine its 

concentration. The spectra of the two inhibitors selected in this study are detectable by 

UV-vis spectroscopy [102,145–147]. The absorption peak for the conjugated N−⃛C−⃛N 

(characteristic group of the imidazoline ring) is at the wavelength of 232nm [102,147], 

and the ammonium group is determined at 203nm [145,146]. In addition, the UV-vis can 

be used for the determination of inhibitor concentrations. The relationship between the 
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analyte concentration and the intensity of the absorption can be found using the Beer-

Lambert law [148].  

 𝐴𝐴𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑎𝑎𝑐𝑐𝑐𝑐𝐹𝐹 = 𝜀𝜀𝑐𝑐𝑏𝑏, (47)  

In which, Absorbance is the absorbance at a specific wavelength, 𝜀𝜀 is a constant (with a 

unit of (mol⋅cm)-1), 𝑐𝑐 is the concentration of materials to analyze (with a unit of mol⋅cm-3), 

and 𝑏𝑏 is the path length (with a unit of cm). The equation shows that the absorbance of the 

inhibitor is supposed to be linearly related to the inhibitor concentration if the path length 

is fixed. Therefore, this relationship is extensively used for determination of analyte 

concentrations using UV-vis [149–151]. Last but not the least, the measurement of UV-

vis is simple and fast. UV-vis measurements usually do not require special treatment for 

the tested inhibitors before starting. A single measurement usually takes less than 30 

seconds. These advantages make the UV-vis method an ideal method to determine the 

inhibitor concentrations.  

In this section, the calibration procedure of the imidazoline-type inhibitor is 

introduced and its application in determining the role of thermal stability of the 

imidazoline-type inhibitor at elevated temperature is discussed. The spectra of the 

imidazoline-type inhibitor at different concentrations in 1 wt.% NaCl solution was 

measured using UV-vis spectroscopy. The linear relationship between the inhibitor 

concentration and the absorbance was developed and applied for determining unknown 

inhibitor concentrations.  
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6.2  Experimental Procedure 

In this set of experiment, an Agilent 8453 UV-visible Spectrometer was used. 

UV-vis spectroscopy uses a light source range from 200nm (the starting of the UV 

region) to 1100nm (the end of the visible region). The spectra of the molecule are 

recorded continuously with changing wavelength. When the wavelength of light 

corresponds to the amount of energy needed for a molecule to excite, the energy is 

absorbed and hence yields a peak at this wavelength. The solvents of inhibitors are CO2 

saturated 1 wt.% NaCl. To remove O2 and simulate the pH saturated with CO2, the 

solvent was usually sparged with CO2 for more than 2 hours before measurements 

started. After sparging, solutions with different concentrations of inhibitor were prepared 

by injecting the desired amount of inhibitors into the CO2 saturated solutions. The 

inhibitor used here is the imidazoline type inhibitor package (see Table 4).  

6.3  Results and Discussion 

6.3.1 Determination of the Concentration of the Imidazoline-Type Inhibitor  

The spectra of the solutions containing various concentrations of imidazoline-type 

inhibitor in 1 wt.% NaCl are shown in Figure 51, which show two main peaks. From 

literature, peak 1 at 203nm is related to the transition of n→σ∗ in the amine group at the 

side chain of the imidazoline inhibitor molecule [145,146], peak 2 at 232nm is related to 

the π→π∗ transition in the conjugated N−⃛C−⃛N group in the imidazoline ring [146,147]. 

In addition, the shape of the spectra was not changed with higher concentration of 

inhibitor other than higher absorbance. This suggests that the increase in the 

concentration does not affect the peak positions.  
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Figure 51. UV-vis spectra of the imidazoline-type inhibitor in 1wt. % NaCl water with 
various concentration 

 

Furthermore, the linear relationship between the inhibitor concentration and the 

absorbance was confirmed. Here, the absorption of the peak at 232 nm was selected for 

the calibration of the inhibitor concentration. The conjugated N−⃛C−⃛N group is contained 

in the imidazoline ring and is therefore more representative for the imidazoline-type 

inhibitor. The absorbance at 232nm vs. the inhibitor concentration is shown in Figure 52, 

which shows that there was a good linearity between the absorbance and the inhibitor 

concentration (R2>0.99). This means that the absorbance of the conjugated group 

conforms well with the Beer-Lambert law. Therefore, the relationship can be interpreted 

as: 

 𝐴𝐴232𝑖𝑖𝑒𝑒 = 0.0048 × 𝑐𝑐 + 0.0119 (48)  
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Here, A232nm is the absorbance at 232nm, and c is the inhibitor concentration with a unit 

of ppm. Moreover, the purpose of this work is to develop a way to determine the inhibitor 

concentration. Therefore, Equation (48) can be then translated into: 

 𝑐𝑐 = 208.3 × 𝐴𝐴232𝑖𝑖𝑒𝑒 − 2.48 (49)  

Therefore, a method that can be used directly for measuring the imidazoline-type 

inhibitor is established for the instrumentation that was used. In addition, another two 

samples with 48 and 96ppm imidazoline-type inhibitor were prepared to verify whether 

this method is valid for specific concentrantions of inhibitor. Their concentrations are 

measured through the absorbance of the inhibitor solution determined by UV-vis 

spectrocsopy, as shown in Figure 52(see the red points). The measured concentrations 

agreed well with the linearity of the calibration line. In conclusion, this method can be 

accurate for any concentrations of inhibitors in the calibrated range.  

 

Figure 52. Absorbance at 232nm vs. concentration of the imidazoline-type inhibitor 
concentration in 1wt. % NaCl solution (Red points are the absorbance of 48ppm and 

96ppm inhibitor solutions.) 
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One more thing that is worthy of discussion is the effectiveness of this method 

when the concentrations of the inhibitor in the testing solution are out of the calibration 

range. The Beer-Lambert law usually only describes the absorption behavior of solutions 

with relatively low amounts of analyte. The validity of Beer-Lambert law has two 

assumptions: (1) the incident light is monochromatic; (2) the analyte concentration is low 

enough and the analyte molecules do not interfere each other. When the analyte 

concentration is high, the molecules start to interact with each other and, therefore, the 

absorption behavior changes and the Beer-Lambert law no longer applies [152]. 

Generally, the linearity between the analyte concentration and the absorbance can work 

when the absorbance is less than 1. Therefore, the calibration was only be verified up to 

an absorbance lower than 1. However, this does not mean that the higher concentration 

cannot be measured. The simplest way is to dilute the solution first and then measure the 

concentration of the diluted solution. In this project, the high concentrations value 

(concentration is higher than 200ppm) were obtained by diluting solutions.  

6.3.2 The Role of Thermal Stability of the Corrosion Inhibitor 

The imidazoline-type inhibitor is reported to be unstable at higher temperatures 

and to hydrolyze into its amide precursor [102,103]. The degradation of corrosion 

inhibitor might also affect the corrosion inhibition efficiency since the effective inhibitor 

concentration could be reduced. To evaluate the extent of inhibitor degradation during a 

test, the concentration of the inhibitor in the 1 wt.% NaCl before and after the 

experiments were measured and compared. The inhibitor concentration (in M) at the 
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beginning (C0) and the end (C1) of each experiment were measured and recorded as 

shown in Table 15. Here, a residual inhibitor percentage (δ) was defined as:  

 δ =
C1
C0

×100% (50) 

Table 15 shows that the residual concentration of the imidazoline-type inhibitor almost 

did not change over the test at 50°C and 80°C. This suggests that the inhibitor did not 

degrade at these temperatures. However, at 120°C and 150°C, there was a significant 

change of the inhibitor concentration before and after experiments. In addition, δ was 

found to be similar in the two-autoclave system, at around 50-60%. Apparently, there was 

a change of the active component (imidazoline-type) of the corrosion inhibitor 

concentration at higher temperatures. 

 

Table 15. Measured imidazoline-type inhibitor concentrations before and after 
experiments. 

Test conditions 
Initial 

concentration(C0) 
/ppm 

Final 
concentration(C1) 

/ppm 
δ/% 

50°C, 44ppm 32 31.8 99 

80°C, 88ppm 78 77.5 99 

120°C, 440ppm 257 127 49 

150°C, 440ppm 309 194 63 

150°C, 880ppm 614 295 48 

 

In addition, some black oily residue was found on the autoclave wall after the 

experiments. This residue was insoluble in water, so UV-vis spectroscopy was not readily 
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able to identify this species. Therefore, Fourier transform infrared (FTIR) spectroscopy 

was used to identifying components of the oily residue. The FTIR spectrum is shown in 

Figure 53. Two peaks associated with the amide are observed. Peak 1 at around 1645 

cm−1 and peak 2 at 1556 cm−1 stand for the stretch (st) mode of the C=O bond and the 

stretch and symmetric (st-sy) mode of N-C=O bond [146], respectively, both of which 

only exist in the amide. It is worthy to mention that in the literature [102], for a 

imidazoline-type inhibitor, there is a peak at 1610 cm-1 which represents the stretch mode 

of C=N. However, this peak was not observed in the spectrum. Therefore, it can be 

concluded the oily residue likely consisted of amide precursor and no molecules 

possessing an imidazoline structural moiety. Combined with the fact that 40-50 % 

inhibitor was lost over the tests, these amides were likely hydrolyzed from the 

imidazoline-type inhibitor.  

 

Figure 53. FTIR spectrum of the retrieved oily residual. (Peak 1: stretch mode of the C=O 
bond; Peak 2: stretch and symmetric mode of N-C=O) 
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From the above results, it can be concluded that the imidazoline-type inhibitor 

was partially hydrolyzed into its amide precursor at high temperature. Due to its low 

solubility in water, the amide accumulated on the wall of the autoclave. About 40-50% of 

the imidazoline inhibitor was lost due to the thermal degradation. This also means that 

there was still plenty of ‘active’ imidazoline inhibitor left in the system. However, at 

150°C, the injection of inhibitor still did not change the corrosion rate when there was 

pre-corrosion. This means that the failure of the inhibition at higher temperatures (150°C) 

was not entirely due to the degradation and hence the depletion of imidazoline-type 

inhibitor. Consequently, this finding confirmed again that the ineffectiveness of inhibitor 

at 150°C with pre-corrosion was highly likely a result of the formation of Fe3O4.  

6.4 Summary 

A methodology was developed for to determine the concentration of the 

imidazoline-type inhibitor in 1wt. % NaCl solution using UV-vis spectroscopy. Any 

concentration of inhibitor can be determined using a linear relationship established 

through calibration.  

The imidazoline-type inhibitor did not degrade at lower temperatures (below 

80°C), but degraded into its amide precursor at 120°C and 150°C. However, only about 

40% to 50% of the inhibitor was lost due to the hydrolysis of imidazoline. Consequently, 

the failure of inhibition at 150°C was not entirely due to the degradation of imidazoline-

type inhibitor.  
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CHAPTER 7: INHIBITION PROPERTIES OF THE QUAT-TYPE INHIBITOR AT 
MEDIUM TEMERATURE RANGE (25°C-80°C) 

7.1 Introduction and Objectives 

The objectives of this chapter are dedicated to the investigation of the 

adsorption/inhibition behavior of a quat-type inhibitor at relatively low temperatures 

(25°C-80°C). In this chapter, the same methodology developed to study the inhibition 

and adsorption behavior of the imidazoline-type inhibitor was applied to this quat-type 

inhibitor. As in Chapter 4, the performance of the quat-type inhibitor is first discussed in 

terms of its adsorption behavior and its inhibition performance at relatively low 

temperature. In addition, the differences in the inhibition properties of the two types of 

inhibitors are introduced. 

7.2 Experimental Methodology 

7.2.1 Equipment and Procedure 

QCM Measurement 

The equipment used for studying the quat-type inhibitor is exactly the same as for 

the imidazoline-type inhibitor, as shown in Figure 3. The setup and testing parameters 

details are also the same and can be found in Chapter 4. The procedure, however, is 

slightly different for the quat-type inhibitor. This is due to the magnitude of the frequency 

change of the quartz crystals observed with the quat-type inhibitor, which was at least 10 

times lower than for the imidazoline-type inhibitor (10-60Hz vs. 300-400Hz, 

respectively). In the initial procedure, the imidazoline-type inhibitor was injected into the 

solution prior to the insertion of the QCM holder in solution. The QCM measurements 

were started in the gas phase, just above the liquid phase, and were continued during 
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immersion of the probe in the bulk liquid phase. Typically, the QCM measures a large 

change of resonant frequency due to the change in medium (air/liquid). The value of the 

change is around 700Hz. In the case of the imidazoline-type inhibitor, the subsequent 

change of frequency due to the adsorption of inhibitors (300-400Hz) could still be clearly 

measured. However, for the quat-type inhibitor, this was not the case. Consequently, the 

procedure was modified to eliminate the large change in frequency due to the immersion 

from air to liquid and to better highlight the response due to the adsorption of quat-type 

inhibitor. In this case, the QCM holder was inserted into the solution first, before any 

measurement was taken and the inhibitor was injected later on. The readings only started 

after the water baseline was stable (no apparent increasing or decreasing trend with, the 

magnitude of the frequency change not higher than ±2Hz). The inhibitor was then 

injected into the solution after a few minutes. Following this procedure, the adsorption 

behavior of the quat-type inhibitor could be better defined.   

Corrosion Measurements 

The setup and the procedure used for the corrosion measurements in the presence 

of quat-type is also the same as for the imidazoline-type inhibitor and the details can be 

found in 4.2.1.  

7.2.2 Tested Inhibitor  

The tested quat-type inhibitor is an alkylbenzyldimethylammonium chloride. Its 

structure is given in Figure 54. The inhibitor is also a package (as for the imidazoline-

type inhibitor), and its composition is given in Table 16. The composition is relatively 

simple, at least compared to the imidazoline-type inhibitor. This is because the quat-type 
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inhibitor is a polar organic salt, which is already relatively soluble in water. Therefore, no 

additional solvent is required in the package. The concentration of the active component 

(24 vol. %) is the same for the imidazoline-type inhibitor, making comparison ppm by 

volume for ppm by volume easier.  

 

 

Figure 54. General structure of the alkylbenzyldimethylammonium chloride inhibitor 

 

Table 16. Package information of quat-type inhibitor 

 Alkylbenzyldimethylammonium 
chloride water 

Percentage 24% 76% 

 

7.2.3 Test Matrix  

Experiments related to quat-type inhibitor were conducted at several temperatures 

and concentrations. The test matrices of QCM measurements and corrosion experiments 

are given in Table 17 and Table 18. The selected inhibitor concentrations were different 
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at different temperatures, unlike the ones used for the imidazoline-type inhibitor. This is 

because the concentration of quat-type inhibitor required for delivering adequate 

performance was much higher at higher temperatures. Therefore, it is necessary to use 

different concentrations of inhibitor at different temperatures to reveal its inhibition 

performance.  

 

Table 17. Test matrix for QCM experiments of the quat-type inhibitor 

Description Parameters 

Temperature/°C 25 50 80 
Electrolyte 1wt. % NaCl solution saturated with CO2 
Inhibitor Quat-type inhibitor 
Inhibitor 

concentration/ppm 
Concentration varies at different temperature (from 

60ppm to 720ppm) 
Material 5MHz polished gold-coated crystal 

pH 4 
Stirring bar speed/rpm 200 

 

Table 18. Test matrix for corrosion measurements of the quat-type inhibitor 

Description Parameters 

Temperature/°C 25 50 80 
Electrolyte 1wt. % NaCl solution saturated with CO2 
Inhibitor Quat-type inhibitor 
Inhibitor 

concentration/ppm 
Concentration varies at different temperature 

Material API 5L X65 
pH 4 

Stirring bar speed/rpm 200 
Techniques applied LPR, OCP 
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7.3 Results and Discussion 

7.3.1 Adsorption Behavior of the Quat-Type Inhibitor from 25°C to 80°C 

The adsorption behavior was studied using the QCM at 25°C, 50°C, 80°C and 

shown in Figure 55, Figure 56 and Figure 57, respectively. However, a number of issues 

rendered the analysis of the collected data particularly difficult.  

• As mentioned above, the changes in the resonant frequency due to the presence of 

the quat-type inhibitor were between 0 and 60Hz, with most of the measurements 

obtained in the range of 15-30Hz. This was much smaller than the data obtained 

with the imidazoline-type inhibitor (300-400Hz). In addition, the resonant 

frequency fluctuations in the baseline (before the injection of inhibitor) were in 

the range of 5-15Hz (see Appendix C), which could also compromise the 

measurements that caused by the adsorption of quat-type inhibitor.  

• Although a relatively clear change of frequency could be measured with the 

addition of inhibitor, the repeatability of the results was poor in general. 

Numerous repeats were made using different crystal substrates and by 

maintaining the potential at a fixed value. None of the attempts could yield 

satisfactory results in terms of repeatability. The reason behind this issue could be 

due to several factors:  

o The low range of frequency change which was closed to the fluctuations in 

the liquid phase. (see Appendix C) 

o The mechanical properties of the adsorbed inhibitor films may not fit the 

requirements in term of film rigidity. (see Appendix B) 
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Yet, the adsorption of the quat-type inhibitor could be determined, at least 

qualitatively. Observing first the initial response of the QCM measurement (Figure 58), a 

relatively sharp increase in resonant frequency (5-10Hz) was always measured after the 

injection of inhibitor. This fast process is not likely a result of the adsorption of inhibitor. 

A closer examination of this phenomenon shows that it occurred usually within the first 

30 seconds of measurements right after the inhibitor injection, with the resonant 

frequency increasing linearly with respect to time (see the black dotted line in Figure 58). 

This behavior is not a typical adsorption process, which often displays slower kinetics. 

Anyhow, the slope of the initial increase seems still to be dependent on the inhibitor 

concentration. Consequently, this could be related to the change in fluid properties 

(viscosity and density) of the solution. Shifts in the resonant frequency can be induced by 

changes in the fluid properties according to Equation (51):  

 ∆𝑒𝑒𝑠𝑠𝑠𝑠𝑙𝑙𝑢𝑢𝑎𝑎𝑏𝑏𝑠𝑠𝑖𝑖 = −𝑒𝑒𝑈𝑈
3 2⁄ (

𝜌𝜌𝐿𝐿𝜂𝜂𝐿𝐿
𝜋𝜋𝜌𝜌𝑎𝑎𝜇𝜇𝑎𝑎

)1 2⁄  (51) 

 

Where, ∆fsolution is the frequency change induced by the solution itself, fU is the frequency 

of the unloaded crystal (∼5MHz),  ρq and µq are the density (2.648g⋅cm-3) and the shear 

modulus (2.947×1011 g⋅cm-1⋅s-2) of the quartz, ρL (with unit of g⋅L-1) and 𝜼𝜼L (unit of m2⋅s-

1) are the solution density and viscosity of the liquid in contact with the crystal, 

respectively. For a gold-coated, 5MHz polished crystal, the frequency shift in DI water is 

usually around 715Hz [153]. Since corrosion inhibitors are usually surfactants, they can 

certainly affect the density and especially the viscosity of the solution and thereby cause a 

shift in the frequency.  
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 Past the first few seconds of measurements, the QCM measurement is more 

typical of adsorption processes with a relatively slow and non-linear increase followed by 

stabilization in the measured value. Yet, as mentioned earlier, repeatability of the results 

was problematic and adsorption trends versus inhibitor concentration were difficult to 

extract.  

 

 

Figure 55. Adsorption of the quat-type inhibitor at 25°C. (1 wt. % NaCl, pH=4.0, 
pCO2=0.97bar; 200 rpm, 5 MHz polished gold-coated crystal) 
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Figure 56 Adsorption of the quat-type inhibitor at 50°C. (1wt. % NaCl, pH=4.0, 
pCO2=0.80bar; 200 rpm, 5 MHz polished gold-coated crystal) 

 

 

Figure 57. Adsorption of the quat-type inhibitor at 80°C. (1wt. % NaCl, pH=4.0, 
pCO2=0.5 bar; 200 rpm, 5 MHz polished gold-coated crystal) 
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Figure 58. The frequency change at 25°C in the first few minutes. (1wt. % NaCl, pH=4.0, 
pCO2=0.97 bar; 200 rpm, 5 MHz polished gold-coated crystal) 

 

Nevertheless, an effort was still made to determine the equilibrium frequency 

change caused by the adsorption of inhibitor following the same methodology as for the 

imidazoline-type inhibitor. The initial shift in resonant frequency was deducted from the 

final equilibrium frequency measurement since this was not related to the adsorption. The 

equilibrium frequency at different temperatures and concentrations are given in Figure 

59. Obviously, the large error bars displayed in Figure 55, Figure 56 and Figure 57 made 

the exercise difficult and led to significant scatter in the results.  

While those results were not accurate enough to directly determine the kinetics of 

adsorption, they can still provide some important information about the adsorption 

process. Firstly, the frequency change (related to the adsorbed mass) of the quat-type 

inhibitor is much smaller compared to the imidazoline-type inhibitor. The maximum 

equilibrium frequency change induced by the adsorption of inhibitor and the molecular 



   171 

weight of the two inhibitor are summarized in Table 19. The corresponding adsorbed 

mass, calculated using Sauerbrey equation (Equation (24)), are also displayed although it 

is understood that this equation may not be applicable as discussed in Chapter 3 and in 

the Appendix B. Despite the molecular weight of the two molecules being close, the 

maximum frequency change caused by the adsorption of quat-type inhibitor at 

equilibrium is an order of magnitude lower than what was measured for the imidazoline-

type inhibitor. Secondly, higher dosage of inhibitor was required to achieve the maximum 

frequency change at elevated temperatures. For example, 20Hz was the maximum 

frequency change obtained at 25°C and it was achieved at 90ppm of corrosion inhibitor. 

At 50°C, the maximum frequency change was also 20Hz but it was obtained after 

injection of 360ppm of quat-type inhibitor. Finally, 720ppm of inhibitor was still not 

sufficient to generate a 20Hz frequency change at 80°C. This indicates that the desorption 

of the quat-type inhibitor is favored by higher temperatures. Although this behavior 

seems to be relatively clear despite the poor repeatability of the QCM measurements, 

corrosion inhibition experiments are needed to validate this finding.  
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Figure 59. Equilibrium frequency vs. the quat-type inhibitor concentrations at different 
temperatures. (1 wt.% NaCl, pH=4.0, 200 rpm, 5 MHz polished gold-coated crystal) 

 

Table 19. A comparison between the adsorption properties of the imidazoline and quat-
type inhibitor 

 Imidazoline-type inhibitor Quat-type inhibitor 

Max frequency 
change/Hz 350 30 

Corresponding 
mass/µg⋅cm-2 6.2 0.5 

Molecular 
weight/ 
g⋅mol-1 

359 352.5 

 

7.3.2 Corrosion Inhibition Performance of the Quat-Type Inhibitor from 25°C to 80°C 

The inhibition performance of the quat-type inhibitor was investigated at 25°C, 

50°C and 80°C, and the results are shown in Figure 60, Figure 61 and Figure 62, 

accordingly. The quat-type inhibitor exhibited excellent inhibition performance at 25°C. 
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With the injection of 60ppm quat-type inhibitor, corrosion rates quickly reduced to 

0.4mm⋅y-1 over the first two hours of exposure and stabilized around 0.15mm⋅y-1 after 10 

hours. Similarly, with the injection of 90ppm, 120ppm and 150ppm inhibitor, the 

corrosion rates decreased to 0.06, 0.06 and 0.09mm⋅y-1 respectively. This ‘quick drop’ 

followed by ‘stabilization’ behavior is quite similar to what was observed with the 

injection of imidazoline-type inhibitor (Figure 12, Figure 13 and Figure 14).  

 

 

Figure 60. Corrosion rates with the injection of different amount of quat-type inhibitor at 
25°C. (1 wt.% NaCl, pH=4.0, X65 mild steel; B=23mV/decade) 

 

However, at 50°C, the inhibition ability of the quat-type inhibitor was 

significantly reduced. The injection of 90ppm and 120ppm corrosion inhibitor could not 

provide any protection at all, as the corrosion rate basically did not change with the 

addition of the inhibitor. To determine whether the inhibitor could work at this 

temperature, higher dosages of inhibitor were added. The presence of 240ppm and 
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360ppm inhibitor did slightly reduce the corrosion rates to 2.8 mm⋅y-1 and 1.1 mm⋅y-1, 

respectively. Eventually, 480 ppm of inhibitor were necessary to decrease the corrosion 

rate to 0.14 mm⋅y-1. As a comparison, only 60ppm inhibitor were required to achieve the 

same results at 25°C. Clearly, the inhibition performance of the quat-type inhibitor was 

significantly weakened at 50°C.  

 

 

Figure 61. Corrosion rates with the injection of different amount of quat-type inhibitor at 
50°C. (1 wt.% NaCl, pH=4.0, X65 mild steel; B=23mV/decade) 

 

The performance of the quat-type inhibitor was even worse at 80°C. There was no 

significant change of corrosion rate even with the addition of 720ppm of the quat-type 

inhibitor. Figure 62 shows that the corrosion rate basically did not change over the tested 

period, no matter what concentrations of inhibitor (120ppm-720ppm) were introduced. 

This behavior suggests that the inhibitor was completely ineffective at 80°C.   
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Figure 62. Corrosion rates with the injection of different amount of quat-type inhibitor at 
80°C. (1wt. % NaCl, pH=4.0, X65 mild steel; B=23mV/decade) 

 

The inhibition efficiency of the corrosion inhibitor was calculated based on 

Equation (23) and the values at different temperatures are given in Table 20. The 

inhibition efficiency usually increased with higher concentration of inhibitor at the same 

temperature. The performance of inhibitor also decreased with temperature. At 25°C, 

120ppm inhibitor could provide 97% protection against corrosion, however, this 

concentration of inhibitors showed no protection at 50°C or at 80°C. In addition, no 

inhibition was observed at 80°C even with 720ppm quat-type inhibitor. This behavior 

suggests that the performance of quat-type inhibitors are critically dependent on 

temperature.  

 

 

 



   176 

Table 20. Inhibition test results with the quat-type inhibitor from 25°C to 80°C 

Temperat
ure 
/°C 

Inhibitor 
concentration/ppm 

Initial 
corrosion rate/ 

mm⋅y-1 

Final 
corrosion 

rate/ 
mm⋅y-1 

Localized 
corrosion 

Inhibition 
efficiency 

25 

60 2.1 0.12 No 94% 
90 1.55 0.06 No 96% 
120 1.8 0.06 No 97% 
150 1.53 0.10 No 94% 

50 

90 4.2 5.0 No - 
120 3.9 3.9 No - 
240 3.9 2.8 No 28% 
360 3.9 1.1 No 72% 
480 3.8 0.14 No 96% 

80 

120 4.8 5.8 No - 
240 4.9 5.10 No - 
480 4.7 6.42 No - 
720 4.2 6.38 No - 

∗Here, ‘-’ suggests that the inhibition efficiency is not available. The reason could be there was no 

inhibited corrosion rate. 

 

The observed dependence of temperature also follows the trend observed in the 

adsorption study using QCM. As an example, a high concentration of inhibitor (240ppm 

and above) was required to induce a measurable change in resonant frequency at 50°C 

(Figure 56) However, at 25°C, only 90 ppm inhibitor was necessary to generate 

measurable QCM response. At 80°C, the frequency change was in general much smaller 

(only a maximum of 10Hz) in comparison to what was observed at 25°C and 50°C 
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(30Hz). These observations all indicate that higher temperatures favor the desorption of 

the quat-type inhibitor and lead to lower performance.  

7.3.3 The Role of Temperatures on the CMC of Quat-Type Inhibitor.  

 The role of CMC of the quat-type inhibitor on the adsorption behavior and 

inhibition performance is investigated in this part at different temperatures. The change in 

surface tension with concentrations at 25°C is shown in Figure 63. The surface tension 

first decreased linearly from 52 to 33 mN⋅m-1 as the concentration increased and then 

remained constant even as more inhibitor was added (up to 400ppm). According to the 

definition of CMC (Figure 17), the CMC value of the quat-type inhibitor at 25°C is 

determined to be 130±5 ppm. This value is in agreement with corrosion inhibition 

measurement which show that inhibition efficiency did not change past 120ppm of 

inhibitor. In general, the inhibition performance is expected to increase with inhibitor 

concentration for values below the CMC. The inhibition efficiency should remain 

unchanged for inhibitor concentration above the CMC because it was assumed that the 

surface is optimally covered with inhibitor at this point. 
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Figure 63. Surface tension vs. the quat-type inhibitor concentration at 25°C in 1 wt.% 
NaCl solution 

 

However, the CMC was also greatly affected at elevated temperatures. The 

changes of surface tension with inhibitor concentration at 50°C and 80° are shown in 

Figure 64 and Figure 65, respectively. Results shows that the CMC values of the quat-

type inhibitor at 50°C and 80°C are 375±5 and 495±5 ppm, respectively. The CMC value 

at 50°C agrees with the minimum effective concentration of the inhibitor at 50°C 

(480ppm) measured during the corrosion inhibition tests (Figure 61). Therefore, a link 

could be established between the lack of inhibitor performance and increase in the CMC 

at elevated temperatures, at least up to 50°C. However, this possible correlation between 

optimum inhibitor concentration and CMC does not seem to hold at 80°C. No protection 

was observed at 80°C even up to 720ppm. Consequently, further investigations were 

performed to find the reason of inhibition failure of the quat-type inhibitor at 80°C.  
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Figure 64. Surface tension vs. the quat-type inhibitor concentration at 50°C in 1 wt.% 
NaCl solution 

 

 

Figure 65. Surface tension vs. the quat-type inhibitor concentration at 80°C in 1 wt.% 
NaCl solution 

 

One possible explanation for the complete loss in inhibition efficiency at 80°C 

could be related to the change of planar density of the adsorbed molecules. The surface 
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areas per molecule of the quat-type inhibitor at 25°C, 50°C and 80°C are calculated and 

shown in Table 21. The area per molecule is calculated through the following equation: 

 a =
1020

𝑁𝑁𝑎𝑎𝑎𝑎𝑠𝑠𝑔𝑔Γ
 (52) [154] 

where a is the surface per molecule with the unit of Å2⋅molecule-1. Navog is Avogadro 

constant (6.02×1023 mol-1), Γ is the surface excess (mol⋅m-2) that can be calculated 

through Equation (41). For ease of comparison, the area per molecule of the imidazoline-

type inhibitor is also listed in Table 21. To validate the calculated values, the surface 

areas of the imidazoline-type and quat-type inhibitor are also determined using molecule 

footprint method that generated using Avagadro software. The estimated surface areas of 

the imidazoline-type inhibitor and the quat-type inhibitor using footprint methods are 

28Å2 and 54Å2, respectively. These values agree well with the values obtained using 

Equation (52). Table 21 shows that the ‘a’ value of quat-type inhibitor increases from 36 

to 107 Å2⋅molecule-1 as the temperature is increased from 25°C to 80°C. This means that 

the surface area per molecule increased three times over the tested range of temperatures. 

This significant change might explain why inhibition failed at 80°C. The performance of 

inhibitor is critically dependent on the adsorptive behavior of the inhibitor. A low ‘a’ 

value means that the inhibitor molecules are closely packed at interfaces. This is the case 

for both imidazoline and quat-type inhibitors at low temperatures. An increase of the ‘a’ 

value of the quat-type inhibitor with temperatures suggests that the quat-type inhibitor 

molecules lose their closely packed structures. According to Table 21, the compactness, 

or in other words, the intermolecular distance for quat-type inhibitors is much larger at 
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80°C compared to at 25°C or 50°C. As a result, corrosive species can more easily diffuse 

to the substrate surfaces at higher temperatures, even though the inhibitor concentration is 

at or above CMC value.  

In comparison, it can be seen that the ‘a’ value of the imidazoline-type inhibitor 

only decreased 20% (28 to 22Å2⋅molecule-1) over the tested temperatures. Therefore, the 

distance of the inhibitor molecules did not change significantly and the molecular 

arrangement remained closely packed. As a result, the inhibitor could still provide 

significant protection against corrosion at 80°C, because the imidazoline-type inhibitor 

retained its arrangement on the surfaces at 80°C, as long as enough inhibitor is available.  

 

Table 21. Measured surface per molecule of the quat-type and imidazoline-type inhibitor 
at 25°C and 80°C 

 Imidazoline-type 
inhibitor Quat-type inhibitor 

Surface area per 
molecule at 

25°C/Å2⋅molecule-

1 

28 36 

Surface area per 
molecule at 

50°C/Å2⋅molecule-

1 

29 52 

Surface area per 
molecule at 

80°C/Å2⋅molecule-

1 

22 107 
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7.4 Summary  

The adsorption of the quat-type inhibitor on gold-coated crystals was studied 

using QCM. Although there were difficulties in obtaining repeatable results, the study 

hinted that desorption of the quat-type inhibitor was favored with increasing temperatures 

was observed.  

The quat-type inhibitor showed excellent corrosion inhibition performance at 

25°C. However, the inhibition performance of the quat-type inhibitor was significantly 

reduced at higher temperature. Higher concentrations of inhibitor were required to 

achieve ideal inhibition performance at 50°C. No inhibition was observed at 80°C, even 

at 720ppm of inhibitor. 

The ineffectiveness of the quat-type inhibitor at 80°C could probably be related to 

the predicted increase in intermolecular spacing on the substrate surface at higher 

temperatures. In comparison, the intermolecular spacing of the imidazoline-type inhibitor 

molecules was not significantly affected by temperature. The observation was reflected in 

the corrosion inhibition properties of the imidazoline-type inhibitor which were still 

retained at 80°C.  
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CHAPTER 8: STUDY OF INHIBITION MECHANISM OF THE QUAT-TYPE 
INHIBITOR AT ELEVATED TEMPERATURES 

8.1 Introduction and Objectives 

The performance of the quat-type inhibitor at elevated temperature (120°C and 

150°C) is investigated in this chapter. At lower temperatures, the quat-type inhibitor 

displayed corrosion mitigation properties that were very sensitive to temperatures 

(Chapter 7). Consequently, the performance of this inhibitor is fully expected to be 

limited at even higher temperatures. However, experiments were performed anyway since 

the goal of this work is to better understand the mechanisms of corrosion inhibition at 

higher temperatures (as opposed to identifying an effective inhibitor formulation). 

Moreover, based on the results obtained with the imidazoline-type inhibitor, this 

investigation should also provide more evidence on the essential role of magnetite in high 

temperature corrosion inhibition.  

Therefore, in this chapter, the performance of the quat-type inhibitor at elevated 

temperature is investigated using the same methodology as for the imidazoline-type 

inhibitor. 

8.2 Experimental Methodology 

The experimental procedures are the same as for the imidazoline-type inhibitor. 

Full details can be found in 5.2.2. The test matrix is presented in Table 22.  
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Table 22. High temperature test matrix with the quat-type inhibitor 

Description Parameters 

Temperature/°C 120 150 
Electrolyte 1wt.% NaCl solution 
Inhibitor alkylbenzyldimethylammonium chloride 
Inhibitor 

concentration/ppm 
0/800 (1600 at 150°C only) 

Material API 5L X65 
pH pH=4.3 at 80°C after purging with CO2 

Impeller speed/rpm 200 
Techniques applied LPR, OCP 

 

8.3 Results and Discussion 

8.3.1 Corrosion Behavior of Mild Steel with the Presence of Quat-Type Inhibitor at 

120°C 

Figure 66 shows the corrosion rates with and without the quat-type inhibitor for 

comparison. The baseline corrosion rate, in the absence of inhibitor, was relatively stable, 

starting at 7mm⋅y-1 but rapidly stabilizing at 9mm⋅y-1. In the presence of 800ppm of quat-

type inhibitor, the corrosion rate in the initial 3 hours after injection was almost the same 

as the baseline. This observation alone is a strong indication that the inhibitor had little to 

no effect on the corrosion process. As stated earlier, the inhibition of mild steel by 

inhibitor occurs by the adsorption of corrosion inhibitor at the metal surface and this 

process starts immediately after injection. If the quat-type inhibitor had any effect on the 

corrosion rate, it should have been visible in the first 3 hours of exposure. However, the 

corrosion rate only started to decrease monotonously after 3hours until the end of each 
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tests. The decrease in the corrosion rate was not likely because of the inhibitor. Rather, it 

is possibly a result of the formation of corrosion products.  

 

 

Figure 66. Corrosion rate with and without the quat-type inhibitor at 120°C. (1wt. % 
NaCl, 2 bar CO2, Initial pH at 80°C=4.3; B=23 mV/decade, 2-autoclave design) 

 

The XRD patterns of the specimens exposed to 800ppm quat-type inhibitor are 

shown in Figure 67, identifying the corrosion product as iron carbonate. The surface 

morphology and cross-section images of the specimens retrieved from experiments are 

shown in Figure 68 and Figure 69. They show strong evidences of the development 

corrosion product. First, the crystalline structure on the surface of the specimens matches 

the typical morphology of FeCO3. The cross-section images shown in Figure 69 reveal a 

40µm thick layer of corrosion product on top of the steel surface. In summary, a thick 

layer of FeCO3 was formed during the test in the presence of 800ppm quat-type inhibitor 
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at 120°C, and this layer was responsible for the decrease of the corrosion rate after 3 

hours of the test (Figure 66).  

However, without inhibitor, it was found that there was no formation of corrosion 

product layer formed at 120°C in the same conditions but without inhibitor (see Figure 33 

(a)). This discrepancy suggests that the addition of quat-type inhibitor might facilitate the 

formation of iron carbonate. Through reviewing the literature, it was found that 

quaternary ammonium compounds are used as catalysts for the crystallization of silica 

molecular sieves zeolites, such as silicalite and offretite [155,156]. Similarly, it can be 

speculated that the quaternary ammonium inhibitor might also promote the formation of 

iron carbonate.  

 

 

Figure 67. XRD patterns of the specimens exposed to 120°C experiments in the presence 
of 800ppm quat-type inhibitor. (Fe stands for iron, S stands for siderite (iron carbonate)) 
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Figure 68. Surface morphology of X65 specimens surface at the end of the experiments 
in the presence of 800ppm quat-type inhibitor. 

 

 

Figure 69. Cross section images of X65 specimens after experiments in the presence of 
quat-type inhibitor. 

 

8.3.2 Corrosion Behavior of Mild Steel in the Presence of Quat-Type Inhibitor at 

150°C 

The corrosion rate measured in the presence of quat-type inhibitor at 150°C is 

shown in Figure 70. With 800 ppm quat-type inhibitor, the corrosion rate was almost the 

same as with 0 ppm corrosion inhibitor. As stated earlier in Chapter 5, the corrosion rate 

trend at 150°C, in the absence of inhibitor, was controlled by the formation of Fe3O4 and 
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consequently followed parabolic kinetics. It can be predicted that the formation of Fe3O4 

also controlled the corrosion rate with 800ppm quat-type inhibitor.  

In the presence of 1600ppm quat-type inhibitor, although the corrosion rate trend 

was similar to the baseline test, the corrosion rate showed a sharper decrease. However, 

the difference is also not thought to be due to the adsorption of inhibitor. First, there was 

no significant decrease immediately after the injection of corrosion inhibitor, as it could 

be expected for adsorption-driven processes. Instead, it took about four hours for the 

corrosion trends to visibly separate. In comparison, in similar conditions, the presence of 

a sufficient concentration of the imidazoline-type inhibitor did lead to a rapid, yet slight, 

decrease in corrosion rate, as shown in Figure 43, as evidence of its adsorption properties. 

Going back to the quat-type inhibitor, the monotonous decrease of corrosion rate, after 

the first four hours of testing, is likely a result of corrosion product (Fe3O4 and FeCO3) 

formation. The presence of a thick corrosion product layer (Figure 73) and high intensity 

peaks of Fe3O4 and FeCO3 in Figure 71 all indicates that the formation of corrosion 

products is responsible for the decreasing trend in corrosion rate.  
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Figure 70. Corrosion rate of X65 steel at 150°C with the presence of quat type inhibitor 
(1 wt.% NaCl, 2 bar CO2, Initial pH at 80°C=4.3; B=23 mV/decade) 

 

The presence of iron carbonate and Fe3O4 was confirmed by the XRD patterns as 

shown in Figure 71. In addition, Figure 72 and Figure 73 show the surface morphology 

and cross-section images of the specimens. In Figure 72, crystallized structures are 

observed on the surfaces of the specimens which match the morphology of iron 

carbonate. Without corrosion inhibitor, the cross-section images of the specimens show a 

continuous layer with a thickness of 40 µm. The corrosion product layers in the cases 

with 800ppm and 1600ppm corrosion inhibitor displayed thicknesses ranging from a few 

micrometers to 40µm. The XRD patterns (Figure 71) suggest that Fe3O4 was also formed. 

Therefore, it is likely that the formation of Fe3O4 led to the decrease of the corrosion rate 

at 150°C. Here, it is important to point out the procedure did not involve any pre-

corrosion step. However, the corrosion product was always a mixture of iron carbonate 

and magnetite, with or without quat-type inhibitor. In comparison, only Fe3O4 was 
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observed in Figure 44 with the presence of imidazoline-type inhibitor. Therefore, it can 

be suggested that the ‘quat-type’ inhibitor did not show an ability to impede the 

formation of corrosion products, either Fe3O4 or FeCO3. 

 

 

Figure 71. XRD patterns of the specimens from 150°C experiments: (a) with 800ppm 
quat-type inhibitor; (b) with 1600ppm quat-type inhibitor 
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Figure 72. Surface morphology of the specimens from 150°C experiments with different 
amounts of quat-type inhibitor (a) with 800ppm quat-type inhibitor; (b) with 1600ppm 

quat-type inhibitor 

 

 

Figure 73. Cross-section images of the specimens from 150°C with the presence of 
different amounts of quat-type inhibitor in the 2-autoclave system: (a) with 800ppm quat-

type inhibitor; (b) with 1600ppm quat-type inhibitor 

 

8.3.3 A Comparison of the Corrosion Inhibition Performance of the Imidazoline-Type 

and the Quat-Type Inhibitor 

In this part, the corrosion inhibition performance of the two types of inhibitors 

was compared at 120°C and 150°C and shown in Figure 74 and Figure 75. At 120°C 

(Figure 74), the imidazoline-type inhibitor could still provide corrosion protection, albeit 
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very poor. However, there was no sign of corrosion inhibition with the presence of the 

quat-type inhibitor at the same temperature. Additionally, the gradual decrease in the 

corrosion rate after three hours of exposure in the case of the quat-type inhibitor at 120°C 

was the result of the formation of iron carbonate. 

 

 

Figure 74. Corrosion rate at 120°C with the imidazoline-type and the quat-type inhibitor. 
(1wt. % NaCl, 2bar CO2, Initial pH at 80°C=4.3; B=23 mV/decade; 2-autoclave system) 

 

At 150°C (Figure 75), the performance of the two corrosion inhibitors was also 

quite different. The corrosion rate with or without quat-type inhibitor was almost the 

same and any decrease in the corrosion rate was the result of the formation of Fe3O4. 

However, the corrosion rate obtained through the same procedure with the presence of 

imidazoline-type inhibitor started at a lower value and was constant throughout the entire 

test. This suggests that the imidazoline-type inhibitor could still provide some limited 

protection against corrosion at 150°C. Therefore, the two types of corrosion inhibitors 
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behave quite differently even though both inhibitors are expected to be physisorbed on 

the metal surface. 

 

Figure 75. Corrosion rate at 150°C with imidazoline-type and quat-type inhibitor. (1wt. 
% NaCl, 2 bar CO2, Initial pH at 80C=4.3; B=23 mV/decade; 2-autoclave system) 

 

In addition, the scaling inhibition properties of the two inhibitors are significantly 

different. The imidazoline-type inhibitor exhibited substantial ability in inhibiting the 

formation of corrosion product. However, the quat-type inhibitor did not show any 

significant sign of scaling inhibition; on the contrary, the formation of corrosion products 

seemed to be facilitated and to consequently play a much more important role.  

8.4 Summary 

The quat-type inhibitor showed no inhibition abilities either at 120°C or at 150°C. 

The corrosion rate was again governed by the development of corrosion product (FeCO3 

at 120°C, FeCO3 and Fe3O4 at 150°C). Unlike the imidazoline-type inhibitor, the quat-

type inhibitor seemed to facilitate the formation of corrosion product.  
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CHAPTER 9: THE ROLE OF THERMAL STABILITY OF THE QUAT-TYPE 
INHIBITOR AT ELEVATED TEMPERATURES 

9.1 Introduction and Objectives 

As mentioned in the hypotheses, the lack of mitigation properties of an inhibitor 

at elevated temperature could also be due to its thermal stability. In the study of 

imidazoline-type inhibitor, it was found that the inhibitor could partially be hydrolyzed 

into its precursor, although the degradation of imidazoline-type inhibitor did not 

significantly affect its performance at elevated temperatures. It is still possible that the 

degradation of the quat-type inhibitor occurred at high temperature and caused its lack of 

effectiveness. To confirm this hypothesis, the UV-vis spectroscopy method was used to 

determine the concentration of the quat-type inhibitor before and after the tests and to 

determine the extent of thermal degradation.  

9.2 Experimental Procedures 

 The procedure for measuring the quat-type inhibitor is the same as for the 

imidazoline-type inhibitor. They are described in details in Section 6.2.  

9.3 Results and Discussion 

The spectra obtained at different concentrations of quat-type inhibitors are given 

in Figure 76. In the spectra, two functional groups are identified. As indicated earlier, the 

peak at 203nm corresponds to the n→σ∗ transition in the quaternary ammonium group. 

Moreover, three additional weaker peaks can be noticed at 254, 262, 270 nm. These 

peaks are an indicator of a benzene ring as a structural moiety [146], as in the structure of 

the quat-type inhibitor (see Figure 54). Certainly, the UV-vis spectra reflected the 

structural information of the quat-type inhibitor. 
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Figure 76. UV-vis spectra of the quat-type inhibitor package in 1 wt.% NaCl water with 
various concentration 

 

The calibration of the concentration was also performed with known 

concentrations by using the absorbance at 203 nm representing the quaternary ammonium 

group. This group is also what defines the quat-type inhibitor. Moreover, the absorbance 

at 203nm is also strong and well-defined, as opposed to the peaks at 254, 262, and 269 

nm. The change of absorbance with the inhibitor concentration in 1 wt.% NaCl solution 

was shown in Figure 77. From the figure, it can be seen that the linear relationship 

between the absorbance and the inhibitor concentration is also valid (R2>0.99). A linear 

relationship between the quat-type inhibitor concentrations is presented in Equation (53).  

 𝑐𝑐 = 322.6 × 𝐴𝐴203𝑖𝑖𝑒𝑒 − 13.3  (53)  

where, c is inhibitor concentration in ppm, A203nm is the absorbance at 203nm (unitless).  
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Figure 77. Absorbance at 203nm vs. concentration of quat-type inhibitor concentration in 
1 wt.% NaCl solution 

 

Moreover, due to the limitation of the UV-vis measurement, the calibration range 

is only valid up to 300 ppm. To be able to treat higher concentrations of inhibitors, the 

solution was diluted until the absorbance would fall below 1.   

The quat-type inhibitor concentration measured using UV-vis spectroscopy from 

the experiments performed at 120°C and 150°C are shown in Table 23. Compared to the 

imidazoline-type inhibitor, which lost about 40-50 percent of its concentration during the 

tests, the concentration of quat-type inhibitor only decreased by 10% or less during the 

tests. The low percentage loss suggests that there was no significant degradation. The 

reason for the stability of quat-type corrosion inhibitor at elevated temperatures could be 

related to the synthesis reaction of this inhibitor, which does not involve water. The 

general synthesis reaction for an alkylbenzyldimethyl ammonium chloride can be found 

in Figure 78. It is hypothesized that the presence of water in some reaction steps could 
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affect the stability of the molecules at higher temperature, as it is the case for the 

imidazoline-type inhibitor. In addition, other researchers found that the quat-type 

inhibitor is usually stable up to 215°C [157–159]. Consequently, it is not anticipated that 

thermal degradation of the quat-type inhibitor affected the results. The ineffectiveness of 

the quat-type is most likely the result of the shift of adsorption/desorption equilibrium 

favoring desorption at elevated temperatures.  

 

 

Figure 78. Synthesis reaction for the alkylbenzyldimethylammonium chloride inhibitor 

 

Table 23. Quat-type inhibitor concentration determined by UV-vis spectroscopy at 150°C 

Test conditions 
Initial 

concentration(C0) 
/ppm 

Final 
concentration(C1) 

/ppm 

Residual 
inhibitor 

percentage 
(δ)/% 

120°C, 800ppm quat-
type inhibitor 780 765 98 

150°C, 800ppm quat-
type inhibitor 808 704 87 

150°C, 1600 quat-
type inhibitor 1668 1647 99 
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9.4 Summary 

A methodology for measuring the quat-type inhibitor is established using UV-

visspectroscopy. This method can be used for determining the loss of inhibitor 

concentration before and after each test at elevated temperatures.  

The low performance of the quat-type inhibitor is not likely due to the instability 

of the inhibitor at elevated temperatures. The UV-vis spectroscopy results clearly show 

that the inhibitor did not degrade to any significant extent.  
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CHAPTER 10: CONCLUSION AND RECOMMENDATION FOR FUTURE WORK 

10.1 Conclusions 

This research work focused on the investigation of the inhibition mechanisms of 

mild steel at elevated temperatures in the presence of two commonly used inhibitors: an 

imidazoline-type and a quaternary ammonium type (quat-type) inhibitor.  

Several experimental methods were used to determine the inhibition mechanisms. 

• The adsorption kinetics were investigated using a QCM in a standard 2L glass cell 

for low to medium temperature (25°C, 50°C and 80°C).  

• The corrosion inhibition efficiency for low to medium temperature (25°C, 50°C 

and 80°C) was also determined in standard 2L glass cell equipped with RCE 

setup. 

• The corrosion inhibition efficiency were also determined using a novel high 

temperature corrosion inhibition 4L autoclave specially designed to enable the 

injection of inhibitor under pressure, at elevated temperatures of 120°C and 

150°C. 

• The inhibitor degradation was investigated by determining the inhibitor 

concentration and composition using UV-vis and FTIR. 

The three hypotheses proposed in this research work are discussed below to 

determine if they are confirmed or refuted. 

• 1st hypothesis: As temperature increases, the desorption of the inhibitor is favored 

and the inhibitor efficiency is lost as long as the dominant adsorption mechanism 

is physisorption. In the case of chemisorption, the opposite behavior is expected. 
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This first hypothesis that focused on the role of temperature on adsorption 

phenomena was confirmed for the imidazoline-type inhibitor up to 120°C. The QCM 

measurements suggested that the adsorption of the imidazoline-type inhibitor follows 

Langmuir adsorption model from 25°C to 80°C and that the desorption of the inhibitor 

was favored with an increase in temperature. The inhibition efficiency decreased with 

increasing temperature up to 120°C and was completely masked by the rapid formation 

of Fe3O4 at 150°C.  

For the quat-type inhibitor, this first hypothesis was also validated for temperature 

up to 80°C, with QCM measurements showing that desorption was favored with 

temperature increases. The inhibition results also showed that higher amount of inhibitor 

was required to achieve sufficient inhibition performance at higher temperatures. 

However, no inhibition could be achieved a temperature above 120°C.  

• 2nd hypothesis: Inhibitor structure alterations due to thermal degradation are 

directly linked to the loss or gain of efficiency. 

The second hypothesis that highlighted the role of thermal stability was disproved 

for both inhibitors. The hydrolysis (i.e., degradation) of the imidazoline-type inhibitor 

was confirmed using different spectroscopic analyses at 120°C and 150°C but was not 

significant enough to affect inhibition performance. Consequently, the failure of 

inhibition at 150°C could not be directly linked to the degradation of the imidazoline-type 

inhibitor. For the quat-type inhibitor, no significant loss was observed during the tests at 

higher temperature. Therefore, its thermal stability should not affect the inhibition 

performance significantly.  
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• 3rd hypothesis: At 150°C, the formation of Fe3O4 is kinetically favored, the 

protectiveness of Fe3O4 is dominant and takes control of the corrosion rate.  

The third hypothesis, focusing on the role of corrosion product at 150°C, was 

validated for both inhibitors. For the imidazoline-type inhibitor, at 150°C, the formation 

of Fe3O4 in the pre-corrosion period controlled the corrosion phenomena and masked the 

effect of inhibition. For this reason, the presence of inhibitor had little effect on the 

corrosion rate at 150°C. For the quat-type inhibitor, the corrosion rate at 150°C was also 

found to be mostly determined by the formation of corrosion products (FeCO3 and Fe3O4).  

The results of this research highlighted the importance of considering the 

formation of corrosion products when developing inhibition strategy at elevated 

temperatures. The work also enabled the development of appropriate experimental setup 

and procedure to evaluate accurately inhibitor performances at high temperatures. This 

brought in a significant improvement in the understanding of corrosion inhibition at 

elevated temperatures, unveiling some aspects of inhibition performances that had been 

overlooked, and allowing better corrosion management strategies for high temperature 

applications. 

10.2 Recommendations for Future Work 

 Continuation of this work could include the following aspects:  

• Further study of the properties of the adsorbed inhibitor films using QCM-D.  

In the current research, the use of a traditional QCM has shown its limitations in 

determining the accurate adsorption mass, the physical properties of the inhibitor 

film. With a QCM-D, more advanced information can be evaluated.  
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• Effect of the uninhibited corrosion rate on the performance of corrosion inhibitor. 

It has been shown that the uninhibited corrosion rates played an essential role in 

the performance of the imidazoline-type and quat-type inhibitors. However, there 

was a lack of systematic research to validate the role of uninhibited corrosion rate. 

Therefore, carefully controlled experiments are needed to propose a more 

accurate inhibition model to include the effect of baseline corrosion rate.  

• The development of a high temperature high pressure QCM.  

The QCM measurements of the current research were only performed at 

temperatures up to 80°C.  The investigation of the adsorption behavior at higher 

temperature could help validate some of the observations obtained for the 

corrosion inhibition experiments. Efforts would be needed to develop a QCM 

system able to sustain high pressure environments.  
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APPENDIX A: FITTING OF ADSORPTION BEHAVIOR BY DIFFERENT 
ADSORPTION ISOTHERMS 

Introduction 

 In Chapter 4, the adsorption behavior of the imidazoline-type inhibitor was 

simulated with Langmuir adsorption model to obtain deeper kinetic information about the 

adsorption behavior. However, there are many adsorption models other than the 

Langmuir model, as indicated in Table 7. Although the QCM measurements seem to 

follow the Langmuir adsorption model kinetics (see Table 8), it is also possible that other 

models might fit as well. Therefore, in this section, other adsorption models are 

introduced and fitted with the results obtained with QCM to further validate their use. 

Fitting Procedure and Discussion 

Langmuir Adsorption Model 

 The Langmuir adsorption model is one of the most extensively used adsorption 

model. The adsorption and corrosion inhibition kinetics of many inhibitors agree well 

with this model [29,71,160–164]. When an inhibitor’s kinetics follows the Langmuir 

adsorption model, it requires that the adsorption of those inhibitors also involves only an 

elementary reversible reaction. Therefore, important information of the adsorption, such 

as ∆G°ads, can be obtained.  

 The fitting of Langmuir isotherm can be done using kinetics or thermodynamics 

data. Kinetically, the relationship between coverage (θ) and time t can be fitted with 

Equation (32). One example of the fitting is given in Figure 79. The good agreement 

between the experimental results and the theoretical Langmuir kinetic model (R2=0.99) 

suggests that the mechanism of adsorption of the imidazoline-type inhibitor agrees well 
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with the assumptions made in the Langmuir model. In addition, the fitting validity can be 

represented by the R2 coefficient, shown in Table 8.  

 

 

Figure 79. Kinetic fitting of Langmuir isotherm kinetics (25°C, 44ppm imidazoline-type 
inhibitor.) 

 

 In addition, the Langmuir adsorption isotherm can be fitted with thermodynamical 

data. The equilibrium form of Langmuir adsorption can be found in Equation (35). The 

adsorption of inhibitor should follow the Langmuir adsorption model if the relation 

between θ/(1-θ) and c (inhibitor concentration) is linear. The relation between the θ/ (1-

θ) and c at 25°C is depicted in Figure 80 for the imidazoline-type inhibitor. The good 

linearity, especially at 50°C, again suggests that the adsorption of this inhibitor follows 

the Langmuir adsorption model. 
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Figure 80. Thermodynamic fitting of the Langmuir adsorption model. 

 

Temkin Adsorption Model and Its Fitting 

 The Temkin isotherm and its fitting are discussed in this section. The assumption 

of the Temkin isotherm is that the surface is heterogeneous and there is no molecular 

interactions[63]. The kinetic form of the Temkin isotherms can be expressed as:  

 𝜃𝜃 = (1 𝛽𝛽𝑒𝑒⁄ ) ln(𝛽𝛽𝑒𝑒𝑘𝑘𝑎𝑎𝑐𝑐) + (1/𝛽𝛽𝑒𝑒)𝑏𝑏𝑐𝑐𝑐𝑐 (54) 

Where, f is the heterogeneity factor and β is the transfer coefficient for the adsorption 

process, which relates to the adsorbent-adsorbate interactions. This equation shows that 

there should be a linear dependence between θ and ln(t) if the adsorption mechanism 

follows the Temkin adsorption model. The θ and ln(t) data obtained at 25°C in the 

presence of 44ppm imidazoline-type inhibitor are plotted in Figure 81. The linear 

dependence between θ and ln(t) is not as good as for the Langmuir isotherm (R2<0.96). In 
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addition, Equation (54) suggests that the coverage/mass adsorbed should continuously 

increase with time. However, this is not the case with the inhibitor tested in this study.  

 

 

Figure 81. Comparison between ln(t) and θ (25°C, 44ppm imidazoline-type inhibitor) 

 

 Thermodynamically, the Temkin isotherm takes the form of the following 

equation.  

 𝜃𝜃 = 𝐴𝐴 + (1/𝑒𝑒)ln (𝑐𝑐) (55) 

Where, A is a constant. The relationship between θ and ln(c) is plotted in Figure 82 to 

verify whether the adsorption of the inhibitor takes the form of Temkin adsorption. The 

linearity is relatively poor compared to fitting with Langmuir adsorption model. 

Therefore, it can be concluded that the adsorption of the imidazoline-type inhibitor does 

not follow the Temkin isotherm.  
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Figure 82. θ vs. ln(c) of the imidazoline-type inhibitor at different temperatures  

 

Frumkin Adsorption Model and Its Fitting 

The Frumkin adsorption model is comparatively more complex. In this model, the 

adsorption of inhibitor is considered via a water molecules displacement 

process[59,65,165]: 

 𝑖𝑖𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑏𝑏𝑢𝑢𝑙𝑙𝑘𝑘 + 𝑐𝑐(𝐻𝐻2𝐶𝐶)𝑎𝑎𝑎𝑎𝑠𝑠 ↔ 𝐼𝐼𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑎𝑎𝑎𝑎𝑠𝑠 + 𝑐𝑐(𝐻𝐻2𝐶𝐶)𝑏𝑏𝑢𝑢𝑙𝑙𝑘𝑘 (56) 

Where, the ‘bulk’ and ‘ads’ subscripts represent are the species in bulk and in the 

adsorbed state, n is the number of water molecules displaced. For example, the Langmuir 

adsorption is the simplest isotherm with n=1, which means that one inhibitor molecule 

replaces one water molecule. For other adsorbates, n could take different values. In 

addition, interactions between the adsorbed inhibitors are also considered. In conclusion, 

the kinetic Frumkin adsorption isotherm can be represented as:  

 𝑑𝑑𝜃𝜃 𝑑𝑑𝑐𝑐⁄ = 𝑘𝑘𝑎𝑎𝑐𝑐(1 − 𝜃𝜃)𝑖𝑖𝑐𝑐 𝐹𝐹𝐴𝐴𝑝𝑝(λ𝜃𝜃) − 𝑘𝑘𝑎𝑎𝜃𝜃 𝐹𝐹𝐴𝐴𝑝𝑝 (−λ𝜃𝜃) (57) 
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where, λ is a parameter that relates to the interactions between the adsorbed inhibitors. 

There is no analytical solution for this equation and the fitting exercise is not 

straightforward. However, the validity of this equation can be relatively easily verified by 

using its thermodynamic form, which is derived in Equation (57): 

 𝐾𝐾𝐹𝐹𝑎𝑎𝑐𝑐 = [
𝜃𝜃

𝑐𝑐(1 − 𝜃𝜃)𝑖𝑖]exp (−2λθ) (58) 

This equation can be rearranged in a more convenient way to Equation (58): 

 𝜃𝜃 = −
23
2λ

𝑏𝑏𝑐𝑐𝜇𝜇𝐾𝐾𝐹𝐹𝑎𝑎 +
23
2λ

[log �
𝜃𝜃

𝑐𝑐(1 − 𝜃𝜃)𝑖𝑖� − logc]  (59) 

θ should be linearly related to [log(θ/n(1-θ)n)-logc] if the adsorption of the imidazoline-

type inhibitor follows a Frumkin isotherm. This relation is shown in Figure 83. Here, it is 

necessary to assume the ‘n’ value first and then determine the validity of the fitting. The 

linear relationship is most satisfactory when n=1. In this condition, the fitted line is 

parallel to the y-axis, which suggests that the λ value should be close to 0. The 0 value of 

λ indicates that the interactions between molecules are negligible. Therefore, the Frumkin 

isotherm can be simplified again into Equation (35), which is the Langmuir adsorption 

model. In conclusion, the adsorption of the imidazoline-type inhibitor is more likely to 

follow the Langmuir than the Frumkin adsorption model.  
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Figure 83. Plots of the thermodynamic form of the Frumkin isotherm with experimentally 
determined steady state θ for different values of n. (50°C) 
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APPENDIX B. INVESTIGATION OF THE VALIDITY OF THE SAUERBREY 
EQUATION FOR ADSORPTION STUDIES 

Introduction 

 The experimental results in this dissertation showed that the adsorption behavior 

of the imidazoline and the quat-type inhibitors measured with QCM seems to be 

significantly different. For example, the frequency change caused by the adsorption of 

imidazoline-type inhibitor was about ten times higher than for the quat-type inhibitor. 

This means that in terms of mass adsorbed, the adsorption of imidazoline-type inhibitor 

should be much higher than the quat-type inhibitor. This observation is somehow 

surprising since the molecular weight of imidazoline-type inhibitor (359 g⋅mol-1) is close 

to that of the quat-type inhibitor (352.5 g⋅mol-1). This discrepancy might have two 

different reasons. The first one is that the number of imidazoline-type inhibitor layers 

could be higher than the quat-type inhibitor. However, it was shown that the imidazoline-

type inhibitor usually follows Langmuir isotherm, which assumes a monolayer structure. 

Another possible explanation is that the masses measured by QCM are not genuine 

‘masses’ and that the relationship between change in frequency and mass adsorbed 

inferred by the Sauerbrey equation does not apply.  

The use of the Sauerbrey equation implies two main assumptions:  

 1. The film must be sufficiently thin. The frequency change caused by the 

adsorption of molecules should be less than 10% of the resonant frequency of the crystal 

(f0). For the inhibitor adsorption, this is no problem because the frequency change 

measured (10-400Hz) is much smaller than f0 (5MHz).  
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 2. The adsorbed layer must be rigid. A viscoelastic film might generate additional 

contribution, other than mass increase, to the changes in the resonant frequency of the 

crystal. This would lead to the invalid calculation (typically overestimation) of the 

adsorbed mass.  

Therefore, it is necessary to know more information related to the film properties. 

The conventional QCM technique is not sufficient to determine whether the 

frequency/mass conversion proposed by Sauerbrey equation is valid. It cannot determine 

the detailed properties, such as viscosity and elasticity of the inhibitor film. However, the 

motional resonant resistance (Rm) in the QCM measurements can still provide some 

elementary information about the inhibitor film properties. Usually, an increase in Rm is 

an indicator of the adsorption of a viscous film. This is because the formation of soft 

films and viscous liquids increases the motional losses (energy loss caused by the 

vibration of QCM in the film) and hence Rm. The elementary representation of a quartz 

crystal resonator is shown in Figure 84.  

 

 

Figure 84. Elementary electrical mode for the quartz crystal resonator. (Rm is the 
motional resonant resistance; Cm is the capacitor relates to the elasticity of the quartz and 

the surrounding medium; Lm is the inertial component of the oscillation; C0 is the 
parasitic capacitance.) 
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 In this section, the resistance response is analyzed to understand whether the 

inhibitor film displayed any viscoelasticity properties. In addition, the resistance of the 

two different inhibitors (imidazoline-type and quat-type) are compared with the 

frequency change generated by the adsorption of corrosion inhibitor.  

Results and Discussion 

The change of frequency and the resonant resistance with time at 25°C with the 

presence of 44ppm imidazoline-type inhibitor is shown in Figure 85. The resistance 

clearly increased with time, which suggests that the imidazoline-type inhibitor film is 

indeed a viscoelastic film. This behavior was observed in other conditions as well, 

establishing that the trends in frequency change and resistance change are related for the 

imidazoline-type inhibitor. Consequently, Sauerbrey equation should no longer be 

suitable for calculating the mass change of the imidazoline-type inhibitor adsorption. 

 



   236 

 

Figure 85. Change of ∆f and ∆Rm of 44ppm imidazoline-type inhibitor with time. (25°C, 
1 wt.% NaCl) 

 Considering quat-type inhibitor, ∆Rm did not change significantly. The change of 

-∆f and ∆Rm with the presence of 120ppm quat-type inhibitor at 25°C are shown in Figure 

86. The resistance barely changed over the tested period, although ∆f decreased by about 

25Hz. In other cases (not shown here), only a small variation of ∆Rm were measured, 

always lower than 0.5Ω. This behavior corresponds to the development of a rigid film, 

inferring that Sauerbrey equation should still be valid for the quat-type inhibitor. 

However, it was already noticed that the repeatability of the QCM measurements was 

poor, suggesting a different set of issues. Clearly, more effort is required for 

understanding of the quat-type inhibitor adsorption.  
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Figure 86. Change of ∆f and ∆Rm of the 120 ppm quat-type inhibitor with time. (25°C, 1 
wt.% NaCl) 

 

In summary, the imidazoline inhibitor film is likely a viscoelastic film and the 

Sauerbrey equation cannot be applied in this case. A QCM-D (dissipation), which 

incorporates with dissipation measurements [127,166], would be required to understand 

the more in-depth information related to film properties. However, the test setup used in 

this study does not include the dissipation option and therefore does not appear to be 

suitable for accurate determination of adsorbed masses. 
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APPENDIX C. ATTEMPTS TO ATTAIN REPEATABILITY IN THE STUDY OF THE 
ADSORPTION OF THE QUAT-TYPE INHIBITOR.  

Chapter 7 presented the investigation of the adsorption behavior of the quat-type 

inhibitor using QCM measurements. This study was hindered by inconsistency and lack 

of repeatability in the measurements. This created a significant obstacle in understanding 

the adsorptive behavior of the quat-type inhibitor. Many efforts toward achieving 

repeatable results were made, however unsuccessful. In this section, these efforts are 

described in more details.  

Initial efforts were placed in ensuring that the baseline measurements (without 

inhibitor) were repeatable. The baseline should not likely change considerably if the 

chemical and physical properties of the solution do not change. The baseline frequency of 

the oscillator (∆fbaseline) is governed by the property of the solution, as indicated in 

Equation (51). The frequency should not easily shift as long as the testing environment is 

not altered.  

Frequency change without any inhibitor was measured for 24 hours to confirm the 

stability of the baseline. The results are shown in Figure 87, confirming very little change 

in resonant frequency. Although there were small fluctuations (probably due to the slight 

temperature change in the environment), they were limited to less than 5Hz in 24 hours. 

This fluctuation is relatively small compared to the frequency change generated by the 

adsorption of inhibitor and should not affect the repeatability of the tests. In addition, the 

OCP of the crystal was also recorded during the test. The OCP change is around 
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4mV/hour and not as stable as ∆fbaseline. Therefore, the fluctuation in the OCP might be 

responsible for the lack of repeatability.  

 

 

Figure 87. Stability of the solution baseline and the OCP of the quartz crystal; (25°C, 1 
wt.% NaCl; Gold-coated crystal, 5MHz.) 

 

Consequently, the adsorption behavior was investigated with a fixed potential at 

+380mV vs. saturated Ag/AgCl electrode to investigate if the fixed potential could 

improve the repeatability. The results are shown in Figure 88. Although the fixed 

potential seemed to improve the repeatability with the presence of 130ppm quat-type 

inhibitor, there was still a large inconsistency in the repeated cases with the presence of 

65ppm and 260ppm corrosion inhibitor. Consequently, it was determined that applying a 

fixed potential did not significantly improve the repeatability. More efforts were made on 

using different type of crystals (polished vs. etched), modifying the crystal cleaning 

procedure (using strong acid to clean the surface) (not shown here). However, neither of 



   240 

these efforts seem to improve the repeatability. The main causes for the variability in the 

measurement remain elusive. 

 

 

Figure 88. Repeatability of the QCM measurement with fixed applied potential of 
+380mV vs. Ag/AgCl eletrode. (25°C, 1wt. % NaCl; Gold-coated crystal, 5MHz, with 

quat-type inhibitor) 
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APPENDIX D. SPECTROSCOPIC ANALYSIS OF THE IMIDAZOLINE-TYPE 
INHIBITOR 

Introduction 

 In the earlier experiments, the imidazoline-type inhibitor was found to be unstable 

at elevated temperatures (120°C and 150°C) and to degrade into its amide precursor. The 

concentration loss was found to be around 40%-50% and some black oily residues were 

observed on the equipment surfaces. Further FTIR analysis showed that the residues were 

likely the amide precursor. However, the degradation of the imidazoline inhibitor might 

not be the only source of the amide. As the precursor of imidazoline, amide could be 

already in the package as a minor product in the synthetic reactions. The general 

procedure of imidazoline synthesis reaction can be found in Figure 89 [102]. The 

synthesis starts from a first dehydration reaction (see Figure 89 (a)) between fatty acid 

(only oleic acid is shown here as a representative). Diethylenetriamine and the amide 

precursor is then formed. After this step, the amide can go through another dehydration 

reaction by itself (see Figure 89 (b) and can form into imidazoline. As a result of the 

limitations in conversion rate and purification, it is almost impossible to remove the 

amide completely during the synthesis. Moreover, an additional amide side product might 

be contained in the package. In order to ensure a higher conversion rate of imidazoline, 

more fatty acid are usually introduced at the beginning. The additional fatty acid can 

react with the imidazoline through another dehydration reaction and form into an amide 

product (alkoxylized imidazoline) [167] (see Figure 89 (c)). These amides could be 

present in the initial inhibitor package. In addition, it is possible that there are still some 

unreacted fatty acids and diethylenetriamine left in the package. Therefore, a series of 
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spectroscopic analyses were used to identify which species were present in the original 

package.  

 

 

 

Figure 89. The synthesis reaction of a commercial imidazoline inhibitor. 
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Results and Discussion 

 According to the Chapter 6, the imidazoline peaks can be clearly observed in the 

UV-vis spectra. However, the peaks representing the amide peaks were not found. This 

does not mean that there was no amide in the inhibitor package because amide is not as 

readily soluble in water as the imidazoline. As a result, the UV-vis spectroscopy might 

not be able to capture the presence of the amides in the aqueous phase.  

 The FTIR spectra of the inhibitor package is shown in Figure 90. It indicates the 

presence of both amide and imidazoline. The peak 1 and 3 are the st mode of the C=N 

bond and the st sy mode of the N-C=O bond [146], both only exist in amides. 

Additionally, peak 2 at 1610cm-2 stands for the st mode of the C=N bond, which only can 

be found in imidazoline ring. Clearly, the FTIR analysis again proved the presence of 

amide and imidazoline in the inhibitor. However, it can still not distinguish what amide it 

is (precursor amide vs. alkoxylized imidazoline).  
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Figure 90. FTIR spectra of the imidazoline-type inhibitor 

 13C NMR spectroscopy was also performed and the spectra is shown in Figure 91. 

The peaks in the 160-180ppm and 120-140ppm are representative of amide and 

imidazoline, respectively [102]. The peaks at around 54ppm and 42ppm agrees well with 

the standard diethylenetriamine 13C NMR, which means that there are still some 

diethylenetriamine in the inhibitor. In addition, the peaks in the 20-40ppm range are 

likely the peaks of different carbons in the fatty acid [168]. However, one important peak 

is missing in the spectra. The peak of the carbon in the hydroxy acid of the oleic acid is at 

around 182ppm [168], which is not observed in the spectra. Therefore, it can be seen that 

there should be some unreacted diethylenetraimine but no unreacted oleic acid left in the 

inhibitor. 
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Figure 91. 13C NMR spectra of the imidazoline-type inhibitor 

∗ppm is the unit of chemical shift and independent of the spectrometer frequency.  

 

 The mass spectroscopy was also performed and the result is shown in Figure 92. 

In Figure 92 (a), there are many peaks in the 0-300m/z range. However, by comparing the 

molecular weight of possible ingredients (diethylenetraimine and fatty acids), no match 

was found. Therefore, these peaks are likely the by-products that created during the 

electron bombarding of the inhibitor before mass spectroscopy measurements. To better 

investigate the molecules of interest, the spectra ranging from 300-650m/z is shown in 

Figure 92 (b). The spectral analysis suggests that the amide might be mostly the 

alkoxylized imidazoline. In the spectra, the peaks around 348m/z agrees well with the 

molecular weight of the imidazoline inhibitor. The peak around 610m/z agrees well with 

the molecular weight of the alkoxylized imidazoline. However, there is no significant 

peaks at 367m/z (molecular weight of the amide precursor), which suggests that the 

amide precursor was probably not a major ingredient in the inhibitor.  
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In conclusion, the major ingredient of the inhibitor is likely the imidazoline-type 

inhibitor. Diethylenetraimine, one of the initial reactants, was also found in the 

spectroscopic analysis. However, no sign of oleic acids, another reactant, was noticed. In 

addition, there is small amount of amide left in the inhibitor, yet mostly in the form of 

alkoxylized imidazoline instead of amide precursor.  

 

 

 

Figure 92. Mass spectra of the imidazoline-type inhibitor. (a) Spectra ranging from 0-
1000m/z; (b) spectra ranging from 300-650m/z 
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