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ABSTRACT 

The presence of organic acids typically acetic acid (HAc) in reservoir is known to 

influence C02 corrosion. However, the mechanism of the higher concentration of HAc on 

C02 corrosion is still unclear. The role of higher concentration of HAc in C02 corrosion 

needs to be determined for accurate corrosivity prediction. The aim of the project is to 

understand the role of different concentrations of HAc on C02 corrosion. The role of HAc in 

C02 corrosion is investigated by using electrochemical impedance spectroscopy (EIS), linear 

polarization resistance (LPR), scanning electron microscopy (SEM), and x-ray diffraction 

(XRD) techniques. All experiments were conducted in a 3% NaCl solution of pH 5.5 and 

temperature 60"C. In the absence of HAc, C02 corrosion produced iron carbonate film which 

comes from the reaction of iron ions and carbonate ions. At 1000 ppm and 2000 ppm HAc, a 

layer of iron acetate (FeAc) seems to form and solubilize continuously since the rate of 

formation ofFeAc is much higher than that ofFeC03• By adding 4000 ppm of HAc, the FeAc 

layer seems to grow due to the excessive amount of HAc and finally forming a layer on the 

steel surface, thus reducing the corrosion rate. This behavior is shown by the EIS curves for 

each concentrations of acetic acid. The formation of FeAc layer can be seen in the SEM 

micrographs and the presence ofFeAc is confirmed by using the XRD technique. 
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1. INTRODUCTION 

1.1 Project Background 

Carbon dioxide (CO,) corrosion is one the most studied form of corrosion in oil and 

gas industry. This is generally due to the fact that the crude oil and natural gas from the oil 

reservoir/gas well usually contains some level of C02 and hydrogen sulfide (H2S). The major 

concern with C02 corrosion in oil and gas industry is that CO, corrosion can cause failure on 

the equipment especially the main downhole tubing and transmission pipelines and thus can 

disrupt the oil/gas production. The presence of carbon dioxide (CO,), hydrogen sulfide (H2S) 

and free water can cause severe corrosion problems in oil and gas pipelines. Internal corrosion 

in wells and pipelines is influenced by temperature, C02 and H2S content, water chemistry, 

flow velocity, oil or water wetting and composition and surface condition of the steel. A small 

change in one of these parameters can change the corrosion rate drastically due to changes in 

the properties of the thin layer of corrosion products that accumulates on the steel surface. 

CO, corrosion in the presence of acetic acid (HAc) is recognized as a ml\ior course of 

premature failure of mild steel pipelines in the oil and gas industry. C02 is present as a 

dissolved gas in the water /brine that accompanies oil production at high pressures common 

in underground oil and gas reservoirs. In the dissolved state it forms carbonic acid. Premature 

failure is caused by the presence of a complex variety of flow regimes, multiphase flow 

conditions and the presence of HAc. The material of construction for pipelines in the oil and 

gas industry is carbon steel for majority of facilities in production installations, because of its 

economical price, strength, and availability. However, carbon steel has a tendency to corrode 

in the presence of CO, and HAc. It is therefore important to investigate the conditions in 

which HAc causes corrosion damage. 

The choice of the materials may also contribute to the effect of corrosion rate of a 

material. It is believed that certain materials may increase the corrosion rate, some may 

reduce it, and some may make the corrosion rate become constant when certain temperatures 

are reached. Predictions are being made on the corrosion rate due to the selection of materials 

by considering the mechanical properties of the material, its corrosion resistance, as well as its 

thermal conductivity. However, thorough investigation and studies need to be made in order 

to get more accurate data on the relationship between the corrosion rate and the material 

selection. 

1 



In C02 corrosion, iron carbonate (FeCOJ) film is the chief corrosion product formed 

and is formed through the reaction between carbonic acid that are released through corrosion 

of the pipeline. F eC03 forms on the wall of the pipe if the product of ferrous ion 

concentration (Fe2+) and carbonate ion concentration (CO/") exceeds the solubility product 

limit. The film is known to be protective and the corrosion rate drops once the film starts 

growing. Although studies has been made on iron carbonate film formation mechanisms and 

kinetics, it is not known how protective the film will be in the presence of HAc. Thus, it 

becomes imperative to understand how FeC03 precipitation is affected in the presence of 

HAc, as also by the temperature and ionic strength of the solution. 

1.2 Problem Statement 

C02 corrosion is often influenced by the presence of organic acid, particularly acetic 

acid. C02 corrosion in the presence of acetic acid can lead to premature failure in oil and gas 

pipelines which can results in millions of dollars in property damage besides lost of 

production and bodily injury. Therefore, there is a need to understand the role of acetic acid in 

C~ corrosion so that the representative corrosion protection can be made in order to reduce 

the corrosion rate and to prevent corrosion. 

1.3 Objective 

The objective of this project is to study and understand the role and effect of various 

concentrations of acetic acid on C02 corrosion. 
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2.LITERATURE REVIEW 

2.1 C02 Corrosion 

C02 corrosion of steel has been the subject of a wide area of research through the 

decades with reference to issues of corrosion and pipeline failure in the oil and gas production 

and transportation industry. Although the factors which influence the rate and type of 

corrosion have been identified, the interactions between them at various conditions are still 

the subject of research today[ I]. Dry C02 gas by itself is not corrosive at the temperatures 

encountered within oil and gas production. It needs to be dissolved in an aqueous phase to 

promote an electrochemical reaction between steel and the contacting aqueous phase[S]. C02 

is soluble in water and brines. However, it should be noted that it has a similar solubility in 

both the gaseous and liquid hydrocarbon phases. Thus, for a mixed-phase system, the 

presence of the hydrocarbon phase may provide a ready reservoir of C02 to partition into the 

aqueous phase[S]. 

Corrosion of carbon steel in C02-containing environments is a very complex 

phenomenon and still requires further elucidation. Various mechanisms have been proposed 

for the process. However, these either apply to very specific conditions or have not received 

widespread recognition and acceptance[S]. Omkar (2004)[1] stated that one of the earliest 

efforts to explain the mechanism of C02 corrosion was explained by de Waard and Milliams 

(1975). More recent studies (1995, 2001,2003) have proposed models to predict CO, 

corrosion of mild steels based on their independent body of work. The following is a 

summary of reactions which define C02 corrosion. 

C02 dissolves in water to form carbonic acid through the hydration of water. 

COz(g) <= COz( aq) (2.1) 

(2.2) 

Carbonic acis dissociates to form bicarbonate which also dissociates to give carbonate and 

hydrogen ions. 

HzC03 <= H+ + HC03. 

HC03·;: H+ +COl 

3 

(2.3) 

(2.4) 



de Waard and Milliams explained that the rate determining step for carbonic acid dissociation 

is the direct reduction of carbonic acid (H2C03) and the corrosion rate is governed by the 

amount ofundissociated acid in solution[!]. 

(2.5) 

(2.6) 

The corresponding iron dissolution reaction is 

Fe<" Fe2+ + ze· (2.7) 

The insoluble corrosion product of reactions (2.3), (2.4), and (2.7) is iron carbonate which 

forms by the reaction 

(2.8) 

2.2 Acetic Acid Corrosion 

The influence of HAc on the rate of corrosion of mild steel in oilfield brines 

containing C02 is well documented in literature and has been the subject of numerous studies 

since the 1980's[ I]. Its presence was categorized together with organic acids or based on the 

measurement of a mean molecular weight of organic acids, that of propionic acid. Addition of 

acetic acid to the test environment reduces the protectiveness of the films and increases the 

sensitivity to mesa attack. This attributes to a lower Fe2
+ supersaturation in the corrosion film 

and at the steel surface. Significant reduction in film stability was observed when the 

concentration of undissociated HAc in the solution was increased from 0.05 mmol to 0.2 

mmol, but the results are too few to give more accurate threshold values[5]. In the case of 

carbon steel in brine, the dominating factor influencing the corrosion rate is the presence of 

acetate (Ac") and dissolved C02 gas resulting in the formation of acetic acid[!]. In this 

situation, genuine acetic acid corrosion occurs, controlled by the solubility equilibrium with a 

gas phase containing HAc vapor, as in the case of C<h corrosion. 

Omkar (2004)[1] in his studies also stated that as early as 1983, Crolet and Bonis 

reported that the presence of acetic acid in the brine could increase the corrosion rate of 

carbon steel significantly. They also make the point that C02 induced acidification can cause 

partial reassociation of anions, such as acetates and propionates, to form organic acids. Such 
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weak acids then will increase the oxidizing power of H+ by raising the limiting diffusion 

current for cathodic reduction[5]. The presence of such acids also will tend to solubilize the 

dissolving iron ions suppress FeC03, or oxide film formation, which can otherwise passivate 

the steel surface[5]. Omkar (2004)[1] said that Hedges and McVeigh (1999) later confirmed 

this but the interconversion of HAc and Ac· ions as given by Equation (2.9) was not 

accounted for. In the presence of Ac· ions, the corrosion rate can increase even if the pH 

increases leading to errors in prediction models for corrosion rates. The presence of both 

HC03" and Ac· cause erroneous titration results leading to an overestimation of pH. 

The presence of acetate (Ac") is the result of which comes from the dissociation of 

HAc 

(2.9) 

leads to an overestimation of pH when the HC03 · analysis is carried out leading to significant 

under prediction of corrosion rates. The equilibrium constant for equation (2.9) is KHA, and 

expressed as 

[HAc] 
(2.10) 

KHAo is dependent on temperature (Tc, Celcius) and was frrst expressed by Kharaka ( 1989)[ l] 

KHAc ::=: J 0 -(6.66104- 0.0134916 • (273 + 1C) + 2.37856*/(}A-5 * (273 + Tc}"2) (2.11) 

In equation 2.10 the total amount of HAc, [HAc] and the temperature are known. So, 

KHA, is also known. Thus the concentration of H+ ions, [W] or the pH value determines how 

much of the acetic acid will dissociate. Thus different pH values represent different amounts 

ofundissociated (free) HAc which is the main cause of concern as it was found to increase the 

corrosion rate. HAc acts as a reservoir of H+ ions, which readily accept electrons produced by 

the iroo dissolution reaction. George (2003)[14] suggested that HAc does not affect the 

charge transfer mechanism of the cathodic reaction but only affects the limiting currents. The 

corrosion rate of X-65 carbon steel in the presence of HAc is under charge transfer control 

and both the anodic and cathodic reactions remained the same. Acetic acid was found to 

increase X-65 carbon steel corrosion rates greatly at pH 4 as found from a series of 

experiment conducted. 
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Omkar (2004)[1) stated that Sidorin (2003) did voltammetry experiments on steel 

rotating disc electrode (RDE) and found that solutions containing Ca2+ and Fe2+ ions do not 

change the equilibrium concentration of HAc significantly although they increase the ionic 

strength of the solution. 

Crolet et al. (1999)[12) showed that for uniform corrosion beneath a protective layer 

the free HAc is exhausted and in such a situation the acetic buffer was decisive in determining 

the protectiveness of corrosion products. He also reported an inhibtion of the anodic 

dissolution reaction of iron in presence of Ac· ions. 

Garsany et a!. (2002,2003)[15) in their work used cyclic voltammetry to study the 

effect of Ac· ions on the rates of corrosion using a rotating disc electrode (ROE) in the 

absence of film formation. They emphasized that the electrochemistry of acetic acid at steel 

cannot be distinguishable from that of free proton (because of its rapid dissociation) and 

predicted that the increased rate of corrosionis proportional to the concentration of 

undissociated acetic acid in the brine. 

Joosten et a!. (2002)[13] examined acetic acid, synthetic seawater and an oil phase in 

glass cells and found that HAc increased the corrosion rate by decreasing the pH. He also 

found evidence of localized 13% Cr steel at 95"C and 600 ppm HAc. 

George (2003)[14) investigated the effects of HAc on the cathodic and anodic 

reactions of C02 corrosion using Linear Polaarization Resistance (LPR), Electrochemical 

Impedance Spectroscopy (EIS), and potentiodynamics sweeps. He concluded that HAc did 

not affect the charge transfer mechanism of the cathodic reaction but did affect the limiting 

currents. At room temperature (22"C) the HAc acts as a source of hydrogen ions and HAc 

needs an "activation time" fur its effect to be measured. 

Mehdi (2010)[6) mentioned that, based on the study from Nafday and Nesic, HAc 

cannot cause any localized corrosion, has no effect on the thickness of corrosion product iron 

carbonate (FeC03) layer but affects layer morphology. However, Okafor and Nesic reported 

that acetic acid can caused localized corrosion by removing iron carbonate layer. He also 

stated that George and Nesic reported the presence of HAc strongly affects the cathodic 

limiting current. The anodic reaction (iron dissolution) was unaffected or mildly retarted with 

increasing HAc concentration at room temperature. 
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Liu eta!. (2008)[16] investigated the effect of HAc using electrochemical impedance 

spectroscopy (EIS). They found that the surface chemical reactions of cathodic reduction were 

enhanced in the presence of HAc. They also found that HAc can remove FeC03 layer. Zhang 

and Cheng (2009)[8) reported similar results. In addition, they observed an increase in the 

current density of anodic reactions and they saw localized corrosion on the surface of steel. 

Thus experiments of long duration (3 days) were conducted at film forming conditions 

of high temperature (80'C) and high pH to see the the effect of HAc on the film and the 

corrosion rate. 

2.3 Iron Carbonate (FeC03) Film Formation 

Iron carbonate (FeC03) film formation is the main corrosion product in the C02 

corrosion proces. Fihn formation is strongly dependent on the thermodynamics and kinetics of 

FeC03 precipitation. Supersaturation plays the most important role in FeC03 film growth and 

its morphology. A high supersaturation of FeC03 is necessary to form a protective film, 

particularly at low temperatures[5]. In principle, the precipitation process comprises two 

steps, nucleation and particle growth. The morphology of the film therefore depends on the 

dominating step[5). The reaction for formation of solid iron carbonate is given by: 

(2.12) 

FeCO:J forms on the wall of the pipe if the product of ferrous ion concentration (Fe2
) 

and carbonate ion concentration (CO:l21 exceeds the solubility product limit[!). A measure of 

when the fihn is likely to precipitate is supersaturation value (SS) defined as 

ss = 
[Fe2+)[col-l 

[KsPFeco3] 
(2.13) 

The fihn will precipitate when the SS value exceeds unity. However, the rate of precipitation 

of iron carbonate can be so slow that often the precipitation kinetics becomes more important 

than the thermodynamics of the process. The equilibrium constant for iron carbonate fihn 

KspFeem is dependent on temperature (Tc, Celcius) and ionic strength (I) and expressed as 

Ksp&cOJ = 10(.JO.l3-0.0I82'Tc) I (O.O!l 5 * J".6063) (2.14) 

I= o.s • InZ2 (2.15) 
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where I represents the number of ions, Z is charge of each ion and n is the molar concentration 

of each ion[l]. 

FeC03 reduces the corrosion rate by reducing and virtually sealing film porosity[5]. 

With altering neither the local phase compositions nort the concentration gradient, this 

restricts the duffusion fluxes of the species involved in the electrochemical reactions. 

Moreover, even prior to sealing cementite its precipitation can lead to coverage and, therefore, 

can limit its electrochemical activity. It is also believed that increasing the temperature would 

improve the protectiveness of the F eC03 scale as well as its adhesion and hardness and that 

the higher the temperature, the more improved the protectiveness[S]. However, there is a little 

agreement on a practical "threshold" temperature. Some have reported that the maximum 

corrosion rate observed for carbon steel in sweet environments was from 60"C to 70'C and 

then it started to decline due to growth of protective FeC03 films[S]. In another studies[5], it 

has been suggested that the lowest temperature necessary to obtain FeC03 films that would 

reduce the corrosion rate significantly was 50"C and the protectivenes was increased also by 

increasing the pH. 

From a study, Omkar (2004)[1] mentioned that Johnson and Tomson (1991) used a 

"temperature ramped" approach to calculate the activation energy ofFeC03 precipitation and 

found that precipitation was controlled by the surface reaction rate. The most important 

factors which affect the precipitation of iron carbonate film are supersaturation and 

temperature. The fihn is known to be protective and corrosion rate drops once the film starts 

growing. When FeC03 protective fihn forms, its growth is very temperature sensitive. Its 

composition, structure and thickness and physical properties are determined by the fihn 

precipitation mechanisms. A frequently used expression for the rate of precipitation of iron 

carbonate (RFoeoJ(,J) is given by Van Hunnik et al. (1996) as stated by Omkar (2004)[1] 

A 
RFeC03 cs) = v .f(T).Ksp-{(SS) (2.16) 

where A is the surface area of the electrode and V is the solution volume. 

Since co/· ion concentration is dependent on the pH, we can write 

(2.17) 

When iron carbonate precipirares at the steel surface, it decreases the corrosion rate by 
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• Presenting a diffusion barrier for the species involved in the corrosion process 

• Blocking a portion of the steel and preventing electrochemical reactions from 

occuring. 

Studies by Ikeda et al. (1984),as mentioned by Omkar (2004)[1] indicate three types of 

films: at low temperatures (<60"C) the film is not adherent and is easily destroyed, at 60"C-

150"C a loosely adherent FeCO, precipitate causes deep pitting and very high corrosion rates, 

at temperatures >l50"C an adherent scale forms limiting corrosion. Omkar (2004)[1] 

concluded that the film can be formed at room temperature by increasing system pH as 

indicated by Videm and Dugstad (1989). Dugstad (1992) showed that films were formed at 

so·c after only 20-24 hours. 

2.4 Electrochemical Impedance Spectroscopy (EIS) 

EIS has been successfully applied to the study of corrosion systems for thirty years 

and been proven to be a powerful and accurate method for measuring corrosion rates. But in 

order to access the charge transfer resistance or polarization resistance that is proportional to 

the corrosion rate at the monitored interface, EIS results have to be interpreted with the help 

of a model of the interface. 

An important advantage of EIS over other laboratory techniques is the possibility of 

using very small amplitude signals without significantly disturbing the properties being 

measured. The fundamental approach of all impedance methods is to apply a small amplitude 

sinusoidal excitation signal to the system under investigation and measure the response 

(current or voltage or another signal of interest). In figure land Figure 2 below, a non-linear 

I-V curve and a low amplitude sine wave for a theoretical electrochemical system is shown. 

i 
;----·-------~ 
-----~------

' ... .. ... -- ___ /'! _______ ' l 
''' ''' ... 
''' 'I' "' __...• I ,.-,l 

$ -' "-

Figure I: Non-linear I-V curve 
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Figure 2: Low amplitude sine wave 

A low amplitude sine wave llEsin(rot), of a particular frequency, is superimposed on 

the de polarization voltage E0 • This results in a current response of a sine wave Msin(rot+cjl) 

superimposed on the de current /0 • The current response is shifted with respect to the applied 

potential. The Taylor series expansion for the current is given by 

dl 1 d 2 1 
M == (-)e I il.E + -(-)e I LIE+··· dE o, o z dEz o, o 

(2. I 8) 

tfthe magnitude of the perturbing signal !lEis small, then the higher order terms 

1 d2 I 
-(-)e 1 !1E + ··· 2 d£2 0, 0 

(2.19) 

in the first equation can be assumed to be negligible. The impedance of the system can then 

be calculated using Ohm's law as, 

Z (w) == IIE(w) 
III(w) 

(2.20) 

This ratio is called impedance, Z( ro ), of the system and is a complex quantity with a 

magnitude and a phase shift which depends on the frequency of the signal. Therefore by 

varying the frequency of the applied signal one can get the impedance of the system as a 

function of frequency. Typically in electrochemistry, a frequency range of 100kHz- 0.1 Hz 

is used. The impedance, Z(ro), as mentioned above is a complex quantity and can be 

represented in Cartesian as well as polar co-ordinates. 

10 



In polar co-ordinates the impedance of the data is represented by, 

Z(w) = IZ(w)le¢(w) (2.21) 

where I Z I is magnitude of the impedance and ~ is the phase shift. 

Z(w) = Zr(w) + jlj(w) (2.22) 

where Z, is the real part of the impedance and Zi is the imaginary part and j = H 

The plot of the real part of impedance against the imaginary part gives a Nyquist Plot, 

as shown in Figure 3. The advantage of Nyquist representation is that it gives a quick 

overview of the data and one can make some qualitative interpretations. While plotting data in 

the Nyquist format the real axis must be equal to the imaginary axis so as not to distort the 

shape of the curve. The shape of the cureve is important in making qualitative interpretations 

of the data. The disadvantage of the Nyquist representation is that one loses the frequency 

dimension of the data. One way of overcoming this problem is by labelling the frequencies on 

the curve. 

70J 

60J 

-Hlll 

200 400 6CO 80:: 1003 
Z'(nl 

Figure 3: A typical Nyquist plot 

The absolute value of impedance and the phases shifts are plotted as a function of 

frequency in two different plots giving a Bode Plot, as shown in figure 4. This is the more 

complete way of presenting the data The relationship between the two ways of representing 

the data is as follows: 

IZI 2 == (Re Z)2 + (Im Z)2 

(1) == tan-1 !!!! 
ReZ 
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Figure 4: A typical Bode plot 
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3. METHODOLOGY 

3.1 Test Matrix 

The test matrix of the experiment and the acetic acid concentration at the said pH 

value and temperature is shown in Table 1 and Table 2 respectively. 

Table 1: Test matrix for the experiment 

Parameter Value 

Steel type X-52 

Solution 3%NaCl 

De-oxygenation gas C02 

pH 5.5 

Total HAc (ppm) 0,1000,2000,4000 

Temperature CC) 60 

Time (hrs) 2 

Surface finish 600 grit 

Measurement techniques LPR, EIS, SEM, XRD 

where LPR is linear Polarization Resistance, EIS is electrochemical impedance spectroscopy, 

SEM is scanning electron microscopy, and XRD is x-ray diffraction. The above test matrix is 

chosen to reflect conditions in the field. 

Table 2: Acetic acid concentration at pH 5.5 and 60"C 

Total Concentration {ppm) Undissociated HAc {ppm) Acetate concentration {ppm) 

1000 154 846 

2000 308 1692 

4000 616 3384 

13 



3.2 Experimental Setup 

The schematic diagram of the setup is shown in Figure 5. 

Data Acquisition System 

Figure 5: Schematic diagram for the set-up 

3.3 Experiment Procedure 

The flowchart of the experiment procedure or methodology is shown in Figure 6. 

Preparation of 3 wt% Nad 

(30g NaCI + 1000 ml 01 water) 

Sample preparation- spot weld 

mild steel with nickel chromium 

wire & mounted in alderite resin 

Linear Polarization 

Resistance (LPR) 

.. 
Polish using 240, 320, 400, 600 grit 

of silicon carbide papers 

Immersion of sample and purged 

with co, heated until 60 ·c 

Measure pH, injection of sodium 

bicarbonate (NaHC03) to increase 

pH until5.5 

Run experiment for 0 ppm of acetic 

acid (HAc) 

Electrochemical 

Impedance 
Spectroscopy (EIS) 

Result 

scanning Electron 

Microscopy (SEM) 

Figure 6: Experiment flowchart 
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The experiment were performed in a glass cell, on a small scale in order to obtain data 

quickly and reproducibly. The glass cell was filled with one liter of deionised (DI) water to 

which 3% by weight ofNaCl salt was added. For achieving 3% NaCl concentration, JOg of 

pure NaCl was weighed and added. 

The NaCl solution was then bubbled with C02 for 1 hour prior to the exposure of the 

electrode. C02 purging was maintained throughout the test to ensure that all the dissolved 

oxygen was removed and to maintain the saturation with C02• The required test temperature 

is set through a hot plate. The electrochemical measurements are based on a three-electrode 

system, using a commercially available potentiostat with a computer control system. The 

reference electrode used is an Ag/ AgCl and the auxiliary electrode is a platinum electrode. 

The working electrode is prepared from X52 pipeline steel (elemental composition is 

shown in Table 3). The sample was spot-welded with nickel-chromium wire and mounted in 

araldite resin with an exposed area of 0.1 cm2
• The sample surface is then polished to 600-

grade finish using silicon carbide papers. The specimen is degreased and rinsed with ethanol 

and deionised water before immersion. 

The sample is then immersed in the l liter of 3% NaCI solution which has been 

prepared earlier and purged with C02 for about 45 minutes while being heated up until the 

temperature reached the desired value. Then, tbe pH is measured and IM of sodium 

bicarbonate solution is added into the solution until the pH becomes 5.5. The experiment is 

then ran for 0 ppm of HAc for 2 hours and the data of the LPR and EIS is collected. 

The experiment is repeated for different concentrations of HAc injected as stated in the 

test matrix. The data collected will then be analysed. 
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Table 3: Elemental composition ofX52 carbon steel based on wt% 

Elements Wt% 

Carbon (C) 0.16 

Manganese (Mn) 1.32 

Phosphor (P) 0.017 

Sulphur(S) 0.006 

Silicon (Si) 0.31 

Niobium (Nb) 0.02 

Chromium (Cr) 0.01 

Nickel (Ni) 0.01 

Aluminum (AI) 0.03 

Iron (Fe) Balance 

3.4 Electrocbemical Test Methods 

Two types of electrochemical studies, linear polarization resistance (LPR) and 

electrochemical impedance spectroscopy (EIS), were utilized in this study. Linear polarization 

resistance was used to determine the corrosion rate, while the electrochemical impedance 

spectroscopy was employed to study the mechanism of CO, corrosion in the presence of HAc. 

3.4.1 Linear Polarization Resistance (LPR) 

This method is based on the linear approximation of the polarization behavior at 

potentials near the corrosion potential. Polarisation resistance (Rp) is given by Stern-Geary 

equation: 

B 
Rp = --= LIE 

Lll icorr 

Where, B = 
2.303(ba+bc) 
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The value of B used is 26 m V /decade. The corrosion current can be related directly to the 

corrosion rate from Faraday's law: 

where, 

CR = corrosion rate, mm/year 

CR = 315Zicorr 
pnF 

ioorr =corrosion current density, !IA/cm2 

p = density of iron, 7.8 g/cm3 

F =Faraday's constant, 96500 C/mole 

Z = atomic weight, g!mol 

n = electron number 

(3.3) 

ba,b, =the slopes of the logarithmic local anodic and cathodic polarization curves respectively 

Rp = resistance polarization, ohm 

Linear polarization resistance measurements were performed by firstly measuring the 

corrosion potential of the exposed sample and subsequently sweeping from -1Om V to +1Om V 

with the sweep rate of 1Om V/min. 

3.4.2 Electrochemical Impedance Spectroscopy (EIS) 

The EIS set up consists of an electrochemical cell (the system under investigation), a 

potentiostat, and a frequency response analyser (FRA). The FRA applies the sine wave and 

analyses the response of the system to determine the impedance of the system. 

The electrochemical cell in an impedance experiment can consist of two, three, or four 

electrodes. The most basic form of the cell has two electrodes. Usually the electrode under 

investigation is called the working electrode, and the electrode necessary to close the 

electrical circuit is called the counter electrode. The electrodes are usually immerses in a 

liquid electrolyte. For solid-state systems, there may a solid electrolyte or no electrolyte. In 

this experiment, three electrodes systems are used which are the working electrode, the 

reference electrode, and the auxilliary electrode. 
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For the potentiostat, experiments were done at a fixed DC potential. A sinusoidal 

potential perturbation is superimposed on the DC potential and applied to the cell. The 

resulting current is measured to detennine the impedance of the system. The experimental 

setup for the project is shown in Figure 7. 

Figure 7: Images of the test set up 
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4.RESULT & DISCUSSION 

4.1 Data Gathering & Analysis 

The results obtained from the experiment were collected and analyze using the linear 

polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS) techniques. 

The sample is then sent for the scanning electron microscopy (SEM) and x-ray diffraction 

(XRD) analyses. The effects of various concentrations of acetic acid (HAc) from 0 to 4000 

ppm on the corrosion behavior ofX52 carbon steel in 3% NaCl solution saturated with C02 in 

this experiment are presented below. 

4.1.1 Linear Polarization Resistance (LPR) Test 

The effect of different concentrations of HAc on the corrosion rates as obtained by LPR test at 

pH 5.5 and temperature 60T after 2 hours is shown below. 

4.1.1.1 Effect of 0 ppm HAc 

The effect of 0 ppm HAc, or in the absence of HAc, on the corrosion rate at pH 5.5 and 

temperature 60'C after 2 hours is shown in Figure 8. 

1.8 

1.6 

.... 1.4 j > e I 

.§. 
1.2 -

.. 1 . 
~ 

!!! 
0.8 c 

0 
--Oppm 

·;; 0.6 I e 
~ 

0.4 i 8 
0.2 j 

0 . 

0 2000 4000 6000 8000 

Time (s) 

Figure 8: Corrosion rate at 0 ppm of HAc 
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4.1.1.2 Effect of 1000 ppm HAc 

The effect of 1000 ppm HAc, on the corrosion rate at pH 5.5 and temperature 60"C after 2 

hours as obtained by the LPR test is shown in Figure 9. 
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Figure 9: Corrosion rate at I 000 ppm of HAc 

4.1.1.3 Effect of2000 ppm HAc 

The effect of 2000 ppm HAc, on the corrosion rate at pH 5.5 and temperature 60"C after 2 

hours as obtained by the LPR test is shown in Figure 10. 

-;:-
..;:; 
E 
.§. 

" ~ .. 
~ 

c 
-~ 
0 :: 
8 

10 . 

9.5 

9 

8.5 

8 

7.5 

7 

6.5 

6 

5.5 1 
5 ----------~---- .. -·-

0 2000 4000 

Time (s) 

6000 

Figure 10: Corrosion rate at 2000 ppm of HAc 
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4.1.1.4 Effect of 4000 ppm HAc 

The effect of 4000 ppm HAc, on the corrosion rate at pH 5.5 and temperature 60'C after 2 

hours as obtained by the LPR test is shown in Figure II. 
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Figure II: Corrosion Rate at 4000 ppm of HAc 

4.1.1.5 Average corrosion rates of different HAc concentrations 

The average corrosion rates of X52 carbon steel exposed to concentrations of HAc from 0 to 

4000 ppm at pH 5.5 and temperature 60'C are summarized in Figure 12. 
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Figure 12: Graph of corrosion rate vs acetic acid concentrations 
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It is seen that the corrosion rate increase up to approximately 6.5 mm/yr and 7.0 mrnlyr with 

the addition of I 000 ppm and 2000 ppm of acetic acid, respectively. However, the corrosion 

rate decreased to less than I mm/yr with the addition of 4000 ppm of acetic acid. 

4.1.1.6 Comparison of the effect of HAc concentrations 

The comparison of the effect for different concentrations of HAc, on the corrosion rate at pH 

5.5 and temperature 60'C after 2 hours as obtained by the LPR test is shown in Figure 13. 
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Figure 13: Corrosion Rate at 4 various concentrations of HAc 
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From Figure 13, it is observed that the corrosion rate in the absence of acetic acid was 

about I. 7 mm/yr initially and decreased within 2 hours time to values lower than I ml\1/yr as 

iron carbonate layer formed. 

The addition of 1000 ppm and 2000 ppm of acetic acid caused the corrosion rate to 

increase to approximately 6.5 mm/yr and 7 mm/yr respectively as it interfere with the 

formation of the film and increases the sensitivity to corrosion attack. This contributes to a 

lower Fe'+ supersaturation in the corrosion film and at the steel surface. The presence of 

acetate ions (Ac) in acetic acid also will tend to solubilize the dissolving iron ions (Fe2
') and 

suppress iron carbonate layer which can passivate the steel surface. The reaction of Fe2+ and 

Ac· occurs at a high rate and forms iron(ll) acetate (FeAc) which is highly soluble in water. 
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On the other hand, the fonnation of iron carbonate (FeCO,) from Fe2
+ and col

occurs at a very slow rate as compared to that of FeAc. Therefore, more Fe2
+ ions will react 

with Ac·. The solubility of iron acetate increases as the concentration of acetic acid increases 

even if the pH is maintained. This results in the increase of the corrosion rate as the exposed 

area of the steel increase when the solubility of iron acetate increase. 

However, the corrosion rate decreased significantly with the addition of 4000 ppm of 

acetic acid. The corrosion rate dropped to values which was even lower than that of the blank 

solution (0 ppm). This happens due to the excessive amount of undissociated acetic acid 

concentration in which the iron carbonate failed to dissolve. In an excessive amount of acetic 

acid, there might be possibility that FeAc fonned much more than its solubility. As a result, 

FeAc will fonn another layer of film on the steel surfuce thus preventing the corrosion from 

happening. 

4.1.2 Electrochemical Impedance Spectroscopy (EIS) 

The Nyquist plots obtained for the sample at different concentration of HAc injected at pH 5.5 

and temperature 60"C after 2 hours are shown below. 

4.1.2.1 Effect of 0 ppm HAc 

The Nyquist plot ofO ppm HAc, or in the absence of HAc, at pH 5.5 and temperature 60"C 

after 2 hours is shown in Figure 14. 
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Figure 14: Nyquist plot at 0 ppm of HAc 
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4.1.2.2 Effect of 1000 ppm HAc 

The Nyquist plot of 1000 ppm HAc at pH 5.5 and temperature 60"C after 2 hours obtained by 

the EIS test is shown in Figure 15. 
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Figure 15: Nyquist plot at 1000 ppm of HAc 

4.1.2.3 Effect of 2000 ppm HAc 

The Nyquist plot of2000 ppm HAc at pH 5.5 and temperature 60"C after 2 hours obtained by 

the EIS test is shown in Figure 16. 
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Figure 16: Nyquist plot at 2000 ppm of HAc 
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4.1.2.4 Effect of 4000 ppm HAc 

The Nyquist plot of 4000 ppm HAc at pH 5.5 and temperature 6o·c after 2 hours obtained by 

the EIS test is shown in Figure 17. 
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Figure 17: Nyquist plot at 4000 ppm of HAc 

4.1.2.5 Comparison of the effect of HAc concentrations 

The comparison of the Nyquist plot of 4 different concentrations of HAc at pH 5.5 and 

temperature 60"C after 2 hours obtained by the EIS test is shown in Figure I 8. 
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Figure 18: Nyquist plot of the effect of HAc at four different concentrations 
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Figure 18 shows a very large capacitive loop in the blank solution (0 ppm) and could 

be considered as the capacitance of double electrode layer between the corrosion scale and 

solution. This is followed by another capacitive loop for other concentrations of acetic acid. 

It is known that iron carbonate film or layer will form and act as a protective scale on 

the surface of the steel surface if the reaction is given long and enough time to react, 

preventing the corrosion from happening. When the layer is completely compact, the 

corrosion is controlled by a diffusion process. However, if there are some pores in the layer, a 

charge transfer process at the layer/steel interface occurs. This will change the corrosion 

mechanism to the charge transfer and the shape of impedance plot at low frequencies to a 

capacitive loop. 

According to SEM analysis, a layer of iron carbonate film is formed on the surface of 

the steel in the absence (0 ppm) of acetic acid. Therefore, it could be deduced that a charge 

transfer process at the layer/steel interface has occured in the sample resulting in such a large 

capacitive loop. 

At 1000 ppm of acetic acid, the capacitive loop at diminished significantly and the 

loop became smaller. It could be seen from the plots that there was a drastic decrease of the 

impedance values in the presence of 1000 ppm of acetic acid. The shrinkage of the loops 

shows an increase in corrosion rate and therefore a decrease in the protectiveness of iron 

carbonate layer. Therefore, active species, such as FeAc, could get to the steel surface easier 

resulting in an increase of the corrosion rate. 

When the concentration of acetic acid is increased to 2000 ppm, the capacitive loop 

became much smaller than the previous condition as the impedance is diminished. As stated 

earlier, the shrinkage of the loop means even much less protective iron carbonate layer and an 

increase in the corrosion rate. 

On the other hand, in the presence of 4000 ppm of acetic acid, the capacitive loop 

expanded and the values of the impedance became bigger. This results from an excessive 

amount of concentration ofundissociated acetic acid injected into the solution. The excessive 

Ac· ions from the acid reacts with the Fe2+ ions from the steel as the rate of reaction of these 

ions are much higher than that of FeC03. This reaction, which forms in a much higher rate 

than it solubility, will form iron acetate (FeAc) which will act as another protective layer on 

27 



the steel surface, thus, reducing the corrosion rate. The presence of the Ac· ions were 

confirmed by using XRD techniques which will be discussed later in this chapter. 

4.1.3 Scanning Electron Microscopy (SEM) Analysis 

The surface condition of the film is then inspected by using the scanning electron 

microscopy (SEM) technique and the effect of different concentrations of acetic acid (HAc) 

on iron carbonate film is analyzed with different magnifications. Figure 19 shows the SEM 

micrographs of the samples with the same maguification of SOOX. A very thin layer of iron 

carbonate was formed on the sample of 0 ppm of HAc. In I 000 ppm of HAc, it seems that the 

layer ofFeAc started to form on the surface due to the effect of the HAc. The formation of the 

layer is about the same in the presence of 2000 ppm of acetic acid since the rate of solubility 

ofFeAc is high as compared to that of FeC03. Finally, in the presence of 4000 ppm of HAc, it 

seems that the formation ofFeAc layer increases due to the exessive amount of HAc injected 

resulting in the decrease of the corrosion rate. 

For better insight of this issue we should notice the growth mechanism of iron 

carbonate layer. The precipitation rate of iron carbonate, RFeco,, can be described as below: 

(4.1) 

where A refers to the surface area of the sample, T is the temperature, K,., is denotes the 

solubility limit of iron carbonate and S is the supersaturation. Regarding the conditions under 

present investigation, the only variable parameter in equation ( 4.1) is supersaturation level. 

The sample in the absence of HAc had the most supersaturation since there was no 

interference by the HAc, so it has the most precipitation rate leading to the most dense iron 

carbonate film followed by the sample with 1000, 2000, and 4000 ppm of HAc respectively. 
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Figure 19: SEM micrographs for X52 carbon steel achieved afier 2 h of exposure in C02-
saturated 3wto/o NaCl solution at the temperature of 60"C under SOOX magnification in the 
presence of(a) 0, (b) 1000, (c) 2000, and (d) 4000 ppm of acetic acid 

Figure 20 shows the SEM micrographs of the samples with different concentrations of HAc 

viewed under the same magnification of IOOOX. 
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Figure 20: SEM micrographs for X52 carbon steel achieved after 2 h of exposure in C02-

saturated 3wt"/o NaCI solution at the temperature of 60"C under I OOOX magnification in the 
presence of(a) 0, (b) 1000, (c) 2000, and (d) 4000 ppm of acetic acid 

Figure 21 shows the SEM micrographs of the samples with different concentrations of HAc 

viewed under the same magnification of5000X. 

figure 21: SEM micrographs for X52 carbon steel achieved after 2 h of exposure in C02-

saturated Jwt"/o NaCI solution at the temperature of 6o·c under 5000X magnification in the 
presence of(a) 0, (b) 1000, (c) 2000, and (d) 4000 ppm of acetic acid 
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4.1.4 X-Ray Diffraction (XRD) Analysis 

X-Ray Difraction (XRD) was used in order to evaluate if there are any other 

compounds other than iron carbonate (FeCOJ) which could be identified on the steel surface. 

XRD result in Figure 22 shows the comparison of analysis of the sample without the presence 

of the acetic acid and with 4000 ppm of acetic acid. It is seen that the main iron peak on the 

sample without the acetic acid (black) is higher than that with 4000 ppm of acetic acid (red) 

which means all of the iron ions (Fe2+) is present prior to react with the carbonate (CO{). 

The main iron peak with 4000 ppm of acetic acid became lower since some of the Fe2
+ ions 

has reacted with the Ac· ions to form iron acetate (FeAc). 

Figure 23 shows the XRD analysis on the sample in the absence of acetic acid. It 

shows the presence of only iron (blue) and iron carbonate (red), without any interference from 

any other compound. 

On the other hand, in the presence of 4000 ppm of acetic acid, the XRD signal in 

Figure 24 shows the presence of another compound which is iron acetate (green peak) as 

discussed in the EIS part earlier. The concentration of acetic acid seems to have exceeded the 

solubility limit of iron carbonate film, thus, allowing the reaction of iron ions and acetate ions 

to take place to form iron acetate. This reaction forms another protective layer resulting in the 

decrease of the corrosion rate. 
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Figure 22: XRD analysis of the layer formed on the X52 carbon steel at pH 5.5 and T=60"C in 
the absence of acetic acid and in the presence of 4000 ppm of acetic acid after 2h 
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Figure 23: XRD analysis of the layer formed on the X52 carbon steel at pH 5.5 and T;60"C in 
the absence of acetic acid after 2h. 
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Figure 24: XRD analysis of the layer formed on the X52 carbon steel at pH 5.5 and T=60'C in 
the presence of 4000 ppm of undissociated acetic acid after 2h. 
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5. CONCLUSION & RECOMMENDATIONS 

Based on the results obtained, the corrosion rate increased with the addition of I 000 

ppm and 2000 ppm of acetic acid. However, with the addition of 4000 ppm of acetic acid, the 

corrosion rate decreased. 

In the absence of acetic acid, a very thin layer of iron carbonate was formed on the 

steel surface as a chief corrosion product of the mechanism. The corrosion product is 

produced from the reaction of the iron ions and the carbonate ions. In the presence of 1000 

ppm of acetic acid, the corrosion rate started to increase as the acetate ions from the acid tends 

to solubilize the dissolving iron ions and suppress iron carbonate layer which can passivate 

the steel surface. The solubility of iron acetate increases as the concentration of acetic acid 

increases. Thus, the presence of2000 ppm of acetic acid will expose the surface of the steel 

even more and increase the corrosion rate. 

On the other hand, in the presence of 4000 ppm of acetic acid, the corrosion rate 

decreased significantly and is believed due to the excessive amount of concentration of 

acetate ions in the solution. The carbonate ions from the iron carbonate could not dissolve the 

excessive amount of acetate leaving the iron ions to reacts with it and form iron acetate. The 

presence of the iron acetate is shown in the XRD result. This new compound will form 

another layer on the steel surface thus reducing the corrosion rate. However, it is still not clear 

how the iron acetate compound will affect the steel surface. 

It is recommended that the period of the experiment is added in order to obtain more 

accurate results and much clearer picture in the SEM micrograph. The energy dispersive x-ray 

(EDX) analysis also should be done in order to confirm the presence of any compound on the 

steel surface. 
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