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During the recovery of oil and gas, an aqueous brine saturated with carbon dioxide is 
one component of a multiphase flow through carbon steel pipes. In many oilfields, 
including Wytch Farm in Southern England and Trinidad, enhanced rates of steel 
corrosion are thought to result from the presence in the brine of the anions of weak 
acids, particularly acetate ions. This thesis examines the premise that the enhanced 
rate of corrosion results from the presence in the brine of acetic acid and this proton 
donor reduces alongside the free proton in the cathodic reaction leading to corrosion. 

Experiments have used both simulated brines (3 % NaCl + sodium acetate (NaOAc), 
saturated with CO2) and brine samples from the oilfields. The programme requires a 
detailed understanding of the speciation within the brines. This has been examined 
using a computer package (PHREEQC 2.2) available on the World Wide Web and 
physical constants from the literature. It is shown that deviations from ideal solution 
behaviour must be taken into account. The influence of other species in the brine, 
particularly bicarbonate has also been considered. The conclusions of the speciation 
calculation have been tested by examining the voltammetry of the solutions at a Pt 
rotating disc electrode (RDE) and a good fit between the predicted and experimental 
limiting current densities has been demonstrated. The voltammetry shows that 
NaCl/NaOAc/CO2 solutions behave identically to NaCl/NaOAc/HOAc solutions of 
the same pH. It is also confirmed that the thermodynamics of hydrogen evolution 
depend only on the solution pH but the rate of hydrogen evolution depends on the 
concentrations of both free proton (pH) and undissociated acetic acid because of the 
rapid dissociation of the acetic acid. Moreover, in the conditions of interest, the 
concentration of acetic acid is far higher than that of fi-ee proton and acetic acid 
reduction is the major cathodic process. 

The voltammetry of carbon steel (X65) RDE in the acetate containing brines, both 
simulated and oilfield, has been defined over the temperature range 298 - 333 K. It 
has been demonstrated that the reduction of acetic acid at a steel cathode leads to one 
or two reduction waves (depending on the conditions) close to the corrosion potential 
and the combined limiting currents correspond to those expected for mass transport 



controlled reduction of acetic acid. The corrosion potential shifts positive in 
conditions where there is acetic acid in the solution. Tafel and linear polarization 
techniques have been used to measure the corrosion current densities as a measure of 
the corrosion rate. Using simulated brines it has been demonstrated the rate of 
corrosion is directly related to the concentration of acetic acid in the brine. 

Overall, the rate of corrosion of the carbon steel in the oilfield brines can be 
understood by calculating the acetic acid concentration taking into account all 
components of the brine and a model emphasising the role of acetic acid as the 
cathodic reaction in corrosion. 
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Ph. D Thesis Chapter One 

Chapter One 

1 Introduction 

1.1 What is oil and where does it come from ? 

According to the most widely accepted theory, "oil" in nature is composed of 

compressed hydrocarbons, and was formed millions of years ago in a process that 

began when aquatic plant and animal remains were covered by layers of sediment — 

particles of rock and mineral. Over millions of years of extreme pressure and high 

temperatures, these particles became the mix of liquid hydrocarbons that we know as 

oil. Different mixes of plant and animal remains, as well as pressure, heat, and time, 

have caused hydrocarbons to appear today in a variety of forms; crude oil, natural 

gas, and coal. 

The word "petroleum" comes from the Latin words petra, or rock, and oleum, 

oil. Oil is found in reservoirs in sedimentary rocks. Tiny pores in the rock allowed 

the petroleum to seep in. These "reservoir rocks" hold the oil like a sponge, confined 

by other non-porous layers that form a "trap" as illustrated in figure 1.1. 

The world consists of many regions with different geological features formed as 

the Earth's crust shifted. Some of these regions have more and larger petroleum traps. 

In some reservoir rocks, the oil is more concentrated in pools, making it easier to 

extract, while in other reservoirs it is diffused throughout the rock. Oil is the major 

fuel used by people today. In 1995, the entire global oil consumption was determined 

to be 69 million barrels a day [1], compared to 59.7 million barrels per day in 1985 

[2]. Because oil is liquid, it can be mined by drilling and pumping rather than 

excavation and it can be transported in tankers and pipelines. 
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Schematic af a 
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Figure 1.1 Schematic of a petroleum trap. 

1.2 How is oil extracted? 

Most oil, initially, is produced by "natural lift" production methods; the 

pressure underground is high enough to force the oil to the surface. The underground 

pressure in older reservoirs, however, eventually dissipates, and oils no longer flow 

to the surface naturally. It must be pumped out by means of an "artificial lift"; a 

pump powered by gas or electricity. 
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Over time, these "primary" production methods become ineffective, and 

continued production requires the use of additional "secondary" production methods. 

One common method uses water to displace oil, using a method called 

"waterflooding," which provides the means of additional recovery by injecting water 

into the reservoir to help maintain the high pressure in the reservoir, thereby 

providing the energy to continue producing the oil. 

Finally, producers may need to turn to "tertiary" or "enhanced" oil recovery 

methods. These techniques are often centered on increasing the oil's flow 

characteristics through the use of steam, carbon dioxide and other gases or chemicals 

[3]. For example, in the North Sea these new oil-extraction methods could extend the 

oil production past the point where half the reserve is removed [2]. 

1.3 Corrosion in the oilfield environments 

Oilfield production environments can range from practically zero corrosion to 

very high rates of corrosion. Crude oil at normal production temperatures (less than 

120°C) without dissolved gases is not, by itself, corrosive. The controls of corrosion 

in many oilfields are dependent on efficient separation of the crude oil from other 

species. While the rates may vary, the species causing the most problems are nearly 

universal. CO2 and H2S gases, in combination with water, define the most corrosive 

environments in oil and gas production. 

A consequence of the advanced technologies that enables higher total 

production from a reservoir has been an increase in the corrosivity of oil production 

environments. Secondary and tertiary recovery techniques applied to old oilfields 

enable them to produce economically for many years after their predicted decline. 

The drilling of wells in deep water with higher temperature and pressure and in 

otherwise inaccessible areas offshore [4] adds to the complexity of production. 

Corrosivity increases for the following reasons: 
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*%* Oil, water and gas are produced in every oilfield. Water is reinjected 

downhole to maintain reservoir pressure and stability, and often 

waterflooding (using sea water or fresh water sources) is used to drive oil out 

of the formation. As the oil matures and the number of old fields relative to 

new fields increases, the number of aqueous environments increases and the 

corrosion becomes a more widespread problem. 

• Water injection from seawater or fresh water sources contributes to "souring" 

of oilfields with H2S, usually resulting in an increase in the corrosion rate. 

• Tertiary recovery techniques are often based on miscible and immiscible gas 

floods. These gas floods invariably contain a high percentage of CO2, which 

dramatically increases the corrosivity of the fluids produced. Consequently, 

over the last twenty-five years, CO2 corrosion has become an intrinsic part of 

the petroleum industry. 

1.4 Costs and controls of corrosion 

The approximate annual economic cost of corrosion in the United States was 

first estimated in 1949 by Uhlig to be $5 billion, 2.1 % of GNP [5], In 1971, a major 

study of the cost of corrosion in the United Kingdom carried out by the Government 

Committee on Corrosion and Protection found that in the oil and gas industry the 

estimated cost of corrosion was £180 million per year [6], By 1976, the estimated 

cost of corrosion in the United States had risen to $70 billion, 4.2 % of GNP [6]. A 

recent survey [7] of BP Exploration's corrosion in the North Sea estimated that 

corrosion accounts for over 10 % of the lifting costs per barrel of oil. 

The cost of corrosion in the oil and gas industry is extremely difficult to assess 

accurately. The corrosion cost issues range from added cost for the new construction, 

to maintenance cost on aging/corroding equipments, the costs of inspections and 

structural integrity evaluations, to the costs associated with corrosion related failures 
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and outages. Low cost materials are the natural choice for oil and gas production and 

transportation facilities. Unfortunately these materials (carbon steel, low alloy steel) 

have a low resistance to corrosion. Therefore, the corrosion risks of these materials 

have to be managed periodically. Corrosion monitoring is important because it 

allows plant engineering and management to be aware of the extent of damage 

caused by corrosion and also to be aware of the rate at which this damage is 

occurring. Although zero corrosion assumed as the baseline is unattainable, it is 

possible to keep corrosion under control using methods falling into the following 

four categories [8]: 

• Design 

Using cathodic protection 

• Coatings 

• Conditioning the environment e.g. use of additives 

Design in relation to corrosion is always a matter of economics. The designer's 

job is to achieve the desired life for minimum cost, whether capital, maintenance or 

replacement. The selection of a material which optimizes the corrosion resistance for 

a given component lifetime greatly reduces the need for a costly maintenance during 

that lifetime. Design against corrosion in steel pipe systems for undersea and 

underground pipelines is of particular importance as there is a danger of not only of 

loss and damage to the pipe structure but also of loss of the contents. A further 

consequence can be severe environmental damage. 

Cathodic protection is extremely successful in reducing the rate of external 

corrosion of steel pipelines [9, 10]. Further, polyvinylchloride (PVC) pipe wraps, 

with and without epoxy resin, or bitumen paints are also used for external protection, 

but whatever the protective coating chosen, provision should be made for cathodic 

1-5 



Ph. D Thesis Chapter One 

protection [8], For example, in the 1970s the installation of 4000 km of undersea 

steel pipelines in the North Sea [6] was achieved with zinc alloy sacrificial anodes 

combined with insulating coating to provide external corrosion protection. Although 

less popular, interior coating is also used to prevent corrosion. Dip-coating with PVC 

is found satisfactory for mild steel pipes where high pressures and relatively low 

temperatures are met [8]. 

Finally, conditioning the environment can help controlling the corrosion rate. In 

the oil and gas industries, this is usually done through the use of corrosion inhibitors. 

In general, inhibitors slow down the corrosion rate by affecting either the anodic 

and/or cathodic processes. The large majority of these inhibitors are organic 

compounds [11] (i.e. imidazolines and imidazoline salts, long chain quaternary 

amines, quaternary pyridine compounds, and phosphate esters) and function by 

adsorbing on the steel surface and inhibiting the anodic and/or cathodic reactions. 

Corrosion inhibitors must be economical and compatible with the environment to 

accomplish the adequate protection [12]. In practice, corrosion inhibitors are often 

used at concentrations varying from a few parts per million to thousands parts per 

million (ppm) [12], and are either applied batchwise or continuously depending on 

the facilities available for application and the severity of corrosion. Commercial 

inhibitors usually consist of one or two of the above inhibitor compounds in a 

solvent or solvent surfactant mixture, film enhancer and demulsifier [13]. 

However, inhibitors do not always perform as intended in the field [14, 15], the 

reasons for such problems are complex and not yet well understood. In laboratory 

tests inhibition is often studied on freshly polished surfaces. Many researchers [16-

19] have shown that inhibitors perform differently on freshly prepared surfaces and 

corroded surfaces. In the field, inhibitors encounter steel surfaces that are covered 

with different kinds of corrosion products, such as mill scale from pipe production 

and rust from storage and pipeline testing. Furthermore, a pipeline may have been in 

operation for several years before increasing water cut necessitates the use of 

corrosion inhibitors. In this case, the metal surface might be covered with iron 
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carbonate precipitates and different types of scale. These products may significantly 

affect the performance of the corrosion inhibitors. In practice, the selection and 

application of corrosion inhibitors are complicated because the corrosion 

environments in the oil field are so variable. 

1.5 CO2 corrosion in the petroleum industry 

1.5.1 The early days 

Carbon dioxide corrosion is a relatively recent problem associated with the 

Petroleum Industry. In the 1920's, the very first studies into oil and gas corrosion 

began in the United States with an investigation by the Bureau of Mines followed by 

a comprehensive survey led by the American Petroleum Industry [20]. Both of these 

studies, however, only reported on general corrosion. The problems associated with 

CO2 corrosion were only recognized by the oil and gas industry in the 1940s [21]. 

After ten years of intensive research the American Petroleum Industry published a 

set of recommendations but research slowly declined. However, in the early 

seventies as North Sea extraction began after BP discovered the huge Forties Field, 

the problems related with CO2 corrosion re-appeared in Europe. Hence, there is an 

enormous surge in research into readdressing the problems of CO2 corrosion in the 

oil and gas industry. 

1.5.2 More recent times 

The enhanced corrosion rate of pipeline carbon steels in oxygen - free, CO2 -

containing aqueous solutions has been a serious problem in the oil and gas industry 

for many years. In recent years, the interest in CO2 corrosion has greatly intensified 

due to the development of new processes for the in - situ thermal recovery of heavy 

oil and secondary/tertiary recovery of conventional oil [22, 23]. Severe corrosion of 

well tubing, well casing and surface production facilities has been reported. 
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particularly when a low pH and high ratio water/oil are present [24, 25]. Carbon 

dioxide is found to cause enhanced rate of general corrosion and localized corrosion, 

sometimes as pitting corrosion [26]. Dissolution of CO2 lowers the solution's pH, but 

the enhanced corrosion of carbon steels caused by CO2 is greater than can be 

attributed to solution acidification [27]. Rosenfeld [28] reported that the corrosion 

rate in water is enhanced by a factor of 16 by the presence of CO2 

The type of corrosion caused by dissolved CO2 varies considerably according 

to the precise environmental conditions [26]. The severity of corrosion depends 

particularly on temperature, CO2 partial pressure, pH and material characteristics 

[29-31], Ikeda et al. [30] reported that the temperature where carbon steel shows the 

highest susceptibility to severe corrosion is around 100°C. The corrosion rate of 

carbon steel increases with the partial pressure of CO2 De Waard et al. have 

published a monograph and estimate the corrosion rate from carbon dioxide partial 

pressure and temperature [32]. The presence of chromium (Cr) in the carbon steel 

(about 2 % by mass) allows the steel to be more corrosion resistant to general and 

localized corrosions below about 60°C. Ikeda et al. have shown the influence of Cr 

on the corrosion rate for CO2 aqueous environments at 60°C; the higher the Cr 

content in the steel, the lower the corrosion rate [30]. However, for Videm et al. [33], 

the corrosion resistance of the carbon steel is not related to the Cr content alone. 

Other aspects, especially the carbon content and structure, have notably large effects. 

Further, for many researchers the effect of the steel microstructure also plays an 

important role in CO2 corrosion [34-38]. It has been reported that normalized carbon 

steel with ferritic-pearlitic microstructure showed less localized corrosion at 

temperature below 80°C than the hardened and tempered alloy steel with martensitic 

microstructure [37, 38]. 

Recent studies on the corrosion of steel by CO2 in the petroleum industry 

have clearly demonstrated that the nature of production waters plays a determining 

role in the mechanisms of this type of corrosion. In many oilfields, enhanced rates of 

carbon steel corrosion are thought to result from the presence in the brine of the 
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anions of weak acids, particularly acetate ion, typically at concentrations in the range 

of 1 - 2 mM. The effect of acetic acid and formic acid with condensed water, which 

was taken from a gas well, was investigated by Legezin et al. [39], and they reported 

the increase of the corrosion rate due to the addition of these organic acids. Possible 

mechanisms for the enhancement in the rate of corrosion of carbon steels in this 

situation have been discussed in several papers [40-47], Hedges and McVeigh [42] 

investigated the role of acetate ions on the rate of CO2 corrosion of carbon steel 

specimens. The linear polarization technique was used to determine the corrosion 

rate, and the results obtained showed that the presence of these acetate ions in the 

"water formation" of oilfield brines could significantly increase the rate of corrosion 

of carbon steel. The authors reported that even at low concentration (on a ppm scale), 

the presence of these acetate ions increases the corrosion rate more markedly than 

the presence of bicarbonate ions decreases it. They suggested that acetate ions could 

attack and reduce the iron carbonate films on the carbon steel. 

1.5.3 The role of acetate in CO2 corrosion of carbon steel 

The question of the role of acetic acid is as old as CO2 corrosion itself [20]. 

In the waters produced by oil and gas wells, the presence of anions of weak organic 

acids, mainly acetate ions, has been reported since the years 1940-1950 [48-50], 

During that period, the question of the role of these organic species on the CO2 

corrosion of steels was raised, and very rapidly a certain correlation between the 

corrosivity of oil and gas and the presence of organic acids was found [48], 

However, because the concept of in situ pH was not fully understood, it was not 

possible to distinguish between the acids and their dissociated forms (e.g. carboxylic 

acids and carboxylate ions). Similarly, the different species could not be identified 

separately. They were therefore simply described as "organic acids" [20] or, 

sometimes "propionic acid". 
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Ph. D Thesis Chapter One 

However, the concentration of these carboxylic species would still be too low 

to make the brine lastingly corrosive, even if they were in the acid form. Moreover, 

works published by Stock et al., involving short exposures of polished specimens, 

revealed no difference between CO2 corrosion with and without acetic acid [51]. 

Finally, certain oilfields whose "formation water" contains considerable quantities of 

propionic acid/acetate were indeed not corrosive at all, constituting repeated 

exceptions to the correlation envisaged at the time. In 1950s, based on this field 

experience, together with few simple laboratory tests [51], it was concluded that CO2 

[50, 52] was principally responsible for the corrosion of the steels. The presence of 

organic acids was forgotten for about 30 years, and research was only focused on 

correlations [52] between corrosivity and the CO2 partial pressure. 

In the 1980s, better understanding of in situ pH showed fundamental errors in 

the previous approach [53]. Crolet et al. showed [40] that at the pH levels of 

produced waters, the propionic acid/acetate is, in fact, present in the form of both 

free acid and carboxylate anions, a classical buffer system. The authors also [40] 

suggested that the contribution of these organic buffers becomes rapidly minor 

compared to carbonic buffers. Nevertheless, in the 1950s CO2 was thought to be the 

only source of acidity, and this explained why simple laboratory tests did not show 

any corrosion in the complete absence of CO2 [51]. Further, in the 

"water formation", the two forms are present, acetate ions and free acetic acid, and 

their sum is generally referred to as the total acetates (i.e. acetic acid in the 1950s). 

However, in the 1950s, certain fields containing high concentrations of 

propionic acid/acetate were found to be not corrosive at all, this simply implies that 

these acetates had been falsely assigned as acetic acid. Bonis et al. [54] showed that 

only acetate ions were present, and it is difficult to see how these could be a source 

of corrosivity. Further, Bonis et al. [54], have also shown that fields containing high 

concentrations of CO2 were always corrosive, whatever the organic acids present. 

The one containing low concentrations of CO2 are corrosive only in the presence of 

small amount of organic acids (free acetic acid). The correlation between the CO2 
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partial pressure and corrosivity exits only when the free acetic acid concentration is 

taken into account, even at very low concentration. 

1.6 Why does corrosion occur in crude oil? 

Crude oil consists of a highly complex mixture of hydrocarbons [55], which 

often contains significant quantities of dissolved and free gases, notably CO2 and 

H2S. During the recovery of oil and gas, an aqueous brine saturated with carbon 

dioxide is one component of a multiphase flow through carbon steel pipes. The 

principal cause of corrosion in crude oil is due to the presence of "formation water" 

that accompanies the oil. If the carbon steel is in contact with the hydrocarbon rather 

than the "formation water" then corrosion does not occur. 

In practice, the steel is in contact with an emulsion of oil and brine varying in 

concentration from 1 to 10% NaCl [56] and contains various amounts of inorganic 

ions [53] such as Mg^ ,̂ K% S04^'and CI" saturated with carbon dioxide and 

sometimes containing a weak organic acid such as acetic acid [40, 42, 57]. Metals in 

aqueous environments corrode by an electrochemical mechanism. The theoretical 

basis for electrochemical corrosion testing is derived from the mixed potential 

theory, the formulation of which is usually attributed to Wagner and Traud [58]. This 

theory separates the oxidation and the reduction reactions and postulates that the 

total rates of all oxidation reactions are equal to the total rates of all reduction 

reactions on a corroding surface. That is, the sum of the anodic oxidation current 

must equal the sum of the cathodic reduction currents. This must be true to avoid 

accumulating charge on the metal. Oxidation reactions occur at the anodic sites on a 

corroding metal or at the anode in an electrochemical cell and in the case of steel can 

be represented by the reaction; 

Fe ^ • Fê + + 2e" (1) 
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This is the generalized corrosion reaction that removes the metal atom by oxidizing it 

to its ion. In this reaction, the number of electrons produced equals the valence of the 

metal ion produced. The mixed potential theory proposed that all the electrons 

generated by the anodic reactions are consumed by corresponding reduction 

reactions. Reduction reactions occur at the cathodic sites of a corroding metal or the 

cathode of an electrochemical cell. Possible cathodic reactions (electron-consuming) 

include; 

1. Evolution of hydrogen from aqueous solutions, 

2H^ + 2e" ̂  ^ H2 (acidic solutions) (2) 

2H2O + 2e" ^ • H2 + 20H" (neutral or alkaline solutions) (3) 

2. Reduction of dissolved oxygen in acid or neutral solutions, 

O2 + 4H^ + 4e" ^ ^ 2H2O (acidic solutions) (4) 

O2 + 2H2O + 4e"^ 40H" (neutral or alkaline solutions) (5) 

3. Reduction of a dissolved oxidizer in a redox reaction such as, 

Fê + + e' ^ • Fê + (6) 

Other cathode reactions are possible, the only criteria are that the reaction 

must consume the electrons produced by the anode process and that the overall 

energy change associated with the corrosion chemistry must be favourable. 

Consequently, crude oil corrosion increases with the ratio of "formation water" to 

oil. 
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1.7 Kinetics of an electrode reaction [59, 60] 

In this thesis, voltammetry is used extensively for the study of corrosion. The 

conclusions result from analysis (a) close to the corrosion potential and (b) at 

potentials away from the corrosion potential. The kinetic of a simple electron transfer 

reaction: 

O + riQ ^ ± R (7) 

is given by the Butler - Volmer equation: 

r 
exp -exp 

J 
-V RT 

(1-1) 

Ua and Oc are constants (between 0 and 1 and generally approximately 0.5) known as 

the transfer coefficients for anodic and cathodic reactions respectively, and rj, the 

overpotential is defined as the deviation of the potential from the equilibrium 

potential for the couple 0/R, i.e. 

9 = 2 - 2 , (1^0 

Eê  the equilibrium (or reversible) potential, is given by the Nernst equation: 

E„ I n ^ (1-3) 

Eg is related to the standard potential of the couple 0/R, E l , and the surface 

concentrations of O and R, and .jo, the exchange current density, is a measure 

of electron transfer activity at equilibrium potential (i.e. r] = 0). The Butler - Volmer 

equation must be regarded as the fundamental equation of electrode kinetics, and it 
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shows the way in which current density varies with exchange current density, 

overpotential, and the transfer coefficients. 

Above a critical value of the overpotential, one of the exponential terms of 

equation (1-1) may be omitted. Thus for sufficiently positive values of the 

overpotential, equation (1-1) has a limiting form: 

; = exp 
a jiFrf 

(1-4) 

Taking base 10 logarithms and rearranging equation (1-4), the anodic current density 

is given by: 

logy = 

Conversely at high negative overpotentials, the cathodic current density is given by: 

iog(- ; ) = log; . - (1-^) 

Equations (1-5) and (1-6) are known as the Tafel equations (named after Tafel [61]) 

and are the basis of a simple method of determining the exchange current density and 

a transfer coefficient. 

1.8 Kinetics of corrosion [8, 62, 63] 

When a metal is in contact with either a solution or even a film of aqueous 

solution, it will corrode and in the case of steel, this can be represented by the 

reaction: 
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Fe ^ • Fê + + 2e (1) 

On open circuit, reduction reactions occur at the surface of the corroding steel so that 

no net current flows. To simplify the discussion, it will be assumed that the cathodic 

reaction is hydrogen evolution 

2H2O + 2q ^ • Hz + 20Br (2) 

Since both these reactions are occurring at potentials well displaced from the 

equilibrium potential for the reaction, the rate of these reactions can be written in 

terms of Tafel equations: 

==./,.o fj (1-7) 

(1-8) 

where 7'̂  g is the exchange current density for the Fe/Fe^^ couple, 

Q is the exchange current density for hydrogen evolution, 

E" is the equilibrium potential for the Fe/Fê "̂  couple 

El is the reversible potential for H2/H^ couple, 

E is the applied potential. 

Simplifying equation (1-7) and (1-8) gives; 

V ^ y 
(1-9) 
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7, =./,/, eqp --i; (1-10) 

where b* and be are constants given by; 

RT RT 
6, = (1-11) 6, := (1-12) 

ajw ajiF 

When corroding, the surface of the metal will take up a potential, commonly 

referred to as "the corrosion potential," denoted by the symbol Ecom where no net 

current flows. At the corrosion potential, the total rate of the anodic reaction (i.e. 

oxidation of Fe) is equal to the total rate of the cathodic reaction (i.e. hydrogen 

evolution). In other words, the current for the oxidation of the metal must be 

balanced by the current for the reduction of water: 

- ==./, (1-13) 

where jc and ja are the cathodic and the anodic current density respectively. 

Figure 1.2 shows a typical current-potential curve for metal in such solution; 

the dashed curves show the individual contributions of the anode and the cathode 

reactions to the measured current. The corrosion potential, Econ̂  is an example of a 

mixed potential. It can be seen that its value depends on current-potential curve 

response and, therefore on the thermodynamics and kinetics of two independent 

electrode reactions, the oxidation of the metal and hydrogen evolution. The corrosion 

potential for a metal in a particular environment can be determined from a current-

potential curve as shown in figure 1.2 or it may be measured versus a reference 

electrode directly using a digital voltmeter. 
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corrosion 
potential 

ZH.O+le--^ 

H .+20H 

M->M^++ne" 

corrosion 

current 

Figure 1. 2 Current-potential curves for a metal in a deoxygenated aqueous solution. The 
dashed curves show the partial current for the oxidation of the metal and hydrogen 
evolution [60], 

At any potential away from Ecorr, according to the mixed potential theory, the 

net measured current density is given by; 

(1-14) 

By substituting equations (1-9) and (1-10) into equation (1-14) we obtain an 

expression for the current density as a function of potential: 

1-17 



Ph. D Thesis 

; = y..o exp AoGxp 
\ a / 

Chapter One 

(1-15) 

At the corrosion potential, Ecorr, although no net current is observed, both 

iron oxidation and hydrogen evolution are taking place but at equal rate. The current 

density at the corrosion potential for each of these reactions is called the "corrosion 

current density",y'corr, and is related to metal loss by Faraday's law [60]: 

Aw 
nF 

(1-16) 

where Aw is the rate of corrosion (in kg m"̂  s \ j cor r is the corrosion current density 

(in A m'^), M is the atomic weight of the metal (kg mol" )̂ and F is the Faraday 

constant (in C mol"^). 

Further, at the Ecom the total current density is zero, therefore 

- A = = A (1-17) 

Hence, we obtain: 

Jcorr - Jafi 
V a / 

Vc.o exp 
\ c y 

(1-18) 

By combining equations (1-15) and (1-18), the relationship between the net current 

density, j, the corrosion current density, jcon, and the corrosion potential, Econ, is 

obtained: 

V = A +A = A exp exp 
\ a y 

(1-19) 
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This equation resembles the Butler - Volmer equation for a single reaction. However 

it should be stressed out that the derivation of this equation mattes several 

assumptions [64, 65]; 

• There are no competing secondary reactions. 

• Mass transfer plays no part in controlling the rates of iron oxidation or 

hydrogen evolution. 

<• Both reactions are charge transfer controlled. 

<• The entire surface behaves as cathode and anode rather than the reactions 

occurring at particular sites. 

• Ohmic drops in the solution and at the surface of the electrode are negligible. 

If we consider the anodic part of equation (1-19) i.e. at a potential significantly 

positive to the corrosion potential; 

Ja.a - Jcorr 
V K J 

(1-20) 

Taking base 10 logarithms and rearranging equation (1-20), the anodic current 

density is given by; 

Conversely, at potentials significantly negative to the corrosion potential, for the 

cathodic process, the cathodic current density is given by; 
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l o g ( - A „ ) = l o g / „ „ - ^ ^ ^ ^ (1-22) 

Equations (1-21) and (1-22) are similar to equations (1-5) and (1-6). They are the 

basis of a simple method of determining the corrosion current density, jcon, and the 

Tafel slopes for the two reactions. These relationships are best represented 

graphically on a plot of the logarithm of the current against potential as illustrated in 

figure 1.3. 

1.8.1 Measurement of corrosion rate by extrapolation 

The corrosion current cannot be determined directly from the current-

potential curve (i.e. the experimental current is zero at the corrosion potential). The 

corrosion current can, however, be determined by measurement of steady state 

current density for both hydrogen evolution and Fe oxidation as a function of 

potential and extrapolation of the currents to the corrosion potential (of course, they 

should be the same and equal to the corrosion current). The extrapolation is carried 

out by plotting log j vs. E when the data for each electrode reaction should give a 

linear plot (or Tafel plot), as illustrated in figure 1.3. 

The principles behind the extrapolation technique can be understood from the 

following procedure. The specimen is initially made to act as a cathode in the 

electrochemical cell. The cathodic log j vs. E curve is measured over the potential 

range defined by Ecorr and some potential negative to Ecorr as shown schematically by 

the continuous line in figure 1.3. Increasing the applied potential in the positive 

direction away from Ecorr now makes the specimen act as an anode. The anodic 

current increases with increasing positive potential, giving rise to measured anodic 

process shown in figure 1.3. 
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A logy 

Anodic 
Process 

Cathodic 
Process 

Positive Negative 
E 

Figure 1. 3. A schematic illustration of a Tafel plot. 

The extrapolation technique for measuring jcorr depends on the ability to 

identify a linear Tafel region. Corrodents in which more than one reduction reaction 

is operative or in which the rate of arrival of the reductive species (e.g. hydrogen 

ions) at the cathode surface begins to determine the reduction rate (i.e. mass transfer 

[66]) exhibit less distinct linear regions, making extrapolation less certain. It is 

essential to obtain a polarization curve in which the linear Tafel region spans over a 

range of at least two orders of magnitude of the current density [66]. However, these 

disadvantages can largely be overcome using the linear (resistance) polarization 

technique. 
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1.8.2 Measurement of corrosion rate by linear (resistance) polarization 

The value of jcorr can also be measured by another technique known as "linear 

polarization" and is due to Stern, Geary and Weisert [66, 67]. This technique is based 

on the theoretical and practical demonstration that at potentials very close to Ecorr ± 

10 mV, the plot of the potential - current curve is approximately linear, as illustrated 

in figure 1.4. Its greatest attraction is that the measurement does not interfere 

significantly with the corroding system due to the relatively small perturbations used 

(i.e. Ecorr ± 10 mV). 

-700 

Slope = AE/^ 

j/ m A cm 

- 7 2 0 -

- 7 2 5 

vs. S C E / m V 

Figure 1. 4 Measurement of the corrosion rate by linear polarization. 

This slope, ^ / A j , has the units of resistance; hence, the technique is 

sometimes called the "polarization resistance technique". Accepting the constancy of 

the slope AE/Aj, it has been shown [66, 67], that jcorr is related to the inverse of this 

slope by the equation referred to as the Stern - Geary equation: 
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6.6. 

(K + K) 
Al 
AE 

(1-23) 

where ba and be are taken from the experimental Tafel plots. Equation (1-23) is 

commonly written as; 

p j . 
23Cff .+A) 

A/ 
AE 

(1-24) 

where Pa and Pc are the anodic and cathodic Tafel slopes, respectively. It should be 

noted that Pa is referred to as the inverse of the slope of the Tafel plot. Hence, 

P. 
1 

anodic slope 
anodic slope 

1 
2.3A 

therefore Pa = 2.3ba and similarly Pc = 2.3bc 

According to Stern, the quotient AE/Aj is called polarization resistance by analogy to 

R = E/I from conventional Ohms law. Clerbois [68] has suggested that the inverse, 

Aj/AE, be called the corrodance by obvious analogy to the inverse of electrical 

resistance, which is the "conductance". It is generally accepted that the quantity 

+ A ) is a constant C. Hence;y'corr is given by the relationship: 

Jc. C ' V 
AE 

(1-25) 

However, to ultimately evaluate the corrosion rate it is essential to determine the 

value of C. This may be determined either experimentally or estimated [8], As in the 

paper by Hedges and co-workers [42] and generally in corrosion laboratories in the 

oil industry, the Tafel slopes for hydrogen evolution and iron dissolution were taken 
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as 120 mV and 60 mV respectively. Equation (1-24) provides a unique basis for 

rapidly measuring relative corrosion rates or changes in corrosion rate. The 

advantages of electrochemical corrosion rate measurements, particularly linear 

polarization techniques are: 

<• They permit rapid corrosion rate measurements and can be used to monitor 

corrosion rate in various process streams. 

• These techniques may be used to accurately measure very low corrosion 

rates, which are both difficult and tedious to perform with conventional 

weight loss or chemical analytical techniques. The measurement of low 

corrosion rates is especially important in nuclear, pharmaceutical and food 

processing industries, where trace impurities and contamination are 

problems. 

• Electrochemical corrosion rate measurements may be used to measure the 

corrosion rates of structures, which cannot be visually inspected or subjected 

to weight loss tests. Underground pipes and tanks and large chemical plant 

components are examples. 

In the early 1950s, using an assumption based on weight loss experiments; works 

done by BonhoefFer and Jena [69], Simmons [70], and Skold et al. [71] showed an 

empirical correlation between the value of the slope AE/Aj and the corrosion rate in 

the proximity of Ecorr- The term "polarization resistance" was suggested by 

Bonhoeffer and Jena [69]. It was in fact Stern and Geary [66] who proved the linear 

relationship based on the mixed potential theory and the electron transfer kinetics. In 

1958, Stern [72] showed how linear polarization could be used to evaluate corrosion 

rates. Stern and Weisert [67] showed that it could apply to systems with activation or 

diffusion controlled {j5^ = oo) reduction reactions and yields corrosion rates differing 

by no more than a factor of three from the actual rates. However, it should be noted 

that in earlier work [67], it was shown that corrosion rates determined by linear 
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polarization are in good agreement with corrosion rates obtained by weight loss 

methods. 

In 1961, a study by Evans and Koehler [73] involving monitoring the corrosion 

rate of two A1 alloys in the food industry highlighted the potential of the linear 

polarization technique to measure the corrosion rate in food processing industries, 

when other techniques such as weight loss and gas evolution proved invalid. 

Kilpatrick [74] was the first to describe an electrode system involving all three 

electrodes made from mild steel, for use in oilfields. The technique was modified by 

Wilde [75] to measure in situ corrosion rates within water-cooled nuclear reactors. 

An evaluation employing mathematical and graphic methods has led to the 

conclusion that the various assumptions of linearity are sufficient for the technique to 

be valid in many practical corrosion systems [76]. Since those early days linear 

polarization techniques have gained worldwide acceptance and have been used 

successfully in a wide variety of environments. Accordingly, it must be accepted that 

linear polarization is a useful, if approximate, electrochemical technique for 

measuring the corrosion rates. 

1.8.3 Measurement of corrosion rate using other techniques 

Traditionally, corrosion coupons are often used for corrosion monitoring both 

in laboratory and field. The corrosion coupons are carefully measured and weighed 

before exposure to the environment of interest. After exposure, they are cleaned and 

dried, and re-weighed and then the corrosion rates are calculated in millimeter per 

year. One should also record special observations concerning localized corrosion, 

such as pitting, crevice corrosion etc... 

Based on the electrochemical nature of a corrosion process, electrochemical 

techniques have been developed for corrosion monitoring. Technology for corrosion 

is advancing rapidly, and laboratory development of sophisticated electrochemical 
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techniques is noteworthy, including impedance spectroscopy and electrochemical 

noise measurements. 

Electrochemical impedance is usually measured by applying an AC potential 

to an electrochemical cell and measuring the current response through the cell as a 

function of frequency (frequency range from millihertz to around 100 kHz). 

Normally this AC potential is a small excitation signal. Suppose that a sinusoidal 

potential is applied, the response to this potential is an AC current containing the 

excitation frequency and its harmonics. This current signal can be analysed as a sum 

of sinusoidal functions (Fourier series). Measurements are made over a wide range of 

frequencies, producing the electrochemical spectrum. A number of display formats 

may be used in helping the investigator to understand and analyse impedance data to 

determine the individual element of the equivalent circuit. The familiar Nyquist and 

Bode plots are model independent representations of electrochemical impedance 

spectroscopy and therefore are the first choice of analysis methods [77-79]. 

Application of this method to corrosion problems has become widespread and many 

authors have described this technique [80-84]. 

Because AC methods use measurement of impedance over a broad range of 

frequencies, they are capable of giving more detailed information than LPR. It has 

been used for identifying corrosion reaction mechanisms, and methods are now 

being developed to extract kinetics parameters (rate constant, transfer coefficients) 

for multistep reaction schemes [85]. However, unlike polarization resistance, the 

instrumentation available for the field is the same as used in the laboratory, using 

computers and running on mains electrical power. Sub-millihertz frequency signal 

measurements normally are required to obtain more complete corrosion impedance 

spectra. Each such measurement can last for several hours. This would be a time 

consuming experiment without the aid of computer-controlled instruments. The 

higher skill required to interpret results, the instrumentation, and power requirements 

are some of the limitations of electrochemical impedance spectroscopy for routine 

pipeline corrosion monitoring. 
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A technique, which is attracting much attention at present, is the measurement 

and analysis of electrochemical noise, apparently random behavior emanating from 

corroding systems. Electrochemical measurements are represented by data records in 

which current or potential variations are plotted as a function of time. This method is 

particularly valuable since it allows the measurement of corrosion rates and study of 

corrosion phenomena without the need of any disturbance of the corroding specimen. 

The use of this technique for the study of corrosion problems has been investigated 

by various authors [86-89]. Gabrielli et al. [90] have shown that the noise signal may 

be generated by rupture events in passive oxides, hydrogen gas evolution, or other 

causes. In practice, shifts of potential ("potential noise") can be measured, or 

currents passing when the potential is maintained constant ("current noise"). 

Essentially there are two methods of measuring potential noise; 

• The potential of one working electrode is measured relative to a low noise 

reference electrode. 

The potential between two equivalent working electrodes is measured. 

As with potential noise, there are two ways of measuring current noise: 

• The current flowing to a potentiostatically-controlled electrode can be 

recorded. 

<• The current flowing between two working electrodes can be measured. This 

has the advantage that the potential of the electrodes will find its own level. 

This also means that the potential noise of the couple pair may be measured 

at the same time as the current noise. 

The easiest way to quantify noise is by the standard deviation of the signal about its 

mean value. This method was suggested by Hladky and Dawson as a measure of 

corrosion rate [87]. Several other workers have used this method to evaluate 
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corrosion rates [89, 91], Roberge et al. [92] suggested that the simplest way to 

measure noise was by measuring current noise between two identical electrodes 

through a low value resistor. This reduces the risk of extraneous noise from 

instruments. Electrochemical noise technique has the same type of field 

instrumentation limitations as electrochemical spectroscopy. 

However, linear polarization resistance (LPR) is perhaps the singly most 

important technique and has already been used in industrial practice for many years. 

Its working principle has been described in the previous section. Polarisation 

resistance methods, and the instrumentation for LPR are available commercially. 

i. 9 Mechanisms of Carbon dioxide corrosion 

A range of possible mechanisms for carbon dioxide induced corrosion in 

oxygen free environments has been put forward. The presence of CO2 can influence 

both iron oxidation and hydrogen evolution. When CO2 is added to an aqueous 

solution it first hydrates to give a weak acid, carbonic acid (H2CO3) [93]: 

(:(): nk IHbCZOs (8) 

and then the carbonic acid dissociates in two steps to give bicarbonate and carbonate 

anions [93], 

H2CO3 4 • HT + HCO3" (9) 

HCO3 4 • '/2H2 + CO3 (10) 

Leading to an acidic solution (pH 3.90). In acidic solutions (pH < 4) only a small 

fraction of dissolved CO2 exists as H2CO3 [94]. Dissolution of CO2 lowers the 

solution's pH, but the enhanced corrosion of carbon steels cause by CO2 is greater 

than can be attributed by the solution acidification [95]. The hydration of CO2 is, 
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however, a slow reaction, Ki = 3.42 x 10"̂  [96]. Also present in solution is carbonic 

acid, pKa = 3.75 [97] and carbon dioxide, pKa = 6.35 [97]. The equilibrium 

concentrations of carbonic acid and carbon dioxide at 1 atm are 0.074 mM and 

29 mM respectively. 

CO2 has a clear accelerating effect on the reduction rate in deoxygenated 

solutions. There appears to be complete agreement among researchers that high 

corrosion rates in CO2 solutions can be explained, at least in part, by CO2 increasing 

the electrochemical reduction [98]. In CO2 saturated solutions, the most important 

cathodic reaction is hydrogen evolution [99]: 

2H+ + 2e- ^ • H2 (2) 

and it has been shown that the rate determining step in the hydrogen ion reduction 

can be the diffLision rate of ions from the bulk solution. Unfortunately in CO2 

corrosion of carbon steels, it still remains ambiguous, which is the determining step. 

Several people have proposed that the cathodic reaction controls the rate of corrosion 

in CO2 solutions [100, 101] at temperatures below 60°C, with the corrosion rate 

increasing with the partial pressure of the gas. This is consistent with the observation 

by many researchers [95, 102-107] that the cathodic evolution of hydrogen is 

accelerated by dissolved CO2. 

In CO2 system at low pH (pH < 4) the hydrogen ion reduction is still the 

dominant cathodic reaction due to the high concentration of ions. At intermediate 

pH (4<pH<6), in addition to the hydrogen ion reduction, a new cathodic reaction 

becomes important, the direct reduction of carbonic acid: 

This additional cathodic reaction is often listed as the cause for the carbonic acid to 

be more corrosive than a completely dissociated acid at the same pH [108]. Several 
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authors have proposed very detailed mechanisms involving both hydration of CO2 in 

the solution (a reaction known to be slow) [95, 104, 108], or on the steel surface [98, 

102]. In general, the evidence for these multistep sequences is very weak. Gray et al. 

[109] presented a detailed analysis for the reduction of aqueous carbon dioxide on a 

rotating carbon steel electrode. The results obtained showed that the addition of 

carbon dioxide to the brine increases the reduction current by introducing an 

additional reduction reaction in which carbon dioxide is hydrated to carbonic acid 

which is then reduced to hydrogen as illustrated below: 

(DCtzOq) HaC) H2(:C)3(aq) (i:!) 

2Il2(:()3(*D :2e- IHbcg) + ZHCCDs'&q) (13) 

This mechanism was confirmed, when the authors showed that the limiting current 

density was identical to that estimated assuming a preceding chemical reaction with 

the known rate constant for carbon dioxide hydration. 

The effects of temperature and pressure have also been considered, with the 

rate of reduction of CO2 species to hydrogen increasing with increasing temperature 

[101, 110]. The reaction rate increases as the CO2 solubility increases with 

increasing the CO2 partial pressure [32]. The concern is not only any interference 

CO2 may have, but also the role of pH and of buffering capacity. Hurlen at al. [105, 

111] have shown that the rate of cathodic reaction in the absence of CO2 is affected 

not only by the pH but also by the buffer capacity, as expressed by its concentration. 

Huerlen et al. [105, 111] have found that in sufficient concentration of acetate buffer 

no effect of CO2 can be seen at low overpotentials with respect to the corrosion 

potential. 

The role of CO2 on the anodic reaction of ferrous materials has been reported 

in some detail. Several mechanisms [112-116] have been reported by which H2CO3 

and HCO3" accelerate the rate of the anodic reaction. Rogers and Rowe [112] 
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proposed that the carbonic acid reacts with iron to form iron carbonate, via iron 

bicarbonate, as shown below: 

Fe + 2H2CO3 

Fe(HC03)2 

HCO3 

+ COs^' 

- • Fe(HC03)2 + H2 

Fê + + 2HCO3 

- • + C03^' 

- • FeCOs 

(14) 

(15) 

(16) 

(17) 

Davies and Burstein [117] suggested that the accelerated reaction in a mildly alkaline 

bicarbonate solution was due to the formation of the complex ion, Fe(C03)2^' from 

carbonate and iron via iron carbonate, and that the reaction rate is controlled by the 

diffusion of this complex species away from the metal surface as illustrated by the 

following reactions sequence; 

Fe + 2HbO Fe(0H)2 + 2 ir + 2e- (18) 

Fe + HCO3 FeCOi + I f + 2e (19) 

Fe(0H)2 +HCO3 -> FeCOs + H2O + OH (20) 

FeCOg + HCOs' Fe(CC)3)2^ + FT (21) 

The mechanism proposed by Castro et al. [114, 115] involves the formation of 

another complex ion, this time proposed as Fe(HC03)\ However, in these water/COz 

corroding systems it has most often been assumed that the sequence of anodic 

dissolution of iron is the same as in other acids, the pH dependent mechanism 

proposed by Bockris et al. [118]; 
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Fe + OH" 

FeOH 

FeOH+ 

- • FeOH + e" 

- • FeOH+ + e" 

>• Fê + + OH" 

Chapter One 

(22) 

(23) 

(24) 

The formation of solid corrosion product layers and their specific identities 

affect the rate and the mechanism of carbon steel corrosion in aqueous CO2 solutions 

[98, 119, 120]. Works at higher temperatures [26, 101, 116] have suggested that a 

solid film of FeCOa can form on the surface of the carbon steel and form an effective 

shield against corrosion. It was found [26, 116] that this could occur at temperatures 

as low as 40°C, and that its stability is strongly dependent on the flow characteristics 

of the system. In general, ferrous carbonate films significantly reduce the rate of 

uniform corrosion and figure prominently in the behavior of carbon steels serving in 

CO2 environments [119, 120]. It can be seen from the above summary that the roles 

attributed to CO2 in the corrosion of carbon steel are numerous and varied. All the 

main possible reactions that could occur in CO2 corrosion are summarized in figure 

1.5 

Reduction 

2C02(aq) + 2H2O 

2H^(bulk^ 

Oxidation 

H2(g)+H2C03" 

hydration 

2H2CO3 H2(g) + 2H2CO3 

+ 20H-

difmsion 

Figure 1. 5 Summary of the main possible reactions in CO2 corrosion [109]. 
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The overall reaction of CO2 corrosion can be written as follows [93]; 

Fe + PbCCb » Fd%)3+ Bb 

and is dependent on the pH, CO2 partial pressure and temperature [29, 32, 110], 

1.10 Electrochemistry of Acetic/Acetate and other Weak Acid Buffers 
at Pt Electrode 

The electrochemistry of weak acids in aqueous solutions is not a new topic and 

the early work is summarized in two books [121, 122]. In the period 1960-1963, two 

papers used voltammetry at Pt rotating disc electrodes [123, 124] to define the 

mechanism and kinetics of the reduction of acetic acid in acetate buffers. More 

recently, with the development of Pt microelectrodes, the reduction of protons from 

solutions containing strong and weak acids has been the object of several 

investigations [125-134]. Measurements have been carried in solution with and 

without supporting electrolyte, and the effects of ionic strength on mass transport 

properties have been examined [126-129], Other workers [125, 130, 131, 133] have 

focused their interests on verifying the kinetics of the electrode process involved in 

the reduction of these weak monoprotic acids. 

Pt microelectrodes have been used intensively because they offer several 

unique properties [135-137] (steady state currents at short time, high rates of mass 

transfer to the electrode surface, electrochemical measurements results in little ohmic 

contribution, minimize the formation of H2 bubbles due to much more efficient 

transport in the spherical bubbles) and the advantage of a reduced requirement of 

conductance of the supporting electrolyte. Therefore, the study of acidic species in 

media of low conductance has been feasible. It is generally accepted that hydrogen 

evolution in acetate buffers occurs via the diffusion of both free proton and acetic 

acid to the electrode surface and their reduction via the dissociation of the acetic acid 
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HO Ac ^ • IT + OAc (26) 

Followed by the reduction of the free proton 

H+ + e 4 • : 16 Hz (27) 

This reaction mechanism scheme is refered to as a preceding chemical reaction 

scheme (CE). The dissociation reaction is fast (with a rate constant of ~ 10"® s'̂  

[138]), so that the cathode reaction may, in most conditions, be considered to be 

HO Ac + e" • '/2H2 +OAc (28) 

In consequence, it is not possible to distinguish the reduction of acetic acid 

and free proton. Hence, the voltammograms for acetate buffers at Pt electrodes show 

reduction waves at a potential close to that predicted by thermodynamics for the 

reduction of proton at the experimental pH while the current is determined by the 

concentration of both the free proton and the acetic acid. At sufficiently negative 

potential, the evolution of hydrogen becomes mass transport controlled with respect 

to both acetic acid and free proton. Daniele et al. [130, 133] have shown that the 

chemical reaction preceding the electron transfer is fast for those acids whose 

dissociation constants, Ka, is larger than ~ 1 x 10"®. It has been demonstrated using Pt 

microelectrodes that the steady state limiting current. It, for weak acids whose 

dissociation reaction is fast can be predicted by [126, 130, 133, 139] 

h = (1-26) 

where Dha and {HAf are the diffusion coefficient and the bulk equilibrium 

concentration of the undissociated acid, and Dh^ and [Itf are the diffiasion 

coefficient and bulk concentration of free proton, F is the Faraday constant, and r is 

the electrode radius. Daniele and co-worker [130, 133] have shown that the wave 

position of weak acids depends on both the equilibrium dissociation constant and the 
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analytical concentration of the acid present in solution. The results obtained showed 

that at a given concentration, the reduction wave becomes more negative with 

decrease in the dissociation constant. On increasing the acid concentration, weak 

acids showed a cathodic shift, whereas strong acids display a positive shift. 

Furthermore, it has been demonstrated that the reduction wave heights of strong and 

weak acids at Pt microelectrodes depend linearly on the total concentration of the 

acid over a wide range of concentration [126, 127, 134]. 

1.11 Electrode processes 

An electrode reaction is a class of chemical reaction involving the transfer of 

electrons across the interface between a solid surface (such as inert metal, 

semiconductor or even an insulator electrode) and an adjacent solution phase [60]. 

A simple electron transfer reaction can be represented by the general reaction 

O + Me 4 ^ R (7) 

where n is the number of electrons involved in the electrode reaction, and the 

oxidized form in solution, O, will be converted to R, the reduced form, according to 

the pathways shown in figure 1.6 [140]. 

In general the rate of the electrode reaction is governed by the rates of the 

following processes [140]: 

• Mass transfer of O from bulk solution to the electrode surface and R from the 

surface to bulk solution. 

<• Electron transfer at the electrode surface. 
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• Chemical reactions (homogeneous or heterogeneous) following or preceding 

the electron transfer. 

• Other surface reactions (e.g. adsorption, desorption, electrodeposition). 

ne 

Chemical reactions 
(adsorption/desorption) 

O ' ads 

Electron 
transfer 

R' ads 

Electrode 
surface 

O surface 

surface 

Chemical reactions 
(adsorption/desorption) 

- • Obi lulk solution 

Mass 
transfer 

" • Rbulk solution 

Figure 1. 6 Pathway of a general electrode reaction [140]. 

The simple electrode reaction, conversion of O to R, must occur in three steps 

according to the following scheme [60] 

mass transport 
Obulk • Oelectrode 

electron transfer 
Oelectrode ^ Relectrode 

mass transport 
Relectrode ^ Rbulk 
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The rate of the overall electrode process will always be limited by the slowest 

of these three steps. As shown above, the supply of reactant and the removal of 

product from the electrode surface are essential to a continuing chemical change. 

Mass transport can be regarded as the physical movement in solution from one place 

to another. In general, there are three modes of mass transport: diffusion, convection 

and migration [60]. 

Diffusion is the movement of species due to a concentration gradient, i.e. 

movement of species from a concentrated region of the solution to a more dilute 

region, until the concentrations become equal. The net movement of substance is 

proportional to the concentration gradient and the two are linked by a diffusion 

coefficient [63]. Convection is the movement of species in the whole solution due to 

external mechanical forces i.e. flowing the electrolyte solution at a known rate past 

the electrode surface, rotating the electrode surface with respect to the electrolyte, 

stirring the solution, motion of bubble or natural convection. Migration is the 

movement of ions due to an electrical potential gradient, but can be excluded by 

adding a large concentration of supporting electrolyte to the electroactive species (to 

ensure that migration does not contribute significantly to the transport of 

electroactive species), and hence will be ignored from this point. 

Mass transfer can be monitored using electroanalytical techniques. In the 

work presented here, rotating disc electrodes (Pt or X65 carbon steel) were employed 

as working electrodes to study the electrochemistry of acetate/acetic acid buffers 

(with CO2 saturation in some cases). Rotating disc electrodes have become one of 

the most popular system for kinetic and mechanistic studies, because it combines an 

ease of construction and the ability to control and vary the rate of mass transport over 

a very wide range. These are fabricated with a polished disc of the chosen electrode 

material surrounded by a sheath of an insulating material with a diameter 

significantly larger than that of the electrode. The structure is rotated about an axis 

perpendicular to the surface of the disc electrode. The rotated structure acts as a 

pump; it pulls the solution vertically upwards and then throws it outwards because 
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the solution cannot get through the solid material. Therefore, close to surface the 

convection becomes radial. 

To help our understanding of experiments with rotating disc electrode, the use 

of a model where the continuously varying flow conditions are replaced by an 

equivalent system in which the zones for diffusion and convection have been 

separated is frequent. This model is widely referred to as the Nernst diffusion layer 

model [60] and is illustrated in figure 1.7; 

I 
W 

CR (X) 

Nernst diffusion 
layer 

diffusion only 

I 
I 
I 
I 

I 
I 
I 

CR 

strong convection 

X 
I 
8 Distance from the electrode surface 

Figure 1. 7 Nernst diffusion layer model for an oxidation ofRto O at a rotating disc electrode. The 
solution initially contains only R [60]. 
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It can be seen from figure 1.7, that the electrolyte is divided into two zones. 

Close to the electrode surface, one assumes a boundary layer, thickness 5, where the 

solution is totally stagnant and mass transport is only by diffusion. On the other 

hand, outside of this layer, strong convection occurs for the concentration of all 

species to be held at their bulk value. Clearly, the rate of convective diffusion to the 

disc electrode depends strongly on the rotation rate of the disc. This is taken into 

account in the Nernst diffusion layer [60] model as shown in equation (1-27) 

0-27) 
CO 

where v is the kinematic viscosity (i.e. viscosity/density), D is the diffusion 

coefficient of the electroactive specie (R), and co is the rotation rate of the disc 

electrode. It can be noted that the stagnant layer thickness will become thinner as the 

rotation rate of the disc electrode increases. Hence, there is a maximum and a 

minimum limit to the rotation rate, which may usefully be employed. The upper limit 

to the rotation rate, O), depends on experimental factors such as any eccentricity of 

the rotation of the RDE support. A minimum rotation rate is obligatory for the theory 

to hold because it is necessary that the forced convection dominate diffusion as well 

as natural convection [60]. 

The Nernst diffusion layer concept allows a trivial derivation of the current 

density at a rotating disc electrode for potentials where the electrode is mass 

transport controlled. The concentration of the electroactive species, R, at the surface 

is determined by the potential, while the rate of diffusion depends also on the 

thickness of the diffusion layer, and hence, on the rotation rate of the disc electrode. 

The diffusional flux through the Nernst diffusion layer can be expressed as 

(1-28) 
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At high enough overpotential, (c^ = 0 and the current density must become 

independent of potential. The limiting current density, y'lim, is given by: 

(1-30) 

where km is known as the mass transfer coefficient. For potential where the surface 

concentration of the electroactive specie is zero, the equation relating the limiting 

current density and the rotation rate is found by combining equations (1-27) and (1-

30): 

(1-31) 

where jura is the limiting current density (in A m"̂ ), D is the diffusion coefficient of 

the electroactive specie (in m^ s"̂ ), n is the number of electrons transferred, F is the 

Faraday constant (in C mol"^), v is the kinematic viscosity (in m^ s"̂ ) and is the 

square root of the rotation rate of the disc electrode (in rad s"̂ ). Equation (1-31) is 

known as the Levich equation, and it provides an excellent test that shows whether 

the current is entirely mass transport controlled; a plot of jum versus should be 

linear and pass through the origin, and the slope of such a plot may be used to 

estimate the diffusion coefficient for the electroactive species. 

1.12 Overall aim of this Project 

The overall objective of this project was to understand the way in which the 

chemistry of aqueous acetate/ acetic acid containing brines influences the mechanism 

and increases the corrosion of carbon steel. It was felt that the environment 

determines the rate of corrosion of the carbon steel in a number of ways: 
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• Solution speciation 

• Electron transfer kinetics 

• Nature of surface film 

and that these factors are strongly interactive. 

In this thesis the emphasis has been 

<• To determine a knowledge of the speciation within these complex aqueous 

solutions. 

• To understand the electrochemistry of such media at both platinum and 

carbon steel (X65) rotating disc electrode in order to demonstrate that the 

solution composition as well as surface films determine the rate of corrosion. 

To compare the electrochemistry of these acetate/acetic acid buffers with real 

"formation water" samples. 

*X* To examine changes in the surface morphology of the corrosion film due to 

acetic acid and carbon dioxide using SEM. 
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Chapter Two 

2 E:jqperimental Work 

2.1 Chemicals 

The following table contains the chemicals, which have been used in this 

project. The chemicals were used as received. 

Chemical Supplier Purity 

Sodium acetate Tri-hydrate BDH 99% 

Sodium Chloride BDH 99.9% 

Sodium propionate Aldrich 99% 

Sodium lactate Aldrich 99% 

Sodium formate Aldrich 9&994 

Acetic acid BDH 100 % 

Propionic acid Aldrich 99% 

Lactic acid Aldrich 90% 

Formic acid Aldrich 95% 

Sulphuric acid Fishers chemicals 98% 

Table 2 .1 Chemicals used during this project. 

Unless otherwise stated, the solutions were prepared with deonised water from 

a Whatman Analyst System. Except when otherwise stated, the electrolyte used 

throughout the project was 3% (0.5M) NaCl (BDH) and different concentrations of 

sodium salt of weak acids, a simple representative of water that accompanies oil 

production. In reality, this water usually contains NaCl, MgClz, CaClz, HCO3" and 

trace quantities of several elements and organic compounds. The brine sample also 

contains dissolved gases including carbon dioxide but not oxygen. 

2 - 1 



Ph. D Thesis 

2.2 Gases 

Chapter Two 

Table 2.2 shows the specification for Ng (BOC Ltd, England): 

N 2 

Impurities (volume per million, vpm) 

N 2 O2 Ar H2O HC 

> 99.99 % <2 <5 <3 <0 1 

Table 2. 2 A summary of the specification forN2-

Table 2.3 shows the specification for CO2 (BOC Ltd, England); 

C O 2 

Impurities (volume per million, vpm) 

C O 2 O2 Ar H2O HC 

> 99.8 % ^ 2 <5 <3 <0 1 

Table 2. 3 A summary of the specification for CO2. 

All solutions were degassed with a fast stream of N2 or saturated with CO? 

prior to any measurements; for experiments with CO2 saturated solutions, it was 

essential to work with a CO2 atmosphere above the solution. Oilfield brines used for 

this study were supplied by BP Amoco Ltd. Four samples taken at two different 

oilfield sites. The Wytch Farm facility (South of England) and Trinidad oilfields 

were used in this work. The brines did not appear to contain suspended solids and 

were usually colourless (one of the samples, A2, was yellow/orange). No chemical 

pretreatment was therefore carried out with these brines. They were just saturated 

with the appropriate gas prior to the introduction of the electrode (Pt or X65 carbon 

steel). 
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2.3 Electrodes, cells, procedures 

2.3.1 Voltammetry recorded at a Pt rotating disc electrode 

A Pt rotating disc electrode was used as a working electrode for the 

electroanalytical studies (area, 0.16 cm )̂. The Pt RDE (Pine Instruments) was 

initially cleaned by polishing with alumina powder (1 ^m, then 0.3 |Lim and 0.05 p,m) 

on a moist polishing cloth (Beuhler Ltd. mounted on a Petri dish). The electrode was 

rinsed between the various polishing stages with deionised water. The electrode was 

then polished on an alumina-free polishing cloth moistened with distilled water. 

Finally, immediately before each set of experiements, the Pt rotating disc electrode 

was further cleaned electrochemically in a degassed 1 M sulphuric acid solution. All 

voltammograms in the acetate/acetic acid buffers (with or without CO2 saturation) 

were recorded at a potential scan rate of 20 mV s"\ 

2.3.2 Voltammetry recorded at X65 carbon steel rotating disc electrode 

The carbon steel specimens selected for study were supplied by BP Amoco 

Ltd. The composition of the X65 carbon steel used is given in table 2.4. 

Steel Type Weight % (Fe balance) Steel Type 

C Mn Si P s Cr Cu 

X65 carbon steel 0 18 0^7 0 10 0 026 &04 0 14 a25 

Table 2. 4 A summary of the X65 carbon steel composition. 

The X65 carbon steel were cylinders 30 mm in height and 4.7 mm diameter. 

The sides were protected with shrinkable Teflon tubing so that only a disc, 

area 0.17 cm ,̂ was exposed to the solution under study. Before each experiment, the 

disc was rubbed with fine Emery paper (600) to ensure complete removal of any 

corrosion film and then polishing with alumina powder (1 p,m, then 0.3 |Lim and 
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0.05 pm) on a moist polishing cloth (Beuhler Ltd, mounted on a Petri dish), rinsing 

with deionised water after each polish. Voltammograms for the steel samples were 

always recorded by scanning the potential from the negative limit in order to 

minimize the influence of any corrosion film. In addition, the voltammograms were 

recorded as soon as possible after immersion of the steel sample in the solution. 

These precautions made the responses reproducible (if potential scans started at 

corrosion potential, the response depends on the thickness of the corrosion film that 

is allowed to form). This experimental procedure should, however, always be noted 

when discussing the relevance of the data to the corrosion field. Unless otherwise 

stated, all voltammograms were recorded employing a potential scan rate of 5 mV s"̂  

(to minimize extensive changes to the steel surface during an experiment). 

A three-compartment glass electrochemical cell fabricated in the Department's 

Glass Workshop with a volume of 50 cm^ was used for all the experiments as shown 

in figure 2.1. 

Pt or X65 carbon steel RDE 
Secondary 
Electrode Water 

A u 

Glass 
frit 

r 1 

A 

i J ^ 

A 

^ Water 

I 

Platinum 
mesh 

Reference Electrode 
SCE 

Water 
out 

Luggin 
tapillary 

Luggin 
tapillary 

Ni or CO2 
gas 

Figure 2.1 Conventional Three Compartments voltammetric cell. 
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A platinum mesh was used as a secondary electrode. The potential at the 

working electrode was measured versus a saturated calomel electrode (SCE), which 

was housed within the Luggin capillary compartment. The tip of the Luggin capillary 

was placed approximately at 1 mm from the surface of the electrode in order to 

minimize the IR drop. The working electrode was separated from the Pt mesh 

secondary electrode by a glass frit. The cell is surrounded by a jacket filled with 

water so that the temperature of the solution under study was adjusted to within 

±2°C of the required value using a thermostatically controlled water bath 

(Julabo F20). 

2.4 Instrumentation 

The voltammetry was carried out with an EG&G Model 173, a potentiostat 

controlled by a PC operating the Head start™ Software (EG&G, Princeton Applied 

Research) through a Computer Graphics Interface. The same software allows output 

data to be handled and presented as required. The rotation of the RDE electrodes was 

controlled with a Pine Instruments Unit for the Pt electrode and with an EG & G 

Model 616 RDE Unit for the X65 carbon steel electrodes. A Julabo F20 water bath 

was used to maintain the constant temperature of the solution circulating through the 

jacketed cell. 

2.5 pH 

In the early stage of this work, it became clear that the pH either of the 

simulated solutions or oilfield brines plays an important role in determining the 

concentration of acetic acid. Also the solutions were found to behave non-ideally 

(see Chapter Three) and hence the measured pH and the value calculated from 

simple equations was frequently different. As a result the pH measurement was 

carefully calibrated. Several pH-meters were tested, and after careful consideration. 
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all pHs were measured with a Hanna Instrument HI 9321 Microprocessor pH meter 

that had been carefully calibrated with two buffers (pH 4.00 and pH 7.01). 

2.6 Tafel extrapolation and Linear resistance polarization procedures 

The experimental set-up consists of the conventional three compartments 

voltammetric cell and a computer -controlled potentiostat. Before all experiments, 

the glassware was thoroughly washed with nitric acid, then rinsed with distilled 

water and left to dry. The solutions were continuously saturated with N2 or CO2 

throughout the experiments. To prevent air from entering the cell, the lid of the cell 

was smeared with silicone grease. The reference electrode was a saturated calomel 

electrode (SCE), while the counter electrode was always a Pt mesh. A desktop 

computer, running the Headstart^^ Software (EG & G, Princeton Applied Research) 

was used to control the EG & G Model 173 A potentiostat via the computer graphics 

interface. Scans were made from a potential of - 300 mV versus Ecorr to a potential 

of + 300 mV versus Econ using a scan rate of 5 mV s"\ Similar to Tafel polarization 

measurements, linear polarizations were made using the experimental set-up. 

2.7.1 Instrumentation 

Electron microscopy experiments were carried out on a Philips XL30 ESEM, 

based at Southampton University in The Electrochemistry Group. This microscope 

combines high vacuum, "low vacuum" and ESEM into one instrument. It offers a 

wide range for user selections of kV, magnification, gas type, gas pressure and 

detector type. It also combines a scanning electron microscope and EDAX/EDX 

analyzer. The specimen stage of the SEM can accommodate samples as large as 

50 mm length and 50 mm breadth. The specimen stage can be rotated through 360° 
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and tilted within -10° to +70° of the plane parallel to the detector. The available 

magnification range is between 22-400,000 and the working distance is fiilly variable 

from 5 to 50 mm. The accelerating voltage ranges from 0.1 kV to 30 kV. The display 

output is controlled by a modern Windows NT based interface and the pictures are 

taken digitally. 

2.7.2 Surf ace preparation 

In order to compare the results and ensure that all steel specimens were 

identical, a standard pre-treatment surface preparation was necessary. Before testing, 

the flat ends of the steel cylindrical specimens were polished with a range of 320-

600-1200 grit metallurgical silicon carbide wet/dry paper (Emery Paper). In order to 

provide a flat surface, a smooth glass plate was placed beneath each sheet and the 

sheet was then moistened with deionised water. Ensuring that the specimens were 

always held perpendicular to the Emery Paper, a rotation rate of 4900 rpm was 

adopted for all the polishing to achieve an evenly polished surface. Following the 

finest grade paper, a smoother polishing was achieved with 1.0 |im, 0.3 |a,m and 

0.05 jum alumina (AI2O3) powder (Buehler Ltd.). 

A small amount of AI2O3 was placed on a moist polishing cloth (mounted on 

a Petri dish) and slurry of alumina was formed on the addition of a few drops of 

deionised water. The specimens were polished in the same manner as with the Emery 

Paper. Separate Petri dishes were used for the different sizes of alumina powders. 

Between each grade, the specimens were rinsed with deionised water. Finally, to 

ensure that all the alumina powder was removed, the steel specimens were polished 

on moist polishing cloth (Buehler Ltd.) free of alumina powder. Immediately before 

immersing the steel specimens into the appropriate environments, the discs were 

degreased by washing with acetone then rinsed with copious amounts of deionised 

water. 
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2.7.3 Corrosion procedure 

The experiments were carried out in the glass cell filled with 1 L of brine 

purged with the appropriate gas (N2 or CO2) for at least 1 hour prior to immersion of 

the X65 carbon steel into the vessel (see figure 2.2). 

Water trap 

CO2 cylinder 

f] 

I ^ Electroife probe 

Figure 2. 2 The glass cell usedfor the Corrosion film studies. 

The solution was continuously purged with the appropriate gas throughout 

the experiment. The cell is surrounded by a jacket filled with water so that the 

temperature of the solution under study was adjusted to within ± 2°C of the required 

value using a thermostatically controlled water bath. To prevent air ingression, all 

the components of the cell were smeared with silicone grease on surfaces not in 

contact with solution. A minimum of three X65 carbon steel was used for each test to 

ensure reproducibility. These specimens were introduced into the glass cell using a 

three-electrode probe as shown on figure 2.3. 
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Water trap 

\ 

Water out 

, , . 
1 

1 
" • • f 

M-

Electrode probe-

X6S carbon steel -

Water in 

- • * 

i 
i i 

;r-jS 

Thermometer 

Figure 2. 3 7%e g/ass cell usedfor Corrosion film studies. 

Latex gloves were worn to prevent contamination of the steel surface with 

grease from the skin. Three different immersion times were investigated 1 hour, 

24 hours and 1 week. The experiment was only continued if the solution remained 

colourless; yellowing of the solution was taken as an indication of the formation of 

Fe (III) and hence that O2 contamination had occurred. After being removed from the 

solution the corroded discs were rinsed with deionised water and let to dry into a 

dessicator. Typical SEM pictures were recorded within 1 hour of removal from the 

test cell. 
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2.7.4 Procedure for SEM 

A specimen was placed inside the ESEM chamber and the image initially formed on 

the screen was set a low magnification, then the image was focused. When a 

satisfactory image was display on the computer screen, a photograph was taken. 

Afterwards, the magnification was increased and the photographs were taken for 

each one of them. 
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Chapter Three 

3 Speciation within sodium acetate - carbon dioxide brine 
solutions 

3.1 Introduction 

The role of both the undissociated proton donors and the solution chemistry of 

the weak acid buffers has been much underestimated in the interpretation proposed 

for the acceleration of steel corrosion by acetate in the carbon dioxide saturated 

brines encountered during the recovery of oil [40-42], The application of known 

electrochemistry of weak acids in aqueous solutions [123-134] to the practical 

corrosion environment requires an extension of the experiments on the reduction of 

acetic acid to the conditions where the steel corrosion occurs. A wide variety of brine 

compositions can be encountered in the oilfield environment, but in most 

experiments in this study, an aqueous 3 % sodium chloride solution containing 

different concentrations of sodium acetate was used as a simulant (following oil 

industry practice). Hence, this chapter attempts a quantitative discussion of the 

speciation in 3 % NaCl brines. During the later stages of this programme, it became 

clear that the discussion of oilfield brines was more complex. Firstly, they can 

contain a "high" level of bicarbonate such that the saturation by carbon dioxide does 

not cause the pH to drop to a value where there is significant conversion of acetate to 

acetic acid. Secondly, the ionic strengths of the oilfield brines can be high enough 

that the estimation of activity coefficients becomes imprecise. In the last section of 

this chapter, these solutions are discussed in a more qualitative fashion. 

When saturated with carbon dioxide, the pH of the simulated brines was in the 

range of 4 - 6 and the predominant weak acid is acetic acid (pKa = 4.75) [96] (it 

should be noted that acetic acid is a significantly stronger acid than carbonic acid; 

3-1 



Ph. D Thesis Chapter Three 

PKa = 6.35) [97]. Before data from such studies can be interpreted, however, it is 

essential to understand the speciation within the brines. In principle, the speciation 

can be calculated from thermodynamic data. Certainly, electrochemical data at Pt 

electrodes can be used to estimate the concentration of the key species and hence 

check the accuracy of the speciation calculations. In this thesis, the computer 

program, PHREEQC 2.2, available on the World Wide Web from the US Geological 

survey [141] has been used to calculate the concentrations of all species in the 

aqueous sodium chloride - sodium acetate - carbon dioxide system. In this chapter, 

the chemistry of the brine solutions is outlined. This discussion leads to the equations 

describing the speciation. In addition, the input data for the simulations is set out. 

3.2 3 Vo NaCl Brines 

3.2.1 Prelimin ary work 

Preliminary calculations demonstrated that in order to obtain an acceptable 

agreement between experimental and calculated pH, it was essential to write the 

equilibria in terms of activities. This is to be expected since the mean ionic activity 

coefficient in the 3 % sodium chloride solution is ~ 0.66 [96]. Table 3.1 compares 

the measured pH for a series of deoxygenated acetate buffer solutions prepared by 

the addition of aliquots of 1 M acetic acid solution to a solution containing 3 % 

sodium chloride +10 mM sodium acetate at 298 K. 

Volume of 1 M HO Ac 

added/ cm^ pH measured pH(a = c) pH (a = 0.66c) 

0 10 5 84 5 69 5.87 
100 4 89 4 68 4 j^ 
2.50 445 4J0 4^8 
4 00 4 24 4 08 4 26 
5 00 4 14 3 98 4.17 

Table 3. 1 Comparison of experimental and calculated pH at 298 K for an aqueous solution of 
10 mMNaOAc + 3 % NaCl (200 cm^) with various additions of 1Macetic acid. 
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The pH was calculated using the dissociation constant for acetic acid, 

Ki = 1.80 X 10'̂  and values of the mean ionic coefficient, y ± = 1.00 (ideal behavior) 

and y ± = 0.66. It can be seen that it is essential to take into account the deviation 

from ideality. When this was done, the agreement between theory and experiment is 

excellent. Similar agreement was found for buffers prepared with 1 and 

100 mM sodium acetate as shown in table 3.2 and table 3.3. 

Volume of 1 M HO Ac 

added/ cm^ pH measured pH (a = c) pH (a = 0.66c) 

0 20 4.61 4 38 4J^ 
0 60 4 13 3.91 4 09 
100 3 90 3 69 187 
3 00 142 120 3 38 
5 00 3 20 2 99 3 16 

Table 3. 2 Comparison of experimental and calculated pH at 298 K for an aqueous solution of 
1 mM NaOAc + 3 % NaCl (200 cm^) with various additions of] M acetic acid. 

Volume of 1 M HOAc 

added/ cm^ pH measured pH (a = c) pH (a = 0,66c) 

&20 6 52 6 31 6 56 
0 60 6 05 5 85 6 08 
100 5 83 5 63 5 86 
3 00 5 34 5 17 5 38 
5 00 5 13 4 96 5 16 

Table 3. 3 Comparison of experimental and calculated pH at 298 K for an aqueous solution of 
100 mMNaOAc + 3 % NaCl (200 cm^) with various additions of 1M acetic acid. 

3.3 Speciation in 3 % NaCl brines containing acetate and saturated 
with CO2 

3.3.1 Chemistry of the brine solutions 

Oilfield brines have a wide range of electrolyte compositions. Potassium, 

calcium and magnesium cations and sulfate, bromide and bicorbonate anions are 
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commonly present in significant concentrations and there are also traces of many 

other species, including transition metal ions and carboxylates. In this work, and 

commonly in the literature as well as the oil industry, 3 % sodium chloride brine is 

used as a simulant. The solutions studied contain acetate and carbon dioxide and it is 

therefore necessary to consider the chemistry of carbon dioxide and acetate and the 

way in which their chemistries interact. It quickly becomes clear that it is necessary 

to consider the concentrations of Na\ i f , CI", HCO3", CO3, OAc, HO Ac, H2O and 

CO2. 

When carbon dioxide is dissolved in water, the following equilibria [94,142] 

are considered: 

Ki 
ccb(g) 4 ^ ccb'0%) (1) 

where CO2* (aq) refers to the total dissolved carbon dioxide; that is the sum of both 

CO2 (aq) and H2CO3, but does not include the ionized species, HCO3' and COs '̂. In 

aqueous solutions, the concentration of CO2 is much higher than that of H2CO3. For 

example at 298 K ratio of is 2.56 x 10"̂ . Then, 

()02 + HbO t r +tDCC^r (2) 

K3 
HCO3" 4 + COs^ (3) 

where the equilibrium constants are defined by the equations; 

JST, (3_1) 
fc CO. '2(f) 

^ ^ (3-2) 
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AT, = " (3-3) 
^co: Tfco: 

At 298 K, typical values of the equilibrium constants are = 3.42x10"% 

= 4.30x10"^ and =5.61x10"" respectively [96]. If one wants to extend 

calculations to higher temperature, the variation of the equilibrium constants with 

temperature must be taken into account. 

Plummer and Busenberg [143] have quoted the following polynomials for 

calculating the equilibrium constants as a function of temperature over the 

temperature range 273 - 373 K at 1 atm total pressure; 

log^, =108.3865 + 0 . 0 1 9 8 5 0 7 6 7 4 0 . 4 5 1 5 4 Iogr + ^ ^ ^ (3-4) 

log^2 =-3560 .3094-0 .060919647-^ l^^^ + 126.83391ogr + ̂ ^ ^ ^ (3-5) 

log^3 =-107 .8871-0 .032528497-^^y^ + 3 8 . 9 2 5 6 1 1 o g r - ^ ^ y ^ (3-6) 

where T is the temperature (in K). Similar values for the equilibrium constants are 

also reported by Asada [97] and Keene [144]. 

When acetate is also present in the brine solution, the following equilibrium 

must also be considered: 

HO Ac 4 ^ P H+ + OAc (4) 

the equilibrium constant for which may be written 
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^HOAc ^HOAc 

K4 has the value 1.8 x 10'̂  at 298 K and it may be calculated as a function of 

temperature from the polynomial [145]: 

log^4 =18.67257-0.0076792r-6.509231ogr-^^^:^ (3-8) 

In addition, the calculations use the mass balance equations for each species 

in the system, for example, for the acetate ion; 

where c is the concentration of acetate initially added to the solution. 

The activity coefficients for the ions in solution of low ionic strength can be 

estimated from the Debye-Hiickel equation (3-10): 

IcysiKt JjT (3-10) 

where / is the ionic strength, z, the charge on the ion and 4̂ is a temperature 

dependent constant (A % 0.509 at 298 K). In this work, an extension of this 

equation (3-10) designed to handle more concentrated solutions was used: 

k)g:r± ==--/iz: (3-11) 

Because of the high concentration of sodium chloride in the brines, it is this 

specie that largely determines the value of the activity coefficient and the activity 
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coefficient is effectively insensitive to the acetate and the acetic acid concentrations. 

Equation (3-11) predicts a value of 0.66 for the activity coefficient for 3 % sodium 

chloride and this value agrees well with the experimental value [96]. 

3.3.2 Preliminary consideration of the speciation within acetate/carbon 
dioxide solutions 

Assuming ideal behavior, i.e. mean ionic coefficient y ± = 1.00, algebraic 

manipulation of equations (3-1), (3-2) and (3-7) along with the mass balance 

equation for acetate, equation (3-9), leads to 

2̂'̂ CÔ  (1 + -̂ 1 ) ± (1 + ))̂  + (1 + )) 

2c 
(3-12) 

Table 3.4 lists the solubility of various gases in water at 298 K [146], illustrating that 

carbon dioxide is significantly more soluble than other common gases. 

Gas Solubility of Gases in 

Water/ mM 

H2 0.77 

N2 0 625 

O2 1228 

C O 2 31 

Table 3. 4 Solubility of some gases in water at 298 K. 

However, it should be noted that the solubility is not only dependent on 

partial pressure, but also on temperature [142]. At 333 K the solubility of carbon 

dioxide drops t o l l mM. The equilibrium proton concentration can be calculated for 

any initial acetate concentration using equation (3-12) and the equilibrium constants 

given Ki, Kz, Kg and K4. 

3-7 



Ph. D Thesis 

Then using equation (3-7) in the form 

Chapter Three 

K. (3-13) 

it is possible to calculate the equilibrium concentration of acetate and acetic acid for 

that proton concentration. 

CNaOAc/ m M pH c u ! mM CHOAC/ m M COAc 

1 4^3 0 0234 &57 043 

5 5^8 0.0083 160 3 40 

10 5^5 0 0056 238 7 62 

50 5 63 0.0023 5.74 44.3 

100 5J9 0.0016 8 26 917 

Table 3. 5 Equilibrium concentrations of protons, acetic acid and acetate ion for aqueous solution of 
3 % NaCl + NaOAc (concentrations shown in the table) saturated with carbon dioxide at 
298 K estimated from equations (3-12) and (3-13). Concentration of carbon dioxide 

In the absence of acetate in solution, the pH of the brine saturated with 

carbon dioxide is 3.90. It can therefore be seen that in any solution with significant 

acetate ion, the pH is higher than in the absence of acetate, but the concentration of 

acetic acid is far above that of the concentration of proton. Indeed, with increasing 

acetate concentration, the pH increases, as does the concentration of undissociated 

acetic acid. The calculated proton concentrations, however, do not agree well with 

those estimated from pH measurements of the solution. 

The same calculation could in principle be carried out at any temperature. It 

was clear, however, that non-ideal behavior should be considered, and this 

significantly increases the complexity of the analytical approach to deriving 

equilibrium concentrations for all the species present. Hence, a computational 
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approach seemed more appropriate. The software package PHREEQC 2.2 was found 

to have all the capabilities required. 

It is also helpful to understand the speciation of the system in a qualitative 

way. Figure 3.1 shows the variation of the various carbon dioxide and acetate 

derived species as a function of pH. Again the calculations assume ideality. 

2 log c/ mM 

og c/ mM 

HOAc 

H C O 3 ^ 

H 2 C O 3 

Figure 3. 1 Equilibrium distribution of species as a function ofpH in solutions of (a) water in contact 
with an atmosphere of CO2 and (b) 10 mM NaOAc. Temperature 298 K. 

In understanding the chemistry of the system it is also helpful to recognize the 

presence of several potential weak acids (see table 3.7 page 3-16). This is important 

because the cathodic reaction in corrosion can have several contributions: 

• The reduction of free protons present in solution (reflected by the 

measured pH). 

• The reduction of carbonic acid. This contribution is always insignificant 

because of the very low concentration (0.074 mM) at all pH. 

3-9 



Ph. D Thesis Chapter Three 

• A kinetic current due to the conversion of carbon dioxide to carbonic acid 

followed by the reduction of the acid. The limiting current is readily 

estimated using the equation given by Bard and Faulkamer [140], the 

equilibrium constant and the known rate constant for hydration. The value 

found is 0.12 mA cm"̂ . 

•> The reduction of acetic acid. 

• Water and bicarbonate are not strongly enough proton donors to contribute to 

hydrogen evolution at the corrosion potential. 

5,3.3 Speciation using computer program PHREEQC 2.2 

While PHREEQC 2.2 is designed to allow calculation of complex equilibria 

involving several phases and including transport processes in natural or polluted 

water [141], in this thesis, it was only employed to establish equilibrium 

concentrations in a single phase. 

3.3.3.1 Program limitations 

PHREEQC uses ion-association and Debye Huckel expressions to account for 

the non-ideality of aqueous solutions. This type of aqueous model is adequate at low 

ionic strength but may break down at higher ionic strengths (in the range of seawater 

and above). An attempt has been made to extend the range of applicability of the 

aqueous model through the use of an ionic-strength term in the Debye Huckel 

expressions. These terms have been fitted for the major ions using chloride mean-salt 

activity-coefficient data [147]. Thus, in sodium chloride dominated systems, the 

model may be reliable at higher ionic strengths. The activity of the water is estimated 

from an approximation based on Raoult's law [141]. 
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The other limitation of any simulation is the quality of the thermodynamic 

data used in the calculations. Two databases are included in PHREEQC 2.2 [148-

151]. In these compendia, the log K ' s and enthalpies of reaction have been taken 

from various literature sources. No systematic attempt has been made to determine 

the aqueous model that was used to develop the individual log K ' s or whether the 

aqueous models defined by the current database files are consistent with the original 

experimental data. The database files provided with the program should be 

considered to be preliminary. Careful selection of aqueous species and 

thermodynamic data is left to the users of the program [141]. The data used in our 

calculations was extracted from the literature (as set out above) and came from 

several sources. Its accuracy is a major factor in the accuracy of the output 

concentrations. In this work, PHREEQC 2.2 has been used to calculate the 

equilibrium concentrations of acetic acid and the pH of brine solutions saturated with 

carbon dioxide at 298 and 333 K respectively. The set equations outlined early on, 

were used as input thermodynamic data and the deviation fi-om ideal ionic behavior 

was taken into account using the extended version of the Debye Hiickel 

equation (3-11). 

3.3.3.2 Results 

In the aqueous sodium chloride brine solutions containing both acetate ions 

and carbon dioxide, it is necessary to consider nine species, Na% H ,̂ Cf, HCO3, 

CO3", OAc", HO Ac, H2O and CO2 The concentrations of sodium and chloride ions 

mainly influence the relative amounts of acetate and carbon dioxide derived species 

through the ionic strength of the solution. Also, the concentration of carbonate is 

negligible below pH 8 [97]. Hence, these species are not tabulated below. The water 

does however influence the speciation of the solution in an important way. 

Especially as the temperature rises, the vapour pressure of water above these 

solutions is significant approaching 0.2 atm at 333 K. As a result, the fugacity of 

carbon dioxide is lowered and, consequently, its equilibrium concentration in the 

aqueous solutions is significantly decreased. This effect is taken into account in the 
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calculations. In principle, similar values are possible with other weak acid solutions 

but in reality the fiill input data are not available. Table 3.6 reports the equilibrium 

concentrations of the other five species (ET, HOAC, OAC", HCO3' and CO2) in 3 % 

sodium chloride brine solutions containing several initial acetate concentrations and 

saturated with carbon dioxide. Data for two temperatures are tabulated; the latter 

represents a typical temperature of the liquids in an oilfield pipeline. 

Intial cone. 

OAc / ni M Calculated Equilibrium Concentration/ niM pH 

HOAc OAc C O 2 HCO3 Calc. Exptl. 

298 K 

0 0.176 - - 2&2 187 3 90 

0.1 0 140 0 008 0 02 2&2 a20 197 

0.5 0.075 0J3 0 17 29 2 0 32 4^4 

1 (X050 0 56 0.44 29 2 0 55 4^2 4 43 

5 (X019 1.6 3.4 29 2 1.5 4 85 

10 0.013 2.4 7.6 2&1 2.2 5^2 5^1 

50 0.0053 6.0 44 28 8 5.2 5 39 

100 0.0038 8.6 914 28 5 7.4 5.54 5 50 

333 K 

0 0 121 - - 11.7 Oi l 4 04 

0.1 OCWO &07 0 03 11.7 OJ^ 417 

0.5 0 045 0.28 0.22 11.7 0.29 4.47 

1 0(80 0.46 &54 11.7 0.44 4.65 4 62 

5 0.012 1.2 3.8 11.7 112 5 05 

10 0 008 1.8 8.2 11.7 164 5^2 5 18 

50 0.0035 4.1 45 9 116 3 79 5 58 

100 0.0025 6.2 93 8 11.4 5J3 5.73 5 70 

Table 3. 6 Equilibrium concentrations at 298 and 333 K of species derived from sodium acetate and 
carbon dioxide, calculated using PHREEQC 2. 2. The solution initially contains 3 % NaCl 
+ NaOAc (concentration shown on table) and is saturated with CO2. 
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It can be seen that once again there is good agreement between the 

experimentally observed and calculated pH. It also confirms that the saturation of the 

brine solutions with carbon dioxide leads to an increase in the pH and the conversion 

of acetate ion into acetic acid. 

The computations also show that: 

• While the brine saturated with carbon dioxide (without acetate present) 

has a pH of 3,90, the presence of acetate (initially added as sodium 

acetate) leads to an increase in pH. 

• The pH of the solutions as estimated by PHREEQC 2.2 agree closely with 

the values measured experimentally. 

• Although the concentration of free proton is decreased, a significant 

fraction of the initial acetate is converted to acetic acid. 

<• In most of the solutions considered, the concentration of the proton donor, 

acetic acid, is much higher than that of the free proton. 

<• With increasing initial acetate concentration, the pH increases but the 

concentration of undissociated acetic acid also increases and this change 

is more important. 

• At a temperature of 333 K, the solubility of carbon dioxide in aqueous 

solutions is decreased compared with 298 K and this leads to lower 

equilibrium concentrations of both free proton and undissociated acetic 

acid at the higher temperature. 

• The concentration of bicarbonate is similar to that of acetic acid in most 

of the solution. 
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• The concentration of carbonic acid is constant but low (0.074 mM) at all 

pH because the solution is in equilibrium with a carbon dioxide 

atmosphere. Its contribution to the corrosion current density is however 

very limited because of the low concentration. 

These trends are readily understood. The presence of carbon dioxide causes the 

solution to become somewhat acidic but when acetate ion is present, it acts as a 

buffer thereby decreasing the pH swing. The buffering action is achieved, however, 

by the formation of undissociated acetic acid. While carbon dioxide, carbonic acid 

and bicarbonate are all present, carbon dioxide is the totally dominant species at the 

pH of interest; bicarbonate is a very weak acid, pKa = 10.32 and the concentration of 

carbonic acid is very low (and may be estimated by multiplying the equilibrium 

carbon dioxide concentration by 2.56 x 10^) - only 0.074 mM at 298 K [96-97]. The 

conversion of carbon dioxide to carbonic acetic acid is slow and hence the rate of 

hydrogen evolution by a mechanism C02^H2C03-^H2 is low. 

In considering the influence of weak acids and their anions on the corrosion of 

steel, it is critical to recognize that the chemistry and the electrochemistry of their 

solutions can be determined by the chemistry and the concentrations of the proton 

donor as well as the free proton. Conversely, it is important to recognize that the 

chemistry of carbon dioxide saturated brine will be identical to the equivalent acetate 

buffer prepared from sodium acetate and acetic acid. Further, when comparing 

table 3.5 with table 3.6, it can be seen that the calculated concentrations of free 

proton using equation (3-12) never agreed exactly with the values found using the 

computer program PHREEQC 2.2. This is not surprising since speciation 

calculations made using equation (3-12) did not take into account the non-ideality of 

the brine solution. However, it should be noted that the calculated concentrations of 

acetic acid are much higher than that of the free proton concentrations and are not 

significantly influenced by the non-ideal behavior of the ionic species. Hence, the 

simple calculation gives a reasonable estimate of the acetic acid concentrations in the 

brine solutions. 
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3.4 Oilfield brines 

When samples of real oilfield brines were analysed (see Chapter Six), it 

became clear that the speciation is dependent on additional factors: 

• Most importantly, the brines can contain bicarbonate as an independent 

species. As result, the pH of the brines could be determined by the 

C02/bicarbonate ratio. In the above discussion, the bicarbonate arises from 

the saturation by CO2 and the pH results from the acetate/acetic acid ratio and 

the solubility of CO2 

<• The ionic strength of the brines can be much higher than the 3 % NaCl. This 

leads to problems in estimating the mean ionic activity coefficient. 

• While we were assured that oilfield brines ranged in acetate concentration 

between 0 - 1 0 0 mM and these could also contain low or high bicarbonate 

concentrations, the brines provided generally combined low acetate 

concentration and/or high bicarbonate. Neither of these are good matches to 

the model solutions used for much of the work. 

This section discusses the consequences of the presence of bicarbonate. Our 

above modeling ignored the presence of bicarbonate as an independent component of 

the brine. The solution composition was based on the presence of 3 % NaCl, NaOAc, 

and CO2 and the only bicarbonate was that resulting from the saturation of the brine 

with carbon dioxide. When bicarbonate is present as an independent constituent of 

the brine, its presence must be taken into account. In this discussion, it will be 

assumed that the brine is in contact with carbon dioxide at atmospheric pressure (not 

necessary the real situation in the oilfield) and hence the concentration of CO2 in the 

solutions is 29 mM At 298 K and 12 mM at 333 K. 
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Table 3.7 summarises the pKas for all the potential proton donors in the system. 

Species PKa 

H2CO3 3.75 

HOAc 4.75 

C O 2 <135 

H2O 7.00 

H 2 C O 3 10 32 

Table 3. 7 pKa values for potential acids in the brine. 

In considering the speciation, it is necessary to consider the following equilibria: 

HOAc < • H+ + OAc (4) 

H2CO3 4 • H+ + H C O 3 (5) 

The equilibrium constant for (1) and (2) are generally written as [97, 144]: 

jK, = ^ i s x i c r s (2-7) 
^HOAc 

JC; = ^ 4 3xlOr7 (114) 

where the equilibrium 

CO2 + H2O ^ • H2CO3 (6) 

lies well to the left with = 2.56x10"^. For any composition, the solution has a 

unique pH. Hence, for a solution containing HOAc, OAc, H2CO3 and CO2, 

manipulations of equations (3) and (4) readily lead to: 
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^ HOAc 1/' ^C02 

^OAc~ 

At 298 K, this can be written: 

f a a f c » 0 024 p-us) 

The concentration of acetic acid (and hence its importance in influencing the rate of 

steel corrosion) is determined by both the total acetate concentration and the 

bicarbonate level in the brine (or more precisely the ratio of HCO3 /CO2 

concentrations). This may be illustrated by considering three solutions at 298 K 

containing acetate saturated with CO2 and containing different bicarbonate 

concentrations; 

a) 290in&fHCC^r 

The solution pH is determined by equation (3-14) and will be close to 7.3. At 

any acetate concentration, the concentration of acetic acid concentration is 

negligible. 

b) 29inMI3C03' 

The solution pH is approximately 6.3. Approximately 2.4 % of the total 

acetate is present as acetic acid. A significant acetic acid will only result 

when the acetate concentration is very high. 

c) <2.9mMHC03-

The solution pH can drop into the range 4.5 - 6.0 where there is substantial 

conversion of acetate to acetic acid (note that HCO3" comes in the range 0 .1-

8 mM resulting from the saturation of an acetate solution by CO2, see 

table 3.6, page 3-12). Even with total acetate concentration of 1 mM and 

below, the resulting acetic acid can influence the rate of corrosion. 
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Table 3.8 illustrates these statements. 

Brines Initial 

pH 

pH after CO2 

saturation 

[HOAc] after CO2 

saturation/ mM 

5 mM NaO Ac + 1 mM NaHCOs 7.28 5 09 3.5 X 10'* 

5 mM NaO Ac + 5 mM NaHCOs 7.99 5^8 7x10^ 

5 mM NaO Ac +10 mM NaHCOs 8 12 5 90 3.5 X 10 -2 

5 mM NaO Ac + 50 mM NaHCOs 8.20 6.64 7x10^ 

5 mM NaO Ac +100 mM NaHCOs 8.25 6x91 3^x10^ 

Table 3. 8 pHmeasuredfor solutions containing 5 mMNaOAc + different concentrations ofNaHCOs 
saturated with carbon dioxide and equilibrium acetic acid concentrations estimated using 
equation (3-16). Temperature 298 K 

Table 3.8 reports the measured pH for solutions containing 5 mM NaOAc + 

different concentrations of sodium bicarbonate saturated with carbon dioxide at 

298 K. Further, the estimated equilibrium concentrations of acetic acid (using 

equation (3-16)) after CO2 saturation are also presented. It can be seen that with 

increasing concentration of sodium bicarbonate, the pH of the solutions increases. It 

should also be stressed that the acetic acid concentrations in these solutions are very 

low when the medium contains bicarbonate. For example with 100 mM HCO3", after 

CO2 saturation, the concentration of acetic acid is estimated as 3.5 x 10"̂  mM. 

3.5 Conclusions 

It has been confirmed that the composition of brines containing both acetate 

ion and carbon dioxide can be predicted with reasonable accuracy by modifying the 

software available on the World Wide Web and using equilibrium constant data from 

the literature. However, it has been shown that it is essential to take into account the 

deviation from ideal ionic behavior. The calculations confirm that when CO2 is 

dissolved, the solution becomes acidic but the presence of acetate ion moderates the 
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acid and, as a result the brines have a much higher concentration of proton donor, 

acetic acid, than free proton. In considering the influence of weak acid and their 

anions on the corrosion of steel, it is critical to recognize that the chemistry and the 

electrochemistry of their solutions can be determined by the chemistry and the 

concentrations of proton donor as well as free proton. Since the equilibrium 

HOAc ^ + OAc 

is rapid, the acetic acid (HOAc) can readily replenish any removed by an 

electrochemical or chemical reaction. If a brine contains bicarbonate as an 

independent species, at concentration above 2.9 mM it has a marked influence on the 

solution pH and therefore the speciation of the brine. This can be understood in a 

semi-quantitative way using simple concepts. Again, for a precise treatment the 

reduction of carbonic acid (both equilibrium and that formed by conversion of 

carbon dioxide) should also be recognized but the contribution of this reaction is 

practically insignificant (see page 3-9). 
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pH swing. The buffering action is achieved by the conversion of acetate to acetic 

acid and, as a result the brines have a much higher concentration of proton donor, 

acetic acid, than free proton. In considering the influence of weak acid and their 

anions on the corrosion of steel, it is critical to recognize that the chemistry and the 

electrochemistry of their solutions can be determined by the chemistry and the 

concentrations of proton donor as well as free proton. Since the equilibrium 

HOAc ^ • H" + OAc" 

is rapid, the acetic acid (HOAc) can readily replenish any removed by an 

electrochemical or chemical reaction. If a brine contains bicarbonate as an 

independent species, at concentration above 2.9 mM it has a marked influence on the 

solution pH and therefore the speciation of the brine. This can be understood in a 

semi-quantitative way using simple concepts. Again, for a precise treatment the 

reduction of carbonic acid (both equilibrium and that formed by conversion of 

carbon dioxide) should also be recognized but the contribution of this reaction is 

practically insignificant (see page 3-9). 
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Chapter Four 

4 Electrochemistry of 3 % NaCl Brine Containing Acetate 
Ion and Carbon dioxide on a Pt Rotating Disc Electrode 

4.1 Introduction 

In this chapter a study of the voltammetry at a Pt rotating disc electrode (RDE) 

of (a) sodium acetate (NaOAc) + acetic acid (HOAc) in 3 % sodium chloride brine 

(NaCl) and (b) sodium acetate (NaOAc) + carbon dioxide (CO2) in 3 % sodium 

chloride brine (NaCl) is reported. The detailed interpretation calls upon the 

speciation calculations in the previous chapter. It was noted in the introduction 

chapter that the voltammetry of acetate buffers has been widely studied at Pt rotating 

disc electrode and at Pt microelectrodes; it must be emphasized that the presence of 

3 % sodium chloride in the solution changes the speciation significantly 

(see Chapter Three). 

4.2 Voltammetry of acetate buffers at Pt rotating disc electrode 

4.2.1 Voltammetry of acetate buffers at 298 K 

Prior to recording voltammograms in the solution under study, the Pt rotating 

disc electrode was cleaned by cycling its potential at 100 mV s"̂  between - 250 mV 

and + 1250 mV vs. SCE in 1 M sulphuric acid until the voltammogram had the 

classical form with sharp hydrogen adsorption and desorption peaks [151] as shown 

in figure 4.1. 
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Figure 4. 1 Cyclic voltammetry for a clean Pt rotating disc electrode in IM H2SO4. Cleaning of the 
surface by successive potentiodynamic sweeps. Surface area of Pt RDE, 0.16 cn?. 
Potential scan rate 100 mVs'K 

Figure 4.2 illustrates typical steady state voltammograms recorded at a 

precleaned Pt rotating disc electrode for a degassed aqueous solution of 

3.34 mMHOAc + 1 0 mM NaOAc + 3 % NaCI (purged with Nz) over a range of 

rotation rates. A potential scan rate of 20 mV s"̂  was used for this experiment. The 

potential limits were 0 mV vs. SCE and - 1000 mV vs. SCE. The experiment was 

performed at 298 K. It can be seen from the voltammograms that hardly any current 

is passed until - 475 mV versus SCE, then the currents increase smoothly until they 

reach a plateau around -650 mV versus SCE. Further, it can be noted that the general 

shapes of the voltammograms are similar to one another. A single, steep reduction 

wave with a well-developed limiting current plateau, jiim, is observed at each rotation 

rate. The form of the responses is essentially identical to voltammograms recorded at 

Pt ultramicrodisc electrodes [128-134]. 
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Figure 4. 2 Voltammograms recorded at a precleaned rotating disc electrode (area, 0.16 cm^) in a 
deoxygenated aqueous solution containing 3 % NaCl + 10 mM NaOAc + 
3.34 mMHOAc. Rotation rates shown on the figure. Temperature 298 K. 

There were some noteworthy features in the current-potential curve presented 

in figure 4.2. First, at the foot of the reduction wave, it is clear that the current is 

independent of the rotation rate. Therefore, it can be inferred that the current is 

kinetically controlled during this part of the curve. Second, in the plateaux region of 

the curve, the limiting current densities depend strongly on the rotation rate of the Pt 

disc electrode. In fact, the limiting currents are proportional to the square root of the 

rotation rate of the disc electrode as predicted by the Levich equation [60]: 

(4-1) 

where jiim is the limiting current density (in A m"̂ ); D is the diffusion coefficient in 

(m"̂  s'^); n is the number of electrons transferred, F is the Faraday constant in 

(C mol'^), c is the concentration of the electroactive species in (mol m"̂ ), co is of the 
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rotation rate in (rad s'̂ ) and v is the kinematic viscosity in (m^ s'̂ ). The kinematic 

viscosity is defined as the viscosity of the solution divided by its density. The 

kinematic viscosity of most aqueous solutions is approximately 1 x 10"̂  m^ s'\ When 

the experiments were repeated for four different concentrations of acetic acid, plots 

of limiting current density versus the square root of the rotation rate are linear and 

pass through the origin as shown in figure 4.3. 

[HOAc] = 5.32 mM 

HO Ac] = 3.34 mM 

B 2.5 

[HOAc] = 1.50 mM 

[HOAc] = 0.99 mM 

0 10 20 30 40 

Figure 4. 3 Plots of j versus a/^^at potentials in the plateau regions of the j-E curves in figure 4.2. 
Solution contains 10 mM NaOAc + 5 % NaCl over a range of pH (by addition of an 
aliquot of 1 M HOAc). Pt RDE (area 0.16 cm^). Potential scan rate 20 mV s'\ 
Temperature 298 K. 

In addition, when the rotation rate of the Pt rotating disc electrode was varied, 

the limiting currents are always proportional to the concentration of acetic acid as 

shown in figure 4.4. Similar behavior has been noted on Pt microelectrodes 

[126,127,134]. On the other hand, there is no relationship between the limiting 
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currents and the concentrations of free protons (as calculated in previous chapter, see 

table 3.6, Chapter Three, page 3-12). The limiting current can be larger than those 

predicted for mass transport of protons [152] by a factor > 100. The electrode 

reaction is therefore fiilly mass transport controlled in the plateau region and it is the 

transport of acetic acid that determines the current density. 

i 
1 

900 rpm 

400 rpm 

2 3 4 

[HOAc]/ mM 

Figure 4. 4 Variation of the current density at -750 mV vs. SCE at a Pt RDE (area, 0.16 cm^) in 
10 mMNaOAc + 3 % NaCl, with the concentration of acetic acid (rotation rate 400 and 
900 rpm). Temperature 298 K. 

As an example of the application of the Levich equation, the diffusion 

coefficient of the acetic acid was evaluated. The measurement was carried out in a 

10 mM sodium acetate solution + 3 % sodium chloride, with different concentrations 
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of acetic acid. The diffusion coefficients were calculated from the slopes of the 

Levich plots (see figure 4.3). The results obtained are summarized in table 4.1. 

CHOAC/ 

mM 

pH Slopes (Levich plots) 

A m ̂  rad^^ 

10̂  Dhoac/ 

s'̂  

1.50 5 43 0 92 105 

3 34 5^0 SLOl 100 

5J2 4 80 3 19 100 

Table 4. 1 Experimental pH and estimated diffusion coefficient (D) for deoxygenated solutions of 
10 mM NaOAc + 3 % NaCl with various additions of acetic acid. Diffusion coefficients 
calculated from the slopes of Levich plots (units, A m'^/fradians s''f'). 
AreaofPtRDE, 0.16 cm^. 

As expected the diffusion coefficient is independent of the acetic acid 

concentrations, for this concentration range. Further, the value obtained for the 

diffusion coefficient, D, for acetic acid is always ~ 1 x 10"̂  m^ s'\ very close to that 

reported previously in the literature [124,135,130]. This confirms the conclusion in 

the literature that in the limiting current region all the acetic acid is reduced as it 

reaches the cathode surface. Further data taken from voltammograms recorded at 

three different pH are reported in table 4.2. 

Choac/ mM pH Ei/2 / m V E3/4 — Ei/4 / m V 

150 5 43 -552 39 

3 34 5^0 -520 45 

5J2 4 80 -545 55 

Table 4. 2 Data taken from voltammograms at a Pt RDE in deoxygenated solutions of 3 % NaCl + 
10 mM NaOAc with various concentrations of acetic acid. Area of Pt RDE, 0.16 cm^. 
Rotation rate 600 rpm. Temperature 298 K. 

The half wave potentials are only slightly negative of the equilibrium 

potential for the HT/Hz couple calculated using the Nemst equation [59,60]; 
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a:, =^5; + (4-2) 
Mj? Oar 

leading to 

E^, = —0.240 — 0.06pH vf. SCE (4-3) 
/6 

where Eeq is the equilibrium potential (in V), Eg is the formal potential for the couple 

in the solution under consideration (in V), R is the gas constant (in J K'̂  mol"^), T is 

the temperature (in K), n is the number of electrons transferred, F is the Faraday 

constant (in C mol" )̂ and pH is the -log,o . For example, for the solution 

containing 10 mM NaOAc + 3 % NaCl + 5.32 mM HOAc, pH 4.80, the 

experimental half wave potential (E1/2) is - 545 mV versus SCE and the value 

calculated assuming is - 529 mV versus SCE. Moreover, the Tomes slope 

values are very similar to the values reported at microelectrodes [125,130]. The 

Tomes slope is always < 60 mV consistent with a mechanism for hydrogen evolution 

that involves Pt-H intermediates as illustrated below; 

W + e + Pt ^ • Pt-H (1) 

H^ + e" + Pt-H 4 • Pt + Hz (2) 

Both these features have been interpreted as being consistent with the mechanism 

described by the following equations [122,133,153]: 

solution ^ 
HOAc 4 • h ^ + OAc (3) 

, electrode 
H^ + e 4 • '/2H2 (4) 

At the electrode surface, H^ can be reduced but HOAc does not reduce 

directly. In the solution, the concentration of HOAc is much greater than H^ since 
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HO Ac is a weak acid. An equilibrium exists in the solution but close to the electrode 

surface because is continuously removed at the electrode and the equilibrium is 

pulled to the right. Because the concentration of HOAc greatly exceeds the 

concentration of H^, it is HOAc, which supplies the protons for the electrode 

reaction, and the flux is related to its transport through the diffusion layer. Therefore, 

the limiting currents are those predicted for the mass transport controlled reduction 

of the HOAc in the solution. 

4.2.2 Voltammetry of acetate buffers at 333 K 

The voltammetry was also recorded at several temperatures over the range 298 

- 333 K. Figure 4.5 illustrates a typical set of voltammograms recorded at a 

precleaned Pt rotating disc electrode for a solution in 3 % NaCl containing both 

acetate ion and acetic acid at a temperature of 333 K; in fact this voltammogram is 

for a solution containing 3.34 mM HOAc +10 mM NaOAc + 3 % NaCl. 

100 rpm 

E\s. SCE/ mV 
Figure 4. 5 Steady state voltammograms recorded at a precleaned Pt rotating disc electrode 

(area, 0.16 cm^) in a deoxygenated aqueous solution containing 3% NaCl + 
10 mM NaOAc + 3.34 mMHOAc at 333 K. Rotation rates shown on the figure. 
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It can be noted that the voltammograms remain very similar to those at 298 K 

(see figure 4.2). A single, steep reduction wave, with a well-developed limiting 

current plateau was observed at each rotation rate. However, the most obvious 

change in the voltammograms with increasing the temperature is the increase in the 

limiting current densities. Perhaps, more surprisingly, the waves at 333 K are less 

steep; the higher value of RT/F is one contributing factor. It can be seen that the 

quality of all the responses is very high, and the quality is comparable with the best 

at Pt microelectrode [128,129,134]. Further, the limiting currents can be seen to be 

proportional to the square root of the rotation rates of the disc. Indeed, for several 

concentrations of acetic acid in 10 mM NaOAc + 3 % NaCl, plots of the limiting 

currents versus the square root of the rotation rate are linear and pass through the 

origin as shown in figure 4.6; the electrode reaction is therefore fully mass transport 

controlled in the plateau region. 

10 20 

[HOAc] = 5.32 mM 

X 

[HOAc] = 3.34 mM 

[HOAc] = 1.50 mM 

HOAc] = 0.99 mM 

30 40 

Figure 4. 6 Plots of versus potentials in the plateau regions of the j-E curves in figure 4.5. 
Solution contains 10 mM NaOAc + 3 % NaCl over a range of pH (by addition of an 
aliquot of 1 M HOAc). Pt RDE (area 0.16 cm^). Potential scan rate 20 mV s''. 
Temperature 333 K. 
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The Levich equation (4-1) was used to estimate values for the diffusion 

coefficients of the acetic acid at 333 K. The measurements were carried out in a 

10 mM NaOAc + 3 % NaCl solutions, with different concentrations of acetic acid. 

The diffusion coefficients were calculated from the slopes of the Levich plots 

(see figure 4.6) and the results obtained are summarized in table 4.3. From data 

shown in table 4.3, it appears that the average value for the diffusion coefficient of 

acetic acid is 2.24 x 10"̂  m^ s'\ Further, it is evident that the diffusion coefficient is 

independent of the acetic acid concentrations. Also, by increasing the temperature 

from 298 K to 333 K, the diffusion coefficient increases as expected. 

Choac/ mM pH Slopes (Levich plots) 10"DHOAc/m"s-i 

150 543 L43 2 04 

3 34 5 00 3.61 2 43 

5J2 4 80 542 225 

Table 4. 3 Experimental pH and estimated diffusion coefficient (D) for deoxygenated aqueous 
solutions of 10 mM NaOAc + 5 % NaCl with various addition of aliquots of 1 M acetic 
acid. Area ofPtRDE, 0.16 cm^. Diffusion coefficients calculated from the slopes of Levich 
plots (units, A m'^/(radians s'') Temperature 333 K. 

Moreover, a plot of log D versus 1/T from voltammograms run at 900 rpm for the 

series of temperatures was linear as shown in figure 4.7, and leads to an energy of 

activation for the diffusion of acetic acid of - 25 kJ mole'\ 

It should be noted that the activation energy, Ea, was estimated using equation (4-4); 

lnD = lnD'' ] 
T R 

(4-4) 

where D is the diffusion coefficient of the acetic acid (in m^ s"̂ ), T is the temperature 

(in K), Ea is the activation energy (in kJ mole"^), and R is the gas constant (in J K 

mol" )̂. 
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Figure 4 .1 Arrhenius plotfor the Diffusion coefficient of acetic acid. 

Further data taken from the responses at 333 K for solutions of 10 mM NaOAc + 

3 % NaCl, with different concentrations of acetic acid are reported in table 4.4. 

CHOAC/ n i M pH Em/ mV E3/4 — E1/4/ m V 

150 5^3 -557 59 

3J4 5 00 -566 57 

5J2 4k80 -555 55 

Table 4. 4 Data taken from voltammograms at a Pt RDE in deoxygenated solution of 3 % NaCl + 
10 mM NaOAc with various concentrations of acetic acid. Area of Pt RDE, 0.16 cm^. 
Rotation rate 600 rpm. Temperature 333 K. 

According to table 4.4, several observations can be made: 

It can be seen that the data obtained at 333 K remain very similar to those at 

298 K. The half wave potentials are only slightly negative to the equlibrium for the 
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H^/Hz couple at these pH, while the Tomes slopes [E3/4 - E1/4] are not constant as a 

function of acetic acid concentration and are consistent with the values reported at Pt 

microelectrodes [125,130], However, a small cathodic shift is observed for the 

reduction currents on going from 298 K to 333 K. It should be noted immediately 

that the corrosion potentials for the steel in the brine solutions are in the range 

- 650 mV to - 900 mV (see later). Such potentials are well negative of the 

equilibrium potentials for the reduction of acetic acid to hydrogen. Indeed, at Pt, 

admittedly a good catalyst for the reaction, the reduction of acetic acid is fully mass 

transport controlled at the corrosion potentials of the steel in the media. 

4.3 Voltammetry of other carboxylic acids at Pt rotating disc electrode 

The voltammetry of other weak acids (formic acid, propionic acid and lactic 

acid) at a precleaned Pt rotating disc electrode in 3 % NaCl brine was investigated at 

298 K. Experiments were carried out on solutions with known ratios of anion/acid. 

Figure 4.8 illustrates typical voltammograms recorded at a Pt rotating disc electrode 

for deoxygenated aqueous solutions of (a) 2.5 mM propionic acid +10 mM sodium 

propionate + 3 % NaCl and (b) 2.5 mM lactic acid + 1 0 mM sodium lactate + 

3 % NaCl (purged with N2) over a range of rotation rates. A potential scan rate of 

20 mV s"' was used for these experiments. All voltammograms were recorded at 

298 K. The form of the responses is identical to voltammograms obtained for sodium 

acetate/acetic acid buffers (see figure 4.2). A single, well-defined sigmoidal 

reduction wave with a well-developed limiting current plateau is observed at each 

rotation rate for both propionic and lactic acid. Moreover, it should be noted that 

limiting current densities are essentially identical and depend strongly on the rotation 

rates of the Pt rotating disc electrode. In addition, at all concentrations of weak acids 

used, plots of limiting current versus the square root of the rotation rate are linear 

and pass through the origin. The electrode reaction is therefore fully mass transport 

controlled in the plateau region and it is the transport of the weak acids to the 

electrode surface that determines the current density. 
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Figure 4. 8 Voltammograms recorded at a precleaned Pt rotating disc electrode (area, 0.16 cm^) in 
degassed aqueous solutions containing (a) 2.5 mM propionic acid +10 mM sodium 
propionate + 3% NaCl and (b) 2.5 mM lactic acid + 10 mM sodium lactate + 3 % NaCl. 
Rotation rates shown on the figure. Temperature 298 K. 

4M3 



Ph. D Thesis Chapter Four 

Further data taken from the voltammograms for brines with known weak 

acids concentrations (~ 2.5 mM) are reported in table 4.5. The responses obtained for 

formic acid were similar to those in figure 4.8. 

Acid 

Dissociation 

constants pH E1/2/ mV E3/4 — E1/4/ mV 
10^ Dacid/ s * 

Formic acid L77xlO^ 4.10 -485 55 1.45 

Acetic acid 175x10^ 5 22 -550 41 108 

Propionic acid 1.34 X 10'5 5 29 -558 45 L07 

Lactic acid 138x10^ 4.22 -490 45 128 

Table 4. 5 Data taken from voltammograms recorded at a Pt RDE, rotation rate 900 rpm, for 
deoxygenated aqueous solutions of 3 % sodium chloride + 10 mM sodium salt of weak 
acid +2.5 mM of weak acid. Temperature 298 K. 

It should be noted that the diffusion coefficients for the acids in the brines, 

were calculated from plots of limiting current densities versus the square root of 

rotation rates of the rotating disc electrode. From table 4.5, it is evident that, at fixed 

concentration of weak acids, the half wave potentials show a small shift towards 

more negative potentials, with decreasing value for the dissociation constants of the 

acids. Similar behavior has been reported in the literature for experiments carried out 

on Pt microelectrodes [134]. Further, the pH for each solution is reported in 

table 4.5, and as expected the pH decreases with increasing value for the dissociation 

constants of the acids. 

A flirther set of experiments was carried out with three different weak acids 

at a fixed pH of 4.80. Voltammograms were recorded at the Pt rotating disc electrode 

and the expected well-shaped reduction wave was recorded. Table 4.6 reports the 

half wave potential (E1/2) and the limiting current densities (/lim) for responses at 

400 rpm. 
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Acid 

Dissociation 

constants pH Ei/2 / m V [Acid]/ mM yiim/ mA cm ̂  Acid 

Dissociation 

constants pH Ei/2 / m V [Acid]/ mM 

Expt. Calc. 

Formic acid 1.77 X 10"̂  4 80 -510 0 60 0 26 028 

Acetic acid 1.75 X 10'̂  4 80 -539 5^2 2.23 2 38 

Propionic acid 1.34 X 10'̂  4 80 -550 7.05 2.65 2 87 

Table 4. 6 Data taken from voltammograms recorded at a Pt RDE, rotation rate 400 rpm, for 
aqueous solutions of 3 % sodium chloride + 10 mM sodium salt of weak acid, pH 4.80 (by 
addition of aliquots of 1 Mweak acid). Temperature 298 K. 

According to table 4.6, it can be seen that with increasing the dissociation 

constant of the acid, there is a small shift in the half wave potential towards more 

positive potentials but the limiting current decreases. This observation is consistent 

with work done by Stojek and co-workers [128]. This decrease reflects the lower 

concentration of proton donor with increase in the dissociation constant. In fact, 

during the preparation of the solutions, aliquots of 1 M acid were added to adjust to 

pH 4.80. The calculated concentration of acid from these additions is reported in 

table 4.6. Since the concentrations of the acid in the three solutions are known, it is 

possible to calculate the expected limiting current (using the diffusion coefficients 

from table 4.5). The experimental and the calculated values of the limiting current, 

7iim, are compared in table 4.6 and it can be seen that the agreement is excellent. 

4.4 Voltammetry of acetate solutions saturated with CO2 at Pt RDE 

4.4.1 Voltammetry of acetate solutions saturated with CO2 at 298 K 

Typical steady state voltammograms recorded at 20 mV s'̂  for a solution 

containing 10 mMNaOAc + 3 % NaCl, saturated with carbon dioxide, pH 5.01 (after 

carbon dioxide saturation), but without addition of acetic acid, using a Pt rotating 
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disc electrode over a range of rotation rates are reported in figure 4.9. The 

experiment was carried out at 298 K. 

-600 -400 

E\s. SCE/ mV 

Figure 4. 9 Steady state voltammograms recorded at a Pt RDE (area, 0.16 cm ), for an aqueous 
solution of 10 mM NaOAc + 3 % NaCl, saturated with carbon dioxide. Rotation rates 
shown on the figure. Temperature 298 K. 

The potential was swept from 0.0 mV to - 1000 mV versus SCE. The 

similarity of the voltammograms to those in figure 4.2 is again striking. Single well-

formed reduction waves, close to - 550 mV versus SCE with well-developed 

limiting current plateaux, are again observed. Further, negative to - 600 mV versus 

SCE, the height of the current plateaux increases with the rotation rate of the Pt 

RDE. In addition, plot of jwra versus the square root of the rotation rates according to 

the Levich equation (4-1) was found to be linear and pass through the origin, 

confirming that the reduction current is entirely mass transport controlled as shown 

in figure 4.10. Moreover, the half wave potentials are close to those calculated for 

the reversible reduction of protons at the pH of the solution using the Nernst 
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equation (4-2). It is to be expected that saturation of the brine containing acetate with 

the acid gas, CO2, will lead to the formation of acetic acid (see previous chapter) and 

in view of the similarity between figure 4.9 and figure 4.2, there can be no doubt that 

the observed reduction waves result from the reduction of acetic acid in the solution 

(the limiting currents are again far too large to result from the reduction of free 

proton alone). 

< 1.5 

0 10 20 30 40 50 

Figure 4. 10 Plot o f j i versus at potentials in the plateau regions of the j-E curves in figure 4.9. 
Solution contains 3 % NaCl + 10 mM NaOAc saturated with carbon dioxide. 
Temperature 298 K. 

The same experiments were repeated using 3 % NaCl brines but containing 

1 mM and 100 mM NaOAc. Figure 4.11 shows voltammograms recorded at the Pt 

RDE for aqueous solutions of 1 mM and 100 mM NaOAc + 3 % NaCl, saturated 

with carbon dioxide, pH 4.43 and 5.50 respectively (after carbon dioxide saturation). 
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at 298 K and a rotation rate of 400 rpm. Also, the 10 mM NaOAc data for saturated 

carbon dioxide brine (pH 5.01) has been included for comparison. 

A = ImM NaOAc, pH 4.43 
B = 10 mM NaOAc, pH 5.01 
C = 100 mM NaOAc, pH 5.50 

•1200 -1000 -800 -600 -400 -200 

Eys. SCE/mV 

0 

Figure 4. 11 Voltammograms recorded at a Pt rotating disc electrode (area, 0.16 cm rotation 
rate 400 rpm) in solutions containing 3 % NaCl + NaOAc (concentration shown on the 
figure), saturated with CO^. Temperature 298 K. 

In all cases, the voltammetry has the key features described above. Steep 

reduction waves, and with well-developed limiting current plateaux, are again 

observed for all brines. Further, figure 4.11 again provides compelling evidence that 

with increasing acetate concentration, the concentration of undissociated acetic acid 

increases despite the rise in pH. Overall, it is largely the dissolved carbon dioxide 

that fixes the pH. In the pH range resulting from the carbon dioxide, the 

concentration of acetic acid always seems to be above that of the free proton when 

significant acetate is present. For both solutions, 1 and 100 mM NaOAc, 

voltammograms were recorded over a range of rotation rates. The voltammograms 

obtained show similar characteristics to those obtained for 10 mM NaOAc solution 
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(see figure 4.9), the height of current plateaux increases with the rotation rate of the 

Pt rotating disc electrode. This clearly indicates that the reaction occurring at the Pt 

RDE electrode is mass transport controlled. This observation was confirmed when 

analyzing the variation of the cathodic current density with the square root of the 

rotation rate according to the Levich equation (4-1). Plots of the limiting current 

densities (/Hm) versus the square root of the rotation rate of the rate for both 

solutions, 1 mM and 100 mM NaOAc, were found to be linear and to pass through 

the origin as shown in figure 4.12, confirming a fully mass transport controlled 

reaction. Again, the 10 mM NaOAc data for saturated carbon dioxide brine has been 

included for comparison. 

00 mM NaOAc 

u 

10 mM NaOAc 

1 mM NaOAc 

Figure 4. 12 Plots o f p o t e n t i a l s in the plateau regions of the j-E curves in figure 4.10. 
Solutions contains 3 % NaCl + different concentrations of sodium acetate 
(concentrations are shown on figure), saturated with Pt RDE (area, 0.16 crtf). 
Potential scan rate 20 mVs''. 
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We were interested in examining the quantitative fit of the speciation 

simulation to the observed voltammetry. Theoretical slopes of the Levich plots were 

estimated from equation (4-5) that recognizes that transport of both fi^ee proton and 

undissociated acetic acid can occur in the acetate buffer solutions (in fact, the proton 

transport is only significant for the lowest concentration of sodium acetate): 

lim 
d(o 1/2 

2 /3 (4-5) 

V is the kinematic viscosity of the solution (estimated as 10'*' m^ s"̂ ). The 

concentrations of protons and acetic acid used were those estimated by 

PHREEQC 2.2, (see table 3.6 in Chapter Three page 3-11), and the values used for 

the diffusion coefficient for acetic acid was 1.02 x 10'̂  m^ s"̂  at 298 K. The diffusion 

coefficient of the free proton was taken as 9.3 x 10"̂  m^ s"̂  at 298 K [154]. The 

comparison of the experimental and theoretical values of is shown in 

table 4.7. 

^ 0 ^ a t 2 9 8 K 

NaOAc Caic. Exptl. 

1 0 49 0 61 

10 149 156 

100 5 23 5.11 

Table 4. 7 Comparison of the experimental values for ji/co (units A m'^/(radians s''f') with values 
estimated using equation (4-5) and the concentrations of free protons and dissociated 
acetic acid calculated by PHREEQC 2.2. Solutions contained 3 %NaCl + NaOAc 
(concentration in the table), saturated with CO2. Pt RDE (area, 0.16 cm^). 
Temperature 298 K. 

It can be seen that the trends are reproduced well. Further some data taken from the 

responses in figure 4.11 are also reported in table 4.8. The discrepancy at the lowest 

acetate concentration may arise because we have not taken into account a small 
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contribution from the kinetically controlled reaction of carbon dioxide via carbonic 

acid [109]. 

[NaOAc] pH after CO2 EI/2 E3/4 — EI/4 yiim 

mM saturation mV mV mA cm"̂  

1 443 -490 51 0.44 

10 5^1 -550 50 106 

100 5JW -600 52 3 30 

Table 4. 8 Data taken from voltammograms recorded at a Pt RDE, rotation rate 400 rpm, for 
solutions of 3 % NaCl with various concentrations ofNaOAc. Area ofPtRDE, 0.16cm^. 
Temperature 298 K. 

According to table 4.8, it can be seen that a shift of the half wave potential towards 

more negative values is observed as the concentration of sodium acetate increases. 

Further, the values of the Tomes slope separation [E3/4 - E1/4] are essentially identical 

to those reported in table 4.2. The limiting current densities again reflect the 

concentrations of acetic acid in the solution. 

4.4.2 Voltammetry of acetate solutions saturated with CO2 at 333 K 

The voltammetry was also recorded at 333 K. Figure 4.13 shows sets of 

voltammograms with the Pt RDE for a solution containing 3 % NaCl + 

lOmMNaOAc and saturated with carbon dioxide. The voltammograms have the 

expected features. Well defined reduction waves and with well-developed limiting 

current plateaux are again observed. Once again, the most obvious change in the 

voltammograms with increasing the temperature from 298 K to 333 K is the increase 

in the limiting current densities at all potentials. Moreover, negative to - 600 mV 

versus SCE the limiting currents are also proportional to the square root of the 

rotation rate of the Pt disc. Plots of the limiting current densities versus the square 

root of the rotation rate of the Pt disc electrode was found to be linear and pass 
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through the origin confirming that the electrode reaction is fiilly mass transport 

controlled. 
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Figure 4. 13 Voltammograms recorded at a Pt rotating disc electrode (area, 0.16 cm^), in a solution 
containing 10 mM NaOAc + 3 % NaCl, saturated with CO2- Rotation rates shown on 
figure. Temperature 333 K. 

We were again interested in examining the quantitative fit of the speciation 

simulation to the observed voltammetry. Figure 4.14, shows voltammograms at the 

Pt RDE for three concentrations of sodium acetate (also containing 3 % NaCl) 

saturated with CO2 at 333 K. In all cases, the voltammetry has the same key features 

as described above. Steep reduction waves with a well developed limiting current 

plateaux, are again observed. The limiting currents were plotted versus the square 

root of the rotation rate (Levich plots); good linear plots passing through the origin 

were obtained and the slopes are reported in table 4.9. Once again, figure 4.14 

provides compelling evidence that with increasing acetate concentration, the 

concentration of acetic acid increases although the pH rise is observed. 
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Figure 4. 14 Voltammograms recorded at a Pt rotating disc electrode (area, 0.16 cnf, rotation rate 
400 rpm) in a solution containing 3 % NaCl + NaOAc (concentration shown on 
figure), saturated with CO2. Temperature 333 K. 

The concentration of protons and acetic acid were those estimated by the 

computer program PHREEQC 2.2 (see table 3.6 in Chapter Three page 3-11) and the 

value for the diffusion coefficient for acetic acid was 2.24 x 10'® s'\ The 

diffusion coefficient for the free proton was taken as 9.3 xlO'̂  m^ s"' [154] and it was 

assumed that the energies of activation for proton and acetic acid diffusion were the 

same. The comparison of the experimental and theoretical values of the Levich plots 

is shown in table 4.9. 

According to table 4.9, it can be seen that the trends are reproduced well 

although the agreement is not perfect. There are systematic differences at all acetate 

concentrations. Again the calculation does not take into account a contribution from 

the kinetically controlled reduction of carbonic acid and this will become more 

significant with increasing temperature. In addition, it may be that incorrect values 
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for thermodynamic constants are being used at this temperature; this is not 

surprising, since input data taken from several sources and some assumptions are 

being made in extending the calculations from 298 K to 333 K. 

NaOAc 

at 333 K 

NaOAc Calc. Exptl. 

1 0 62 0 97 

10 191 267 

100 6 49 8 17 

Table 4. 9 Comparison of the experimental values for j\\n/o) ̂  (units A m'^/(radians s'') '''') with values 
estimated using equation (4-5) and the concentrations of free protons and dissociated 
acetic acid calculated by PHREEQC 2.2. Solutions contained 3% NaCl + NaOAc 
(concentration shown in table), saturated with CO2. Pt RDE (area, 0.16 cm^). 
Temperature 333 K. 

4.5 Voltammetry of other carboxylate solutions saturated with CO2 at 
PtRDEat298K 

In another set of experiments, 10 mM solutions of the sodium salts of other 

weak acids (formic acid, propionic acid and lactic acid) in 3 % NaCl brine were 

saturated with carbon dioxide and voltammograms were recorded. 

Figure 4.14 shows typical voltammograms recorded at a Pt rotating disc 

electrode for (a) 10 mM sodium formate and (b) 10 mM sodium lactate in 3 % NaCl, 

saturated with carbon dioxide over a range of rotation rates. The same experiment 

with sodium propionate gave curves identical to those for sodium acetate. A potential 

scan rate of 20 mV s"̂  was used for these experiments. All voltammograms were 

recorded at 298 K. 
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Figure 4. 15 Voltammograms recorded at a precleanedPt rotating disc electrode (area, 0.16 cm^) in 
aqueous solutions containing (a) 10 mM sodium formate and (b) 10 mM sodium lactate 
+ 3 % NaCl, saturated with CO;. Rotation rates shown on figure. Temperature 298 K. 
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Again very high quality waves are obtained. Steep reduction waves with 

well-developed limiting current plateaux are observed. Furthermore, negative to 

- 700 mV versus SCE, the limiting currents can be seen to be dependent on the 

rotation rate of the disc electrode. In addition, plots of the limiting current versus the 

square root of the rotation rate of the disc electrode are linear and pass through the 

origin; the electrode reactions are therefore fully mass transport controlled in the 

plateau region. The voltammetry is entirely consistent with the addition of CO2 

leading to the formation of carboxylic acids that reduce by the same mechanism as 

acetic acid. Further data taken from these experiments are summarized in table 4.10. 

The responses for sodium propionate were similar. 

Acid 

Dissociation 

constant pH Ei/2 / mV E3/4 - Ei/4 / m V j W mA cm ^ 

Formic acid 1.77 X 10-4 4 51 -500 52 0 63 

Acetic acid 175x10^ 5 00 -537 50 117 

Propionic acid 1.34 X lO'S 4 94 -536 45 133 

Lactic acid 138x10^ 4 59 -490 48 0 54 

Table 4. 10 Data from voltammograms recorded at a Pt rotating disc electrode (area, 0.16 cm ), 
rotation rate 400 rpm, for solutions containing 3 % NaCl + 10 mM sodium salt of weak 
acid, saturated with CO2 at 298 K. 

According to table 4.10, it can be seen that the half wave potential, E1/2, 

shows a small shift towards a more positive value with decreasing pKa- Further after 

saturating the solutions with carbon dioxide, with the stronger acids, the pH is lower 

but the fraction of anion converted to weak acid is decreased leading to lower 

limiting current densities. 

Since it has been widely proposed [109] that the reduction of carbonic acid 

could have an important role in determining the corrosion rate in the oilfield 

pipelines, some experiments have been carried out on solutions containing 3 % NaCl 

containing bicarbonate and saturated with CO2 (but without acetate). Figure 4.15 
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reports a voltammogram for a precleaned Pt rotating disc electrode in a solution 

containing 2.9 mM bicarbonate + 3 % NaCl and having a pH of 5.01 after CO2 

saturation. The voltammogram shows two major reduction waves at E1/2 = - 830 mV 

and - 1230 mV versus SCE and neither of these waves are observed in the absence 

of bicarbonate [155]. In addition, there is a reduction wave at E1/2 = -530 mV versus 

SCE but it is only just discernable with the current scale shown. 

E vs. SCE/ mV 

7/ mA cm 

-2.5 

-7.5 

-10 

Figure 4.16 Voltammogram recorded at a precleaned Pt rotating disc electrode (area, 0.16 cm^) in a 
solution containing 3 %NaCl + 2.9 mM Bicarbonate (no acetate present) saturated with 
CO2 (pH 5.01). Rotation rate 900 rpm. Temperature 298 K. 
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This small wave results from the reduction of free proton with a minor contribution 

from the mechanism; 

(:()2 K ]32() (5) 

H 2 C O 3 • H C O 3 " + H T ( 6 ) 

11+ t %:H2 (7) 

In fact the rate of hydrogen evolution by this mechanism is very low [97] 

because of the low equilibrium concentration of carbonic acid and the slow rate of 

reaction (5) (rate constant 3.75 x 10"̂  s'̂ ). In contrast, the dissociation of acetic acid 

is a rapid reaction (rate constant 10̂  s"̂  [124]); likewise, reaction (4) and most 

protonation and deprotonation reactions in water are also rapid. Hence, the 

mechanism involving reaction (3) and (4) is the major contributor in acetate buffers. 

It also follows that the reduction of carbonic acid is likely to play a very minor role 

in the corrosion of carbon steel in brines containing acetic acid. 

The reduction of free proton and the slow reduction of carbonic acid may 

well lead to an enhancement in the corrosion current density for steel [109] in the 

absence of acetic acid but to a minor extent compared with the effect of acetic acid in 

acetate containing brines. The limiting current for the major reduction waves on the 

voltammogram of figure 4.16 at E1/2 = - 830 mV and - 1230 mV versus SCE are 

independent of the rotation rate of the Pt rotating disc electrode so these reactions are 

fully kinetically controlled. 

The nature of the cathode reaction leading to these waves is not immediately 

clear but they are likely to be associated with the reduction of carbon dioxide [144] 

rather than hydrogen evolution. More importantly to the discussion of corrosion, it 

should be noted that at steel, a much less catalytic surface than Pt, these reactions are 

unlikely to occur at a significant rate at potentials close to the corrosion potential. 
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Hence, not unexpectedly, voltammograms recorded at a X65 carbon steel rotating 

disc electrode in solutions containing 3 % NaCl brine containing various 

concentration of bicarbonate and carbon dioxide as well as temperatures of 298 K 

and 333 K, never showed these reduction waves. Indeed, there was never a 

significant cathodic current positive of - 850 mV versus SCE. Overall, we conclude 

that the reduction of carbon dioxide and bicarbonate plays no role in the corrosion of 

steel in solutions containing acetate and acetic acid. 

A further set of experiments was carried out on solutions containing 

3 % NaCl but also containing 29 mM and 290 mM sodium bicarbonate respectively. 

Figure 4.17 reports voltammograms recorded at the precleaned Pt rotating disc 

electrode for aqueous solutions of 29 mM and 290 mM bicarbonate saturated with 

CO2, pH 5.90 and 6.92 (after CO2 saturation) at 298 K and rotation rates of 100 rpm 

and 900 rpm respectively (it can be seen that the current density scale is different for 

each voltammogram). It should immediately be noted that with increasing the initial 

sodium bicarbonate concentration, the pH of the solution of interest increases after 

carbon dioxide saturation. According to figure 4.17, for the 29 mM sodium 

bicarbonate solution the voltammogram shows again two major reduction waves at 

Ei/2 = - 850 mV and - 1250 mV versus SCE. However, the response obtained is a 

little more drawn out (compared to figure 4.16) and the limiting current plateau for 

the second reduction wave is less discernable. The experiment was repeated over a 

range of rotation rate, and the limiting currents for the two major reduction waves 

were found to be independent of the rotation rate of the Pt rotating disc electrode, so 

these electrode reactions are ftilly kinetically controlled. However, the response 

obtained for the 290 mM sodium bicarbonate solution is slightly different. The 

voltammogram appears to show only one major reduction wave, E1/2 = - 1000 mV 

versus SCE, with a well developed limiting current plateau, but it is very drawn out 

and maybe the result of overlapping waves. Once again, the limiting current was 

found to be independent of the rotation rate of the Pt rotating disc electrode. The 

electrode reaction is again kinetically controlled. 
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Figure 4. 17 Voltammograms recorded at a precleaned Pt rotating disc electrode (area, 0.16 cm^) in 
3 % NaCl solution containing (a) 29 mM sodium bicarbonate and (b) 290 mM sodium 
bicarbonate, saturated with CO2, pH 5.90 and 6.92 respectively (after CO2 saturation). 
Rotation rates (a) 100 rpm and (b) (900 rpm). Temperature 298 K. 
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4.6 Conclusion 

In this chapter, an experimental investigation concerning the reduction of weak 

carboxylic acids on a Pt rotating disc electrode has been described. It has been shown 

that the electrochemistry of the weak acid solutions at Pt reflects the total 

concentration of the proton donor in the solution because the dissociation of the 

carboxylic acids is a rapid reaction. The current potential curves are essentially 

identical to voltammograms recorded at Pt microelectrodes [128-134], Hence, the 

cathodic current equivalent to the mass transport controlled reduction reaction of the 

carboxylic acid in the medium can be observed, Futher, the reduction of the 

carboxylic acid to hydrogen is a simple and rapid reaction occurring close to the 

equlibrium potential, while the Tomes separations are very similar to those reported 

at Pt microelectrodes [125,130], Our results confirm that the electrochemistry of 

acetate buffers on Pt is occurring by a preceding chemical reaction (CE), a sequence: 

solution 
BKWk ^ I f + OAc" (3) 

electrode 
H" + e 4 _ • (4) 

It has been demonstrated conclusively that it makes no difference whether the 

organic carboxylic acids present in solution result from the addition of an aliquot of 

1 M of the acid or from the carbon dioxide saturation of the solution containing 

acetate. The electrochemistry of these solutions saturated with carbon dioxide can be 

understood in a semi-quantitative way in terms of the equilibrium concentration of 

the carboxylic acid in solution and not the concentration of free protons. At sufficient 

negative potential, all the acetic acid is reduced via the mechanism, reaction (3) 

followed by reaction (4), In the brine saturated with carbon dioxide, the weak acid 

concentration depends on the pH of the solution and the sodium acetate 

concentration. Indeed, with increasing the acetate concentration, the pH increases but 

this is tied with an increase in undissociated acetic acid concentration. Temperature 

influences the response obtained, increasing the temperature displaces the cathodic 
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current towards more positive potential values. Further, the limiting current density 

and the diflfusion coefficient of acetic acid increase with increasing the temperature. 

A similar role for carbonic acid in brines without carboxylates has been proposed 

[109]. The effect is however, much smaller and in the presence of carboxylate, the 

influence of carboxylic acid will dominate. The reasons are (i) although carbonic 

acid is a stronger acid (see table 3.7, page 3-16) it is only present at very low 

concentration, (ii) the conversion of carbon dioxide to carbonic acid is slow, (iii) in 

the systems under study, the acetic acid concentration is significant and the 

dissociation is rapid. Indeed, when both acetic acid and carbonic acid are both 

present, the reduction of the latter will not influence the corrosion rate significantly. 

Hydrogen evolution from bicarbonate is never significant because bicarbonate is a 

very weak acid, pKa = 10.32. 
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Chapter Five 

5 Electrochemical Studies of the Corrosion ofX65 carbon 
Steel in 3 % NaCl Brine Containing Acetate 

5.1 Introduction 

In this chapter, the influence of acetate ion on the corrosion rate of carbon steel 

(X65) in 3 % NaCl brine containing (a) sodium acetate (KaOAc) + acetic acid 

(HOAc) and (b) sodium acetate (NaOAc) + carbon dioxide (CO2) has been 

investigated using voltammetry at a rotating disc electrode. It is shown that the rate 

of corrosion can only be understood if it is recognized that the cathodic process in 

steel does not distinguish between the reduction of free protons and the reduction of 

undissociated proton donor, acetic acid. Hence, for any brine composition it is 

important to consider the concentration of acetic acid as well as the pH of the brine 

in explaining the rates of corrosion of the carbon steel. This requires the ability to 

predict the speciation of these complex solutions (see Chapter Three). 

5.2 Preliminary Studies 

5.2.1 Neutral solutions 

It should be emphasized that unless otherwise stated all voltammograms at 

the carbon steel rotating disc electrode, used discs polished immediately before each 

experiment. Also the potential was scanned (usually 5 mV s'̂ ) in a positive direction 

from the negative limit. These steps were taken in order to minimize the influence of 

corrosion films on the voltammetric response and to ensure reproducibility. 

Figure 5.1 shows voltammograms recorded at a rotating X65 carbon steel electrode 
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(area, 0.17 cm ,̂ rotation rate 400 rpm) in a deoxygenated (using Nz) solution 

containing 3 % NaCl + 100 mM NaOAc, pH 7.6, at two temperatures, 298 K and 

333 IL 
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-
^ 9 8 K 
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Figure 5. 1 Voltammograms recorded at a X65 carbon steel rotating disc electrode (area, 0.17 cm^, 
rotation rate 400 rpm) in a deoxygenated aqueous solution containing 3 % NaCl + 
100 mMNaOAc, pH 7.6. Temperature 298 K and 333 K. 

The potential was swept from - 1300 mV to - 500 mV versus SCE. The 

corrosion potential, Ecorr, at both temperatures is close to - 860 mV versus SCE. No 

reduction waves are observed on the voltammograms. Rather, the cathodic currents 

increase smoothly at potentials away from the corrosion potential (as E - Ecorr 

becomes more negative). In contrast, the anodic currents at potentials positive to the 

corrosion potential do have a tendency to reach a limiting value, especially at 298 K. 

As expected both the anodic and cathodic currents increase much more markedly 

with (E - Ecorr) at the higher temperature. In these oxygen free solutions, the 

corrosion potential occurs where the rate of dissolution of iron: 
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]Fe - 2e- Fe (11) (1) 

and the rate of hydrogen evolution by the reactions 

2H^ + 2e • H2 (2) 

2H2O + 2e: »H2 + 20ir (3) 

are equal. A 3 % sodium chloride solution, without the sodium acetate gave 

essentially identical responses to those of figure 5.1 at both 298 K and 333 K. Hence, 

in neutral solutions, acetate has no significant influence on the rate of corrosion of 

steel in brine. 

5.2.2 Acetate Buffers 

In order to understand the role of acetic acid in the corrosion of steel in these 

acetate media, the voltammetry was investigated over a wide potential range. Figure 

5.2 reports voltammograms recorded at 298 K for a carbon steel disc in a degassed 

aqueous solution containing 3 % NaCl +100 mM NaOAc + 24.4 mM HO Ac. The 

pH of the solution was 5.15. 

The responses obtained are now quite different compared to figure 5.1. 

Firstly, the corrosion potential has shifted to a significantly more positive value, 

- 672 mV versus SCE. Secondly, positive to the corrosion potential, the anodic 

current density rises much more steeply than in the neutral solution. Thirdly and 

most importantly to the present study, negative to the corrosion potential, a reduction 

wave is observed with E1/2« -1050 mV versus SCE. Moreover, the plateaux currents 

are reasonably defined and appear to be proportional to the square root of the 

rotation rate of the disc electrode as expected for a mass transfer controlled 

reduction. 
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Figure 5. 2 Voltammograms recorded at 298 K for aX65 carbon steel electrode (area, 0.17 cm^) in a 
deoxygenated aqueous solution containing 3 % NaCl + 100 mM NaOAc + 
24.4 mM HOA c, pH 5.15 as a function of rotation rates. 

Figure 5.3 compares the responses obtained at Pt and X65 carbon steel 

rotating disc electrodes for a deoxygenated solution containing 3 % NaCl + 100 mM 

NaOAc + 24.4 mM HOAc at 298 K. Both voltammograms were recorded at a 

rotation rate of 900 rpm. Platinum is, of course, stable to corrosion and an excellent 

catalyst for hydrogen evolution. As a result, no anodic current is seen in the potential 

range studied and a steep reduction wave is observed at E %= -535 mV versus SCE, a 

value close to the equilibrium potential for the H /̂H2 couple at the solution pH. The 

reduction wave has also a well-developed limiting current plateau and the current in 

this region is proportional both to the square root of the rotation rate of the Pt disc 

electrode and the acetic acid concentration. There is no doubt that the limiting 

current density is determined by the mass transport of both proton and undissociated 

acetic acid to the electrode surface and that the transport of the acetic acid is the 

dominant process in the pH range considered (see Chapter Four). In comparison, the 
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voltammogram at the X65 carbon steel shows anodic current for iron dissolution 

(reaction 5-1), and the reduction wave for hydrogen evolution is both drawn out and 

shifted to a much more negative potential. On the other hand, the limiting current 

density at steel is very similar to that at Pt and it shows the same dependence on 

rotation rate (see figure 5.2) and acetic acid concentration. Hence it must be 

concluded that at a potential o f - 1150 mV versus SCE, the reduction of acetic acid 

is occurring at a mass transfer controlled rate. 

-1400-1200-1000 -800 -600 -400 -200 0 

^vs. SCE/mV 

Figure 5. 3 Voltammogmms recorded at Pt and X65 carbon steel rotating disc electrode in a 
deoxygenated aqueous solution containing 3 % NaCl + 100 niM NaOAc + 
24.4 mMHOAc. Temperature 298 K. Rotation rate 900 rpm. 

It should be immediately noted that the corrosion potentials for the steel in 

these acetate/acetic acid + sodium chloride brines are in the range of - 650 mV to 

- 850 mV versus SCE. At such potentials the reduction of acetic acid is 

thermodynamically favorable (as shown by the voltammetry at Pt) and, indeed, on a 
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good catalytic surface such as Pt, the reductions of both acetic acid and protons are 

mass transfer controlled. 

The Levich equation, together with the diffusion coefficients for acetic acid 

found from the experiments with the Pt RDE (1.02 x 10'̂  cm^ s"̂ ) were used to 

estimate the mass transport controlled current density for the reduction of acetic acid 

at the X65 carbon steel disc electrode. The calculated and experimental current 

densities agree satisfactorily. For example, at a rotation rate of 900 rpm in the 

experiments reported in figure 5.3, the value is 15 mA cm"̂  for the steel electrode, 

15 mA cm"̂  for the Pt electrode compared to a value of 14 mA cm'̂  from the Levich 

equation. This is further confirmation that the cathode reaction at carbon steel is 

acetic acid reduction and that this reaction becomes mass transport controlled at 

sufficiently negative potentials. As at the Pt RDE, the reaction: 

+ e" 1» + ()Ac' (4) 

is predominant in determining the voltammetry negative to the corrosion potential of 

the X65 carbon steel surface. 

The question to be resolved is then the extent to which a reduction process 

with Ei/2 = - 1050 mV vs. SCE can influence the corrosion process occurring at 

significantly more positive potential, - 670 mV vs. SCE. We believe that this cathode 

reaction does, indeed, have a role and we would offer two key pieces of evidence. 

Firstly, by comparing figures 5.1 and 5.2, it can be seen that at - 860 mV versus 

SCE, the corrosion potential in the neutral solution, there is a very significant 

cathodic current density resulting from the reduction of acetic acid when it is also 

present in the solution. Secondly, in the medium containing acetic acid, some slow 

reduction of the proton donor is probably occurring even at the corrosion potential, 

- 670 mV versus SCE; it must be stressed that the experimental current/potential 

curve is the net response from the summation of the anodic and cathodic 

components. Close to the corrosion potential, the actual contributions from the 
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reduction of acetic acid could both be substantial so the current for the reduction of 

acetic acid close to this potential may be larger than it appears. Certainly, it appears 

that the positive shift in the corrosion potential arises because the main cathodic 

reaction in the corrosion of steel in the medium containing acetic acid has become 

reaction (4) rather than reaction (2) and (3). 

5.3 More detailed studies 

5.3.1 Influence of Temperature 

The voltammetry was also recorded at several temperatures over the range 

298 - 333 K. Figure 5.4 compares the voltammograms for the X65 carbon steel 

electrode in 3 % NaCl + 100 mM NaOAc + 24.4 mM HO Ac at temperatures 298 K 

and 333 K. 

When the temperature is increased to 333 K, the response at the steel 

electrode becomes more complex as can be seen in figure 5.4. The voltammogram 

obtained at 333 K clearly shows two reduction processes labeled wave 1 and wave 2 

on the figure. Further, at the higher temperature, the current densities are higher at all 

potentials and the reduction wave at E1/2 « - 1050 mV (Wave 2) remains well 

defined. There is, however clearly a prewave (Wave 1) at approximately - 700 mV 

versus SCE. At 298 K, this first reduction wave/prewave may still be present but it is 

relatively small compared to the reduction step, Wave 2. The magnitude of the 

prewave will clearly have the major influence on the corrosion behaviour at the 

corrosion potential in the oilfield environment. 
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Figure 5. 4 Voltammograms recorded at a X65 carbon steel rotating disc electrode (area, 0.17 cm^J 
in a deoxygenated aqueous solution containing 3 % NaCl + 100 mM NaOAc + 
24.4 mM HOAc, pH 5.15. Rotation rate 900 rpm. Temperatures shown on figure. 
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Tables 5.1 summarises the influence of temperature and the rotation rate of the X65 

carbon steel disc on the corrosion potential and the limiting current for the reduction 

of acetic acid (measured at - 1000 mV vs. SCE as sum of Wave 1 + Wave 2) for a 

solution containing 3 % NaCl + 100 mM NaOAc + 24.4 mM HO Ac, pH 5.15. 

Temperature/ K Rotation rate/ rpm Ecorr! m V v s . S C E Tum/ mA cm ^ 

298 900 -672 14 

303 900 -664 15 

323 900 -660 22 

333 400 -672 19 

333 900 -696 28 

333 1600 -706 37 

333 2500 -714 48 

Table 5. 1 The influence of temperature and rotation rate on the corrosion potential and the limiting 
currg/zfybr redwc/zoM q/"ocg/zc oczVZ j % #aC/ +700 /zzM TVaO/lc + 
24.4 mM HOA c, pH 5.15. X65 carbon steel RDE (area, 0.17 cm^). 

It can be seen that the corrosion potential shows a small but complex shift 

with temperature but this is not surprising in view of the change in voltammetry with 

temperature. With increasing rotation rate at 333 K, the shift is towards more 

negative potentials. The limiting current density is again confirmed as proportional 

to the square root of the rotation rate and the slope of this plot leads to a value for the 

diffusion coefficient for acetic acid of ~ 2.7 x 10"̂  m^ s'\ comparable to that found 

from the data at Pt and 333 K. The limiting current almost doubles with the 35 K rise 

in temperature. This corresponds to an energy of activation of 25 kJ mol"̂  for the 

diffusion of acetic acid. This value of the energy of activation is essentially identical 

to the values extracted from the data at Pt. We believe that the overall level to which 

the data for the two metals fits, is conclusive proof that the same cathode reaction 

predominates. 
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Figure 5.5 illustrates typical voltammograms recorded at Pt and X65 carbon 

steel rotating disc electrode for a degassed (using Nz) aqueous solution containing 

both acetate ion and acetic acid at a temperature of 333 K; in fact this voltammogram 

is for a solution containing 3 % NaCl + 100 mM NaOAc + 24.4 mM HO Ac. It can 

be seen that the total limiting current for the two reduction processes (Wave 1 + 

Wave 2) remains similar to the limiting current density at Pt. Hence, at rather 

negative potentials, all the acetic acid is reduced at a mass transport controlled rate. 

Wave 1 

Wave 2 

-1400 -1200 -1000 -800 -600 -400 200 0 

Evs. SCE/ mV 

-50 

Figure 5. 5 Voltammograms recorded at a Pt and a X65 carbon steel rotating disc electrode in a 
deoxygenated aqueous solution containing 3 % NaCl + 100 mM NaOAc + 
24.4 mMHOAc. Temperature 333 K. Rotation rate 900 rpm. 
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5.3.2 Influence of the rotation rates 

The origin of the two reduction processes on the steel was therefore 

examined further. In a large number of preliminary experiments, it was demonstrated 

that Wave 1 was clearly observed at low rotation rates and at low acetic acid 

concentrations and at the higher temperature. 

Figure 5.6 illustrates the effect of rotation rate for a X65 carbon steel rotating 

disc electrode in a deoxygenated aqueous solution containing 3 % NaCl + 

10 mMNaOAc + 5 mM HO Ac, pH 4.80, at 298 K. It can be seen that at the low 

rotation rate (100 rpm), only Wave 1 is observed just negative to the corrosion 

potential, but with the higher rotation rate (900 rpm), Wave 2 certainly appears to be 

the dominant feature. This should not be interpreted as suggesting that the process 

leading to Wave 1 does not occur at the higher rotation rates. Rather, the 

observations imply that under these conditions the rate of the reduction process 

leading to Wave 1 reaches a limiting value that is small compared to that of Wave 2 

and therefore less evident on the voltammogram at high rotation rate. 

Further with the solution containing 3 % NaCl + 100 mM NaOAc + 

24.4 mM HO Ac (for the steel electrode), it was found that the current at - 870 mV 

versus SCE was insensitive to the rotation rate of the disc electrode but the limiting 

current at - 1150 mV versus SCE is proportional to the square root of the rotation 

rate of the disc, hence. Wave 1 is most evident at low rotation rates. 
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Figure 5. 6 Voltammograms recorded at a X65 carbon steel rotating disc electrode in a deoxygenated 
solution containing 3 % NaCl + 10 mM NaOAc + 5 mM HOAc, pH 4.80. 
Temperature 298 K. Rotation rates shown on figure. 
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Therefore the influence of the rotation rate of the X65 carbon steel rotating 

disc electrode at - 860 mV versus SCE on the current density for a solution 

containing a low acetic acid concentration was investigated, in fact containing 

3 % NaCl + 1 mM NaOAc + 0.65 mM HOAc, pH 4.80. The experiment was carried 

out at 298 K. The result obtained is reported in figure 5.7. The inset shows the plot of 

the limiting current densities as function of the square root of the rotation of the disc 

electrode. Clearly, the reduction of acetic acid is partially mass transport controlled. 

It should be stressed that for this condition, essentially only the reduction process 

positive to - 860 mV versus SCE is seen (Wave 1). 

1 ' 1 ' 1 ' 1 r-
-0.40 

-0.45 

-0.50 

g -0.55 

G -0.60 

-0.65 I-

-0.70 

0.75 

400 rpm 

900 rpm 

20 40 
/rpmF 

1600 rnm 

2500 r mm 

com 

J i 1 L . 

- 1 0 0 10 20 30 40 50 60 

Time/ s 

70 

-0.40 

-0.45 

-0.50 

-0.55 

-0.60 

-0.65 

-0.70 

-0.75 

Figure 5. 7 Variation in the current density at - 860 mV with the rotation rate of the steel disc 
electrode for a deoxygenated aqueous solution containing 3 % NaCl + 1 mM NaOAc + 
0.65 mM HOAc, pH 4.80. Temperature 298 K. Rotation rates shown on the figure. The 
inset shows the plot of the limiting current density as a function of the square root of the 
rotation rate of the disc electrode. 
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Then, the influence of the rotation rate of the X65 carbon steel rotating disc 

electrode on the current density for a deoxygenated solution containing 3 % NaCl + 

10 mM NaOAc + 5 mM HO Ac, pH 4.80, at 298 K was also investigated. It should be 

noted that this solution has the same pH as the 1 mM sodium acetate, however the 

concentration of acetic acid is approximately 8 times higher. The limiting current 

densities measured at -850 mV and - 1150 mV versus SCE were plotted versus the 

square root of the rotation rate of the disc electrode. At - 1150 mV versus SCE, a 

good linear plot passing through the origin was obtained as shown in figure 5.8. The 

electrode reaction is therefore fully mass transfer controlled at this potential. 

However, at - 850 mV versus SCE, the current density was found to increase only 

slightly with the rotation rate of the disc electrode as shown in figure 5.8. 

0 

1150 mV 

-850 mV 

10 20 30 40 

Figure 5. 8 Variation of the limiting current density at - 1000 inVvs SCE at a X65 carbon steel disc 
(area, 0.17 cm'^) in 3 % NaCl + 10 mMNaOAc + 5 mMHOAc with the square root of 
the rotation rate of the disc. Temperature 298 K. 
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The current-potential curve obtained for the brine containing 3 % NaCl + 

100 mMNaOAc + 24.4 mM HO Ac, pH 5.15, at 333 K was examined further. The 

variation of the limiting current densities at - 850 mV versus SCE (in the plateau for 

Wave 1), and - 1150 mV versus SCE (in the plateau for Wave 2) as a function of the 

rotation rate of the disc electrode was investigated. The results obtained are reported 

in figure 5.9. 
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Figure 5. 9 Variation of the limiting current density at - 850 mV and - 1150 mVvs SCE at a X65 
carbon steel disc (area, 0.17 cm^) in 3 % NaCl + 10 mMNaOAc + 24.4 mMHOAc with 
the square root of the rotation rate of the disc. Temperature 333 K. 
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5.3.3 Influence of Acetic acid concentration 

Figure 5.10 reports the variation of the Hmiting current densities at - 850 mV 

and - 1250 mV versus SCE as a function of acetic concentration (rotation rate, 

400 rpm) at 333 K. 
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Figure 5. 10 Variation of the limiting current density at - 850 mV and - 1150 mV versus SCE at a 
X65 carbon steel disc (area, 0.17 cm^) in 3 % NaCl + 10 mMNaOAc with 
concentrations of acetic acid (rotation rate, 400 rpm). Temperature 333 K. 

According to figure 5.10, it can be seen that at - 1150 mV versus SCE, the limiting 

current densities increase linearly as acetic acid is added to the solution (as expected 

for a mass transport controlled reaction). However, at - 850 mV versus SCE, the 

current quickly reaches a limiting value. 
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Figure 5.11 shows two voltammograms to illustrate the effect of acetic acid 

concentration, in fact for the X65 carbon steel in two acetate buffers with the same 

pH, pH 4.80, where acetic acid was added to different concentration of sodium 

acetate, 1 and 10 mM respectively to get the desired pH (the 1 mM sodium acetate 

solution will, of course, contain a much lower acetic acid concentration). 

0.5 

E vs. SCE/ mV 

-0.5 

- 1 . 0 

j / mA cm - 2 

E\s. SCE/ mV 

-4 

j/ mA cm 

Figure 5. 11 Voltammograms recorded at a X65 carbon steel rotating disc electrode in two acetate 
buffers with the same pH, 4.80, (a) 1 mM NaOAc and (b) 10 mM NaOAc. 
Temperature 298 K. Rotation rate 900 rpm. 

It should be immediately noted that these curves are recorded on different 

current density scales. With the low acetic concentration (voltammogram (a)), 

essentially only the first reduction process (Wave 1) is observed and it is seen 

immediately negative to the corrosion potential. With the solution with the higher 

concentration of acetic acid (voltammogram b), cathodic current is still observed 

immediately negative to the corrosion potential, but the second reduction process 

(Wave 2) at E1/2 % - 1050 mV versus SCE becomes relatively more important and 
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certainly appears to be the dominant feature. This is not to suggest that the currents 

positive to - 850 mV versus SCE are diminished but they become a smaller fraction 

of the limiting current density at - 1150 mV versus SCE. It can also be seen that the 

limiting current densities vary by almost a factor of ten as expected for these two 

solutions. 

5.3.4 Voltammetry of X65 carbon steel RDE in other carboxylic acid 
solutions 

The voltammetry of other weak organic acids (formic acid and 

propionic acid) at a X65 carbon steel rotating disc electrode in 3 % NaCl brines was 

investigated at 298 K. Experiments were carried out on solutions with known ratios 

of anion/acid. 

Figure 5.12 shows typical voltammograms recorded at a X65 carbon steel 

rotating disc electrode in Na saturated solutions containing (a) 24.4 mM propionic 

acid + 1 0 mM sodium propionate + 3 % NaCl and (b) 24.4 mM formic acid + 

10 mM sodium formate + 3 % NaCl at 900 rpm. A potential scan rate of 5 mV s"' 

was used for these experiments. All voltammograms were recorded at 298 K. 

The form of the responses is identical to voltommograms obtained for sodium 

acetate/acetic acid buffers (see figure 5.2). The corrosion potential has shifted to 

significantly more positive values (compare to solutions were no acid is added), -

666 mV versus SCE and - 657 mV versus SCE for propionic and formic acids 

respectively. It is also evident that the voltammograms have the same general 

features as described for solutions with acetic acid. Positive to the corrosion 

potential, an oxidation is clearly visible due to the anodic dissolution of steel as 

expressed in reaction (1). Further, there is a cathodic current at all potential negative 

to the corrosion potential. A reduction wave is observed with E1/2 980 mV versus 

SCE for propionic acid and - 1000 mV versus SCE for formic acid. 
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Figure 5. 12 Voltammogmms recorded at aX65 carbon steel rotating disc electrode (area, 0.17 cm ^ 
m coMfm/z/Mg (1:̂  ocfW +700 
sodium propionate + 3 % NaCl and (b) 24.4 mM formic acid +100 mM sodium formate 
+ 3 % NaCl. Rotation rate 900 rpm. Temperature 298 K. 
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Moreover the plateaux current are reasonably defined. In addition, this reduction 

wave increases in importance as the rotation rate of the X65 carbon steel electrode is 

increased, and in the plateau region negative to - 1100 mV versus SCE, the limiting 

current density is proportional to the square root of the rotation rate of the disc 

electrode as shown in figure 5.13. 
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Figure 5.13 Plots o f j i versus at potentials in the plateau region of the j-E curves in figure 5.12. 
Solutions contains 3 % NaCl and (a) 10 mM sodium propionate + 24.4 mM propionic 
acid and (b) 10 mM sodium formate + 24.4 mM formic acid. X65 carbon steel RDE 
(area, 0.17 cm^). Temperature 298 K. 

The electrode reactions are therefore mass transport controlled in the plateau regions 

and it is the transport of the weak organic acids at the electrode surface that 

determines the current density. 
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Further data taken from the voltammograms shown in figure 5.12 are reported in 

table 5.2. Also, the data obtained for a deoxygenated solution containing 3 % NaCl + 

10 mM NaOAc + 24.4 mM acetic acid has been included for comparison. 

Acid 

Dissociation 

constants [Acid]/ mM pH Ecorr! m V 10' DAcid/m's"' 

Formic acid 1.77 X 10"* 24 4 3 04 -657 142 

Acetic acid L75xlO^ 244 4 19 -624 1.10 

Propionic acid L34xlO^ 244 4 14 -666 104 

Table 5. 2 Data taken from voltammograms recorded at a X6S carbon steel RDE, rotation rate 
900 rpm, for solutions containing 3 % sodium chloride + 10 mM sodium salt of weak 
acid + 24.4 mM of weak acid. Temperature 298 K. 

It should be noted that the diffusion coefficient for the acids in the brines, were 

calculated from the slopes of plots of the limiting current densities versus the square 

root of the rotation rates of the disc electrode (see figure 4.13). From table 4.5, it is 

evident that at fixed concentration of weak acids, the pH decreases with increasing 

value for the dissociation constant of the acids. Further, the values of the diffusion 

coefficient for the different acids remain very similar to those calculated at the 

PtRDE (see table 4.5). The value in the formate medium is high because of a 

contribution to the limiting current of the diffusion of free protons. 

5.3.5 Conclusion to studies with acetate/acetic buffers 

It has been shown that the electrochemistry of weak acids solutions at the 

X65 carbon steel, as well as Pt, reflect the total concentration of proton donor (acetic 

acid) in the solution because the dissociation of carboxylic acid is a rapid reaction. 

Hence, a cathodic current equivalent to the mass transport controlled reduction of the 

carboxylic acid in the medium can be observed. However, the reduction of acetic 

acid at steel is more complex than at Pt, and it only occurs with a significant 

overpotential. Even so, the reduction of acetic acid to hydrogen is a significant 
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significant reaction at the corrosion potential. As well as having slower kinetics, the 

reaction occurs by two mechanisms leading to two distinct waves. 

Wave 1 clearly has the stronger influence on the cathodic current density at 

the corrosion potential. With a low acetic acid concentration wave 1 is at least 

partially mass transport controlled and then Wave 2 is absent. The rate of the 

electrode reaction leading to Wave 1 apparently cannot exceed a certain value, and if 

this limitation is exceeded, the mass transport controlled reduction of the remaining 

acetic acid reaching the surface is seen as Wave 2. Wave 2 is most clearly seen in 

conditions of rapid mass transport, due to either high rotation rate or high acetic acid 

concentration and when the rate of reaction leading to Wave 1 is low (298 K). All the 

experimental data imply that both reduction waves, Wave 1 and Wave 2, are 

associated with the reduction of acetic acid but the rate of the processes are 

determined by different factors. There is no doubt that with high acetic 

concentrations. Wave 1 is kinetically limited but this is not the case with low acetic 

concentrations. Indeed, the influence of rotation rate on the limiting current density 

shows that Wave 1 can be at least partially mass transport controlled with low acetic 

acid concentrations. Hence, we envisage a mechanism for the reaction leading to 

Wave 1 where the reduction of acetic acid to hydrogen is occurring at a limited 

number of active sites on the steel surface. 

These sites can become saturated at either high acetic acid concentrations, 

efficient mass transport or lower temperatures, when the rate of desorption at these 

sites becomes too slow. For example, one can envisage a mechanism 

HO Ac + active site ^ Hads + OAc ^ (5) 

2 Hads • H2 + 2 active sites (6) 

where either step could be the rate determining step. At the potentials of Wave 2, the 

reduction must occur by a different mechanism and in all conditions the reaction 
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becomes mass transport controlled at sufficiently negative potential. The two 

reduction mechanisms for acetic acid arise only from the higher driving force for the 

reduction at more negative potentials, i.e. other sites on the surface become active. 

Alternatively, the two mechanisms may be occurring on different surfaces, for 

example, at the more negative potentials, the current resulting from reduction of 

acetic acid on a relatively clean steel surface and this reaction is mass transport 

controlled. But as the potential is scanned towards positive potentials, a corrosion 

film forms on the steel surface and inhibits the reduction of acetic acid. The current 

then drops to a lower value that is kinetically controlled and therefore very 

dependent on temperature. The voltammograms would suggest that the corrosion 

film would be forming positive to - 1000 mV versus SCE and this is not 

unreasonable in view of the corrosion potential in the absence of acetic acid, 

- 860 mV versus SCE. 

5.4 Voltammetry of X65 carbon steel RDE in sodium acetate 
solutions saturated with carbon dioxide 

5.4.1 Preliminary studies 

Figure 5.14 shows voltammograms recorded at two rotation rates for a X65 

carbon rotating disc electrode in a brine containing 3 % NaCl +100 mM NaOAc 

saturated with carbon dioxide at 298 K (PHREEQC 2.2 calculates the acetic acid 

concentration as 8.6 mM); the pH was measured as 5.50. The potential was swept 

from - 1200 mV to - 600 mV versus SCE. The corrosion potential shifts from 

- 860 mV versus SCE in the 3 % NaCl brine +100 mM sodium acetate without 

carbon dioxide to - 668 mV versus SCE (after carbon dioxide saturation). It is also 

evident that the voltammogramms have the same general features as described for 

the solutions with added acetic acid. Positive to -668 mV, an oxidation current is 

clearly visible due to the anodic dissolution of steel as expressed in reaction (1). 

Further, there is a cathodic current at all potentials negative to the corrosion 
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potentials and the response could be deconvoluted into two waves at - 750 mV and 

- 950 mV versus SCE. 
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Figure 5. 14 Voltammograms recorded for a X65 carbon steel rotating disc electrode 
(area, 0.17 cm^) in a solution containing 3 % NaCl + 100 mM NaOAc saturated 
with carbon dioxide, pH5.50. Temperature 298 K. 

The second reduction wave increases in importance as the rotation rate of the 

carbon steel rotating disc electrode is increased and, in the plateau regions negative 

to - 1100 mV versus SCE, the limiting current is proportional to the square root of 

the rotation rate of the disc electrode as shown in figure 5.15, A good linear plot 

passing through the origin was obtained as shown in figure 5.15. The electrode 

reaction is therefore fully mass transport controlled at this potential. Overall, the 

responses are very similar to those obtained for the solutions containing acetic acid 

and sodium acetate. At the corrosion potential the cathodic reactions to be considered 

are now reactions (2), (3) and (4) as well as: 

2H2CO3 + 2e- Hz + 2HC03' (6) 
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The reduction of bicarbonate will not contribute because the pKa of bicarbonate is 

10.35, significantly higher than water. 

la 
(O / r p m 

Figure 5. 15 Variation of the limiting current density at - 1100 mV versus SCE at aX65 carbon steel 
rotating disc electrode (area, 0.17 cm^) in an aqueous solution containing 3 % NaCl + 
100 mMNaOAc saturated with carbon dioxide, pH 5.50, with the square root of the 
rotation rate of the disc electrode. Temperature 298 K. 

5.4.2 Influence of sodium acetate concentrations 

Figure 5.16 reports the voltammograms for 3 % NaCl brine solutions 

saturated with carbon dioxide with three different concentrations of sodium acetate 

(it should be noted that the current density scale is different in each voltammogram). 

All the voltammograms show the positive shift in the corrosion potential 

(cf figure 5.1), Positive to the corrosion potential, oxidation currents are clearly 

visible due to the anodic dissolution of steel as expressed in reaction (1). Further, 

cathodic currents are visible immediately negative to the corrosion potential. 
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Figure 5. 16 Voltammograms recorded for a X65 carbon steel rotating disc electrode (area, 
0.17 cm^) in 3 % NaCl brine containing (a) 1 mM, (b) 10 mM and (c) 100 mMNaOAc 
saturated with carbon dioxide. Rotation rate 900 rpm. Temperature 298 K. PHREEQC 
2.2 estimates the concentration of acetic acid as (a) 0.56 mM, (b) 2.4 mM and 
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The form of the voltammogram negative to the corrosion potential again reflects the 

concentration of acetic acid in the solution (in fact 0.56 mM, 2.4 mM and 8.6 mM as 

estimated by PHREEQC 2.2). At the low acetic concentration, all the reduction 

current is observed just negative to the corrosion potential but with the most 

concentrated solution, the dominant feature is a reduction wave with E1/2 « -990 mV 

versus SCE. The limiting current densities for the three voltammograms are 

0.53 mA cm"̂ , 2.05 mA cm'̂  and 6.8 mA cm"̂  directly reflecting the concentrations 

of acetic acid in the solutions. As with the Pt rotating disc electrode, it can be seen 

that the electrochemistry at a steel cathode of these solutions saturated with carbon 

dioxide can be understood in a semi-quantitative way in terms of acetic acid in 

solution. At both X65 carbon steel and Pt, at sufficiently negative potential all the 

acetic acid is reduced via the mechanism, reaction (7) 

tWOyk 4 ^ IHT + ()Ac- (7) 

followed by the reduction of the free proton, reaction (3): 

+ 2e- 4 ^ ZHb (3) 

Moreover, even close to the corrosion potential for the steel, the reduction of acetic 

acid contributes significantly to the cathodic component of the current. With 

increasing acetate concentration, the pH may increase but this is tied to an increase in 

undissociated acetic acid concentration. Hence, with acetate ions present in the 

carbon dioxide saturated medium, the reduction of acetic acid, reaction (4): 

HOAc + e 14 Hz + OAc (4) 

takes over from the reduction of proton, reaction (3) as the cathodic process for 

corrosion. 
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5.4.3 Influence of rotation rates 

Figure 5.15 compares the effect of the rotation rate for a X65 carbon steel 

rotating disc electrode in an aqueous solution containing 3 % NaCl + 10 mM NaOAc 

saturated with carbon dioxide, pH 5.01 (after CO; saturation) at 298 K (PHREEQC 

2.2 calculates the concentration of acetic acid as 2.4 mM). It should be immediately 

noted that figure 5.15 is very similar to figure 5.6. Again with the low rotation rate 

(100 rpm), all the reduction current (Wave 1) is observed just negative to the 

corrosion potential. However at the higher rotation rate (900 rpm), Wave 2 appears 

to be the dominant feature. 
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Figure 5. 17 Voltammograms recorded for a X65 carbon steel rotating disc electrode in a solution 
containing 3 % NaCl + 10 mMNaOAc saturated with carbon dioxide, pH 5.01 (after 
CO2 saturation). Temperature 298 K. Rotation rates shown on figure. 
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The influence of the rotation rate of the X65 carbon steel rotating disc 

electrode on the current density at - 860 mV vsersus SCE (in the plateau for Wave 1) 

was investigated, for 3 % brine solutions saturated with carbon dioxide with three 

different concentrations of sodium acetate. The experiments were carried out at 

298 K. The results obtained are presented in figure 5.18. 
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Figure 5. 18 Variation of the limiting current density at - 860 mV versus SCE at a X65 carbon steel 
disc (area, 0.17 cm^) in 3 % NaCl + NaOAc saturated with carbon dioxide, with the 
square root of the rotation rate of the disc electrode. Temperature 298 K. 

According to figure 5.18, it can be seen that the influence of the rotation rate 

on the current densities beyond Wave 1 for these sodium acetate brines saturated 

with carbon dioxide depends strongly on the concentration of acetic acid within the 

brines. With the 1 mM sodium acetate solution (low acetic acid concentration i.e. 
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PHREEQC 2.2 calculates the acetic acid concentration as 0.56 mM, only Wave 1 is 

clearly seen on voltammograms) the reduction of acetic acid appears to be partially 

mass transport controlled. With the 10 mM sodium acetate solution (PHREEQC 2.2 

calculates the acetic acid concentration as 2.4 mM, Wave 1 is seen at low rotation 

rate, but at high rotation rates Wave 2 appears to be the dominant feature), the 

current density quickly reaches a limiting value. And finally, with the 100 mM 

sodium acetate solution (higher acetic acid concentration, i.e. PHREEQC 2.2 

calculates the acetic acid concentration as 8.6 mM, Wave 1 is lost in the foot of 

Wave 2), the current density at -860 mV versus SCE is independent of the rotation 

rate of the disc electrode. However, it should be noted that for the 10 and 100 mM 

sodium acetate solutions, when plotting the total limiting current density 

(Wave 1 + Wave 2) at - 1150 mV versus SCE versus the square root of the rotation 

are of the disc electrode, good linear plots passing through the origin were obtained. 

The electrode reaction is therefore mass transport controlled at this potential. 

5,4.4 Influence of temperature 

The experiments were repeated at 333 K. Figure 5.18 compares typical 

voltammograms recorded at a X65 carbon steel rotating disc electrode for an 

aqueous solution containing 3 % NaCl + 100 mM NaOAc saturated with carbon 

dioxide at 298 K and 333 K. The pHs of the solution were 5.50 and 5.70 respectively 

after carbon dioxide saturation. Both voltammograms were recorded at a rotation rate 

of 900 rpm. The potential was swept from - 1200 mV to - 600 mV versus SCE at a 

potential scan rate of 5 mV s'\ For both sets of temperature, an oxidation current is 

clearly visible just positive to the corrosion potential due to the anodic dissolution of 

iron as expressed in reaction (1). Further, it should be noted that the reduction wave 

commences at a potential positive to the corrosion potential for the same brine at 

298 K. There is a substantial positive shift in the corrosion potential on increasing 

the temperature of the brine from 298 K to 333 K and the current density close to the 

corrosion potential is significantly higher. Moreover, at the higher temperature the 

response obtained at the steel electrode becomes more complex. 
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Figure 5.19 Voltammograms recorded at a X65 carbon steel RDE in a solution containing 3 % NaCl 
+ 100 mM NaOAc saturated with carbon dioxide, pH 5.50 and 5.70 respectively after 
carbon dioxide saturation. Rotation rate 900 rpm. Temperatures shown on figure. 
PHREEQC 2.2 estimates the concentration of acetic acid as 8.6 mM, and 6.2 mM at 
298 K and 333 K respectively. 
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The voltammogram can clearly be deconvoluted into two reduction waves at 

- 850 mV and - 1000 mV versus SCE respectively, with the second wave becoming 

the dominant feature as the rotation rate of the steel disc is increased. Also, 

figure 5.19 provides again compelling evidence that the magnitude of the first 

reduction process (Wave 1) will clearly have a major influence on the corrosion 

behavior at the open circuit potential in the oilfield environment. However, it can be 

seen that Wave 2 is more drawn out and a slightly less defined than seen previously. 

Then, current - potential curves were recorded for the 

100 mMNaOAc + 3 % NaCl, saturated with carbon dioxide at 333 K as a function 

of rotation rates. The voltammograms obtained remain very similar to those 

described in figure 5.17. At the low rotation rate (100 rpm), only Wave 1 is visible 

just negative to the corrosion potential. At the higher rotation rate (900 rpm to 

2500 rpm) Wave 1 is still visible just negative to the corrosion potential, but the 

reduction current increases continuously until it reaches a plateau around - 1000 mV 

versus SCE (Wave 2). Further, at this potential the height of the current plateau 

increases with the rotation rate of the disc electrode indicating a mass transport 

controlled reaction. 

This observation was confirmed when analyzing the variation of the cathodic 

current density with the square root of the electrode according to the Levich equation 

[60]. A plot of the limiting current densities versus the square root of the rotation rate 

of the disc electrode was found to be linear and pass through the origin 

(Wave 1 + Wave 2). However, at - 850 mV versus SCE, the current density was 

found to be almost independent of the rotation rate of the disc electrode as shown in 

figure 5.20. The results obtained using these sodium acetate brines saturated with 

carbon dioxide remain very similar to those described earlier for sodium acetate 

brines with known concentration of acetic acid. The electrochemistry of these 

solutions saturated with carbon dioxide can be understood in a semi-quantitative way 

in terms of the equilibrium concentration of carboxylic acid in solution and not 

simply the concentration of free proton. In these solutions, the strongest proton donor 
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is acetic acid and at the usual pH of the brines, the concentration of acetic acid is 

substantially higher than that of free proton. As a result, the concentration of the 

proton donor, the undissociated weak acid rather than the pH is the critical factor 

determining the rate of corrosion of the carbon steel. Further, a quantitative 

interpretation of the voltammetry and the corrosion behaviour requires a knowledge 

of the speciation within these complex aqueous solutions. 
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Figure 5. 20 Variation of the limiting current density at - 850 mV and - 1050 mV versus SCE at a 
X65 carbon steel rotating disc electrode (area, 0.17 cm^) in 3 % NaCl + 
100 mMNaOAc saturated with carbon dioxide, pH 5.70, with the square root of the 
rotation rate of the disc electrode. Temperature 333 K. 
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5.5 Application of electrochemical techniques to measure the 
corrosion rate of X65 carbon steel in different brines 

The purpose of this section is to define the rate of corrosion of the X65 carbon 

steel in the simulated brines and the role of acetate ions and carbon dioxide in 

increasing the corrosion rate. Several parameters such as environmental conditions 

(i.e. acetic acid concentration, sodium acetate concentration presence of CO2 and 

temperature) are examined. An extensive series of electrochemical experiments, 

(including Tafel polarization and Linear Resistance Polarisation) were used to 

determine the rate of corrosion of theX65 carbon steel. Voltammograms recorded at 

a scan rate of 5 mV s'\ for a deoxygenated aqueous solution containing 3 % NaCl 

+10 mM NaOAc using a X65 carbon steel rotating disc electrode (area, 0.17 cm^) at 

a rotation rate of 0 and 1600 rpm and temperature of 298 K and 333 K are reported 

in figure 5.21. 

A, 0 rpm, 293 K 
B, 1600 rpm, 293 K 
V,, u rpm, 333 K 
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Figure 5. 21 Voltammogrmnms recorded for a deoxygenated solution containing 3 % NaCl + 10 mM 
NaOAc, using aX65 carbon steel rotating disc electrode (area, 0.17 cm^). Rotation 
rates 0 and 1600 rpm. Temperature 298 K and 333 K. Potential scan rate 5 mVs''. 
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According to figure 5.21, a strong dependence of the current close to the 

corrosion potential on the temperature of the solution was observed. It is clear that as 

the temperature of the solution is increased from 298 K to 333 K, current recorded 

close to the corrosion potential, Ecorr, similarly increased. Further this increase is 

most marked for the oxidation part of the curve. However, it can be seen that there is 

no strong variation on the current - potential curves when increasing the rotation rate 

of the carbon steel rotating disc electrode. The corrosion potentials were also not 

particularly sensitive to the temperature. 

5.5.1 Polarisation measurements 

Cathodic and anodic polarization measurements (Tafel plots) were recorded 

to gain an understanding of the different corrosion behaviour exhibited by the carbon 

steel with the various additions of acetate and carbon dioxide. Typical polarization 

curves for carbon steel specimens immersed in a deoxygenated 3 % NaCl brine 

containing 10 mM NaOAc at 298 K and 333 K are shown in figure 5.22. These 

polarization curves were recorded at rotation rates of 0 and 1600 rpm using a scan 

rate of 5 mV s'\ Although the experiments were repeated several times with fairly 

good reproducibility, only a selected number of these experiments are presented. 

In the data shown in figure 5.22, a quite good Tafel line can be drawn 

through the data positive to the corrosion potential, Econ- The Tafel slope for the 

Fe/Fê "̂  couple is in the range 62 - 75 mV. Negative to corrosion potential, Ecorr, the 

increase in current density from the corrosion current density is small and it is not 

possible to define a meaningful Tafel slope. This is to be expected since the limiting 

current for wave 1 is low. In the calculations for the corrosion current density, jcorr, 

from the linear resistance polarization curves the Tafel slopes for hydrogen evolution 

and iron dissolution were taken as = 120 mV and = 60 mV. The data is, 

however, typical to that reported in the literature [42] and standard in the oil 

industry. 
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Figure 5. 22 Tafel polarization curves for a X65 carbon steel rotating disc electrode (area, 0.17 cm^) 
immersed in a deoxygenated aqueous solution containing 3 % NaCl +10 mM NaOAc. 
Rotation rates 0 and 1600 rpm. Potential scan rate 5 mVs'l. Temperature 298 K and 
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In order to estimate the influence of acetic acid and carbon dioxide on the 

X65 carbon steel specimen, the same experiments were repeated with a 

deoxygenated aqueous solution containing 3 % NaCl and 10 mM NaOAc + HOAc 

(by addition of an aliquot of 1 M acetic acid), and a solution containing 3 % NaCl 

and 10 mM NaOAc saturated with carbon dioxide. Figure 5.23 shows polarization 

curves recorded at the X65 carbon steel electrode for a deoxygenated aqueous 

solution containing 3% NaCl + 10 mM NaOAc + 2.2 mM HOAc, pH 5.18, at 298 K 

and 333 K using rotation rates of 0 and 1600 rpm. 
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Figure 5. 23 Tafel polarization curves recorded for a X65 carbon steel immersed in a deoxygenated 
aqueous solution containing 3 % NaCl + 10 mM NaOAc + 2.2 mM HOAc, pH 5.18. 
Temperature 298 K and 333 K. Rotation rates 0 and 1600 rpm. 

The polarization behavior of the X65 carbon steel specimen is shown at the 

lowest curve in figure 5.23, for the lowest temperature (298 K) and rotation rate 

(0 rpm) indicative of the smallest jcorr- As shown in figure 5.23, the effect of 

temperature and rotation rate on the steel corrosion is very pronounced. The overall 
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shapes of the polarization curves are consistent with those measured by Gray et al. 

[109]. Increasing the rotation rate of the disc electrode also had a considerable effect 

on the cathodic branch of the curve, by displacing it to the highest current density. 

The most pronounced effect of the temperature increase is the displacement of both 

the anodic and cathodic lines towards higher current density. However, it can be seen 

for all curves that at high cathodic potentials, the cathodic branch of the curve does 

not exhibit a clear Tafel line, the current densities clearly appear to be significantly 

limited. 

Figure 5.24 reports typical polarization plots for a X65 carbon steel specimen 

immersed in a solution containing 3 % NaCl +10 mM NaOAc saturated with carbon 

dioxide at 298 K and 333 K, using rotation rates of 0 and 1600 rpm. 
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Figure 5. 24 Tafel polarization curves for a X65 carbon steel electrode immersed in an aqueous 
solution containing 3 % NaCl + 10 mMNaOAc, saturated with CO2, pH 5.03 and 5.26 
respectively (after CO2 saturation) recorded at rotation rates of 0 and 1600 rpm. 
Temperature 298 K and 333 K. 
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In all cases, the polarization curves shown in figure 5.24 have the same key 

features as described above. Figure 5.24, again provides compelling evidence that 

with increasing the rotation rate of disc electrode and the temperature of the brine, 

the cathodic branch of the polarization curves is displaced towards higher current 

densities. The same experiments were repeated using 3 % NaCl brines but containing 

1 mM and 100 mMNaOAc. Figure 5.25 shows polarization curves recorded at the 

X65 carbon steel electrode for solutions of 1 mM and 100 mM NaO Ac + 3 % NaCl, 

saturated with carbon dioxide at 298 K and using rotation rates of 0 and 1600 rpm. 
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Figure 5. 25 Tafe/ polarization curves recorded for a X65 carbon steel electrode in solutions 
containing 3% NaCl + NaOAc (concentrations and pHs shown on figure) saturated 
with carbon dioxide at 298 K. Rotation rate 0 and 1600 rpm. 

Once again, the polarization curves shown in figure 5.25 remains very similar to 

those described earlier in figure 5.23 and 5.24. As shown in chapter three, it is to be 

expected that saturation of the brine containing NaOAc with CO2 will lead to the 

formation of acetic acid, and in the view of the similarity between figure 5.24 and 
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figure 5.25 with figure 5.23, there can be no doubt that the presence of acetic acid 

(either by direct addition or by saturating the acetate brine with CO2) influences the 

cathodic branch of the polarization curves. Further, it can be seen for all the 

polarization curves, that the current densities are sensitive to the rotation rate of the 

disc electrode. Figure 5.26 compares the Tafel polarization curves for the X65 

carbon steel rotating disc electrode (rotation rate 100 rpm) in a deoxygenated 3% 

NaCl brine containing different acetate and acetic concentrations but both with a pH 

of 4.90. Both polarization curves were recorded at a temperature of 333 K. 

-1000 -800 -600 -400 -200 0 200 400 

Eys. SCE/ mV 

Figure 5. 26 Tafel polarization plots for X65 carbon steel in 3 % NaCl + (A) 100 mM NaOAc and 
(B) 10 mM NaOAc adjusted to pH 4.90 with acetic acid. Temperature 333 K. 
Rotation rate 100 rpm. 

Despite the two solutions having the same concentration of free proton 

(same pH), the responses are clearly different with the most prominent features 

occurring at potential negative to the corrosion potential. It is clear that the partial 

cathodic current density increases substantially with the higher undissociated acetic 
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acid concentration present in solution for curve (A) in figure 5.26. It must therefore 

be concluded that the cathodic reaction has a major role on the corrosion rate of the 

X65 carbon steel specimen. 

5.5.2 Linear polarization resistance measurements 

Corrosion potentials and corrosion current densities were determined using 

the Linear Polarization Resistance (LPR) technique for a large number of solutions 

as both, a function of temperature and rotation rate of the X65 carbon steel rotating 

disc electrode. Corrosion potentials were also checked by direct measurement with a 

Digital Voltmeter (DVM). Current vs. potential data were collected using a linear 

potential scan from 300 mV negative to 300 mV positive to the corrosion potential 

The data between +10 mV was used for the linear analysis. The corrosion current 

density was estimated using the Stern - Geary equation: 

Jc. 
p.p. 

2-3 (^ ,+A) 
4/ 
AE 

(5-1) 

where is the slope of the graph (see figure 5.27), and are the anodic and 
/SE 

cathodic Tafel slopes. As in the paper by Hedges et al. [42] and in line with general 

practice in corrosion laboratories in the oil and gas industry, the Tafel slopes for 

hydrogen evolution and iron dissolution were taken as 120 mV and 60 mV 

respectively. Typical sets of data are shown in figure 5.27. 

5-42 



Ph. D Thesis Chapter Five 

710 

-715-

j! mA cm" 
I ' 1 ' ! ^ 

0.15 -0.10 -0.05 A 
/ 

)0 0.05 0.10 0.15 

/ 

725 

-730-1 

^vs. SCE/ mV 

j! m A cm 
T 

700-, 

705-

710-

-0.3 -0.2 -O.l^gO^ 

/ • 

/ • 

/ • 

/ • 

/ • 

/ 
/ 

/ • 
/ 

/ • 

I I I I ' ! I I 

0 0.1 0.2 0.3 0.4 

720 

-725-1 
f^vs. SCE/ mV 

Figure 5. 27 Linear polarization plots forX65 carbon steel in 3 % NaCl brine + (A) 100 mMNaOAc 
+ 5 mMHOAc and (B) 10 mMNaOAc saturated with CO2. Temperature 333 K. 
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Table 5.4 reports the corrosion potentials for the steel in 3 % NaCl brines 

with various additions of acetate and CO2. 

Initial Solution 

Purge 

Gas 

pH 

(at 298 K) 

Corrosion 

Potential vs. 

SCE/ mV Initial Solution 

Purge 

Gas 

pH 

(at 298 K) 

298 333 ]{ 

3 StNiiCn 41()0 m]V[]Na()v\c N2 7 60 -790 -785 

3 % NaCl +100 mM NaOAc CO2 5JW -680 -695 

3 % NaCl +10 mM NaOAc N2 7 60 -765 -765 

3 % NaCl +10 mM NaOAc CO2 5.01 -680 -685 

3 % NaCl +100 mM NaOAc +1.5 mM 

HOAc 

N2 4.70 -680 -690 

3 % NaCl +100 mM NaOAc C O 2 443 -680 -685 

Table 5. 3 Corrosion potentials for theX65 carbon steel in 3 % NaCl brines with various additions of 
acetate and CO2. 

It can be seen that the addition of acetic acid to the solutions, either by direct 

addition or by passing CO2 through an acetate solution, led to a positive shift in the 

corrosion potential by approximately 100 mV. The presence of CO2 in the absence of 

acetate does not lead to a marked change in the value of the corrosion potential for 

the steel in 3 % NaCl. The corrosion potentials were also not particularly sensitive to 

the temperature or the concentration of acetic acid (at least, over the range 1 -

10 mM). When acetic acid is present in the solution, however, the corrosion potential 

does shift positive with increasing rotation rate. This is compatible with an increase 

in the cathodic partial current with enhanced mass transport at the corrosion 

potential. 

To quantify fiirther the influence of acetic acid on the rate of corrosion of the 

X65 carbon steel at 333 K, corrosion current densities were determined for a solution 

containing 3 % NaCl +10 mM NaOAc with various additions of acetic acid. 
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Two sets of results obtained with a stationary disc (0 rpm) and a disc rotating at 

1600 rpm are reported in figure 5.28. 

1.6 
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Figure 5. 28 Corrosion current densities for X65 carbon steels as a function of acetic acid in 
3 % NaCl + 10 mMNaOAc. Temperature 333 K. Rotation rates shown on figure. 

It can clearly be seen that the corrosion current densities increase with 

increasing acetic acid concentration, and, indeed, the dependence is linear. Of 

course, the positive intercept on the y-axis confirms that some corrosion will still 

occur in the absence of acetic acid. The figure again demonstrates conclusively that 

the mass transport regime is a further parameter influencing the corrosion rate of the 

carbon steel. Additional experiments confirmed that the corrosion current densities 

are a strong function of temperature (for example, with 2.5 mM acetic acid and a 

rotation rate of 1600 rpm, the corrosion current densities are 0.09 mA cm"̂  and 
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0.63 mA cm"̂  at 298 K and 333 K. It is helpful to note that a corrosion current 

density of 1 mA cm"̂  is equivalent to a metal loss rate of 11.6 mm/year. It should be 

also noted that the corrosion current densities reported here must be regarded as 

"initial corrosion rates" since, in their determination, every effort has been made to 

minimize the formation of a corrosion film prior to the measurement. 

The corrosion current densities were also determined in brine containing 

different concentrations of sodium acetate and saturated with carbon dioxide. The 

results, together with the corrosion potentials and the speciation calculation within 

the brine (as calculated by the computer software PHREEQC 2.2) are reported in 

table 5.4. 

Initial [NaOAc]/ 

mM 

Equilibrium speciation Ecorr! 

mVvs. SCE 

Jcorr! 

mA cm^ 

Initial [NaOAc]/ 

mM [HOAc]/ 

mM 

Ecorr! 

mVvs. SCE 

Jcorr! 

mA cm^ 

1 30 046 -692 0 40 

10 8 1.9 -689 0 44 

40 4 4.0 -686 0 77 

70 3 5.4 -697 103 

100 2.5 6.5 -701 133 

Table 5. 4 Corrosion potentials and current densities for X65 carbon steel as a function of sodium 

Temperature 333 K. Rotation rate 1600 rpm. 

In all cases, the concentration of proton donor, the undissociated acetic acid, 

is much greater than that of free proton. The corrosion potential does not change 

markedly but with increasing acetate concentration, the corrosion current density 

increases substantially despite the steady decrease in the proton concentration 

(increase in pH). This can be readily understood when the corrosion current density 

is plotted versus the equilibrium concentration of acetic acid as has been done in 

figure 5,29. A linear dependence is obtained and, indeed, figure 5.29 looks 

remarkably similar to figure 5.28. There can be no doubt that the corrosion rate is 
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largely determined by the concentration of the proton donor, the undissociated acetic 

acid. 
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Figure 5. 29 Corrosion current densities for X65 carbon steels as a function of acetic acid 
concentration in 3 % NaCl brine + NaOAc, saturated with CO2. The total acetate 
concentrations are shown on the figure. Temperature 333 K. 

Table 5.5 compares the corrosion rates recorded by Hedges et al. [42] for a 

X65 carbon steel specimen in a 3 % NaCl brine solution, saturated with CO2 at 

333 K where an aliquot of sodium acetate has been added and the corrosion rates 

recorded during this work for a X65 carbon steel electrode in 3 % NaCl brine 

solutions containing 10 and 100 mMNaOAc, saturated with CO2 at 333K. 
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Hedges et al. This work 

[NaOAc]/ 

ppm 

Corrosion rate/ mm year * [NaOAc]/ 

ppm 

Corrosion rate/ mm year * [NaOAc]/ 

ppm 

Corrosion rate/ mm year * [NaOAc]/ 

ppm 0 rpm 1600 rpm 

500 7 94 600 2 58 5 12 

5000 6 60 6000 /L65 15 45 

Table 5. 5 Corrosion rates recorded for X65 carbon steel electrode in 3 % NaCl brines containing 
different concentrations of sodium acetate (shown in table) saturated with CO2 by Hedges 
et al. and during this work. 

In all data during this programme, as the concentration of sodium acetate 

increases so does the corrosion rate. Further, the corrosion rates obtained during this 

work are of the same order of magnitude to those reported by Hedges et al [42]. 

However, they are not identical. This difference may arise because the experimental 

conditions for both works are different. For the experiments done by Hedges et al. 

[42] a stirred "becker cell" and a stationary electrode were used. The corrosion rate 

was determined by linear resistance polarization (LPR), after the electrode has been 

allowed to corrode for about one hour. In our case, the solution was stirred more 

efficiently using the steel rotating disc electrode. Also the electrode was not allowed 

to corrode prior to recording the voltammogram. Further, the electrode surface was 

removed from solution immediately after the voltammogram was recorded. The 

surface was then polished between each scan. 

5.6 SEM Results 

The purpose of this section is to investigate how the surface morphology of the 

X65 carbon steel is affected by the presence of acetate ions in the simulated brine 

saturated with CO2. After surface pretreatment (see Chapter Two, page 2-6), the X65 

carbon steel specimens were immediately immersed into the glass cell. In order to 

obtain a representative set of analyses a minimum of three corroded surfaces were 

analysed in each condition. Three different immersion times were investigated 
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1 hour, 24 hours and 1 week in different environmental conditions. Figure 5.30 

reports the picture of a freshly polished X65 carbon steel surface. 

•jglsiAcrV Spot Magn 
bOOOx 

Del Wl) kxp 
5E 106 1 IMAGES nf 

Figure 5. 30 SEMpicture of a freshly polished X65 carbon steel surface, xSOOO. 

With a magnification of 5000, the surface appears totally flat and smooth; no 

traces of scratches are clearly visible. It should be noted that all SEM experiments 

were carried out at 333 K (as oilfield). As outlined in the experimental section, 

extensive precautions were taken to ensure that O2 did not interfere. The presence of 

O2 in solution can be recognized because Fe (II), the product of corrosion is oxidised 

homogenously to Fe (III) and this is yellow. The period between the termination of 

the corrosion procedure and obtaining the SEM was typically 1 hour. 

5.6.1 X65 carbon steel immersed in 3 % NaCl 

Figure 5.31 reports a typical view of a corroded steel surface obtained after 

1 hour of exposure in a 3% NaCl brine saturated with CO2 at 333 K. 
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Figure 5. 31 SEM pictures of a steel surface exposed to 3 % NaCl and saturated with CO2 at 333 K. 
Exposure time Ihour, (a) x20 and (b) x500. 

After 1 hour exposure, the original surface is clearly different. A uniform 

corrosion film can be seen on the steel surface even at magnification 20. The smooth 

surface seen in figure 5.30 has completely disappeared. Rather, the electrode surface 

appears to be porous as shown in figure 5.31 (b) at higher magnification. Figure 5.32 

illustrates a SEM picture taken for the same sample but a higher magnification. 

Figure 5. 32 SEM pictures of a carbon steel surface exposed to 3 % NaCl and saturated with CO 2 at 
333 K. Time exposure Ihour, x2000. 
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There is no evidence of grain boundary features or pitting corrosion. Indeed, the film 

is porous and rather structureless. The same experiment was repeated but the steel 

specimens were left in the solution for 24 hours. The SEM pictures obtained were 

very similar to those shown above. A uniform corrosion film was clearly visible on 

the steel surface but no structure, or corrosion pitting was observed. Figure 5.33 

reports, typical SEM pictures recorded for corroded steel surface after 24 hours 

exposure in the 3 % NaCl brine saturated with CO2 at 333 K. 

Figure 5. 33 SEM pictures of a steel surface exposed to 3 % NaCl and saturated with CO2 1 at 333 K. 
Exposure time 24 hours, x20. 

After 24 hours of exposure in the brine solution, once again a uniform film can be 

seen on the surface of the steel electrode. It is thicker and cracks are also visible and 

these are thought to result from the drying of the steel surface within the SEM. More 

detailed pictures of the steel surface were taken, and some of these pictures are 

illustrated in figure 5.34. 
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3j(;V5f IF 

Figure 5. 34 SEM pictures of a steel surface exposed to 3 % NaCl and saturated with CO^ at 333 K. 
Exposure time 1 week, (a) xlOOO and (b) x350, 70°. 

Once again the picture shown in figure 5.34 (a) remains very similar to the one 

in figure 5.32. The corrosion film appears to be relatively thick and very porous. It is 

also rather structureless and lacks special features. The results obtained were 

compared with work carried out by Maguire [156]. In her thesis, SEM pictures 

obtained for mild steel in 3 % NaCl saturated with CO2 at 328 K were presented. The 

steel specimens were exposed in the brine solution for 24 hours and 1 week. 

Despite the surface preparation being exactly the same for both sets of work, 

the SEM pictures presented by Maguire were clearly different. After 24 hours of 

exposure, the steel surface texture was dominated by well-shaped cubic structures set 

in a finer grained matrix. After 1 week, the corrosion layer was composed of two 

layers, a fibrous layer and cubic structures, and the density of the cubes increase. The 

reasons for such differences in the response obtained during this work are not 

defined. However, we believe that the steel microstructure and composition play an 

important role on the formation of corrosion film and indeed the composition of the 
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steel used by Maguire may be different to the one used during this work. Maguire 

was also using SEM located away from the laboratory and there were extended 

periods between the test and the SEM examination. 

5.6.2 X65 carbon steel immersed in 3 % NaCl +10 mMNaOAc 

In order to investigate the influence of acetate ion and carbon dioxide on the 

corrosion film, experiments were carried out using the X65 carbon steel in 3 % NaCl 

+ 10 mM NaOAc, saturated with CO2 at 333 K. The electrolyte was saturated with 

CO2 for 1 hour prior to immersion of the carbon steel into the vessel. A CO2 gas 

stream was kept into the vessel during all the time. Figure 5.35 reports typical SEM 

pictures for X65 carbon steel specimens in such medium after Ihour exposure. 

Figure 5. 35 SEM pictures of a steel surface exposed to 3 % NaCl and saturated with CO2 at 333 K. 
Exposure time 1 hour, (a) x500 and (b) x2000. 

Once again, a uniform corrosion film can be observed on the steel surface, and 

the similarity of figure 5.35 (b) with figure 5.32 is striking. No cubic structure or 

corrosion pitting is seen on the picture. The presence of acetate does not seem to 

change the corrosion film markedly. The experiment was repeated for longer period 

of exposure, 24 hours and 1 week The responses obtained remain very similar to the 
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one described above, and figure 5.36 resumes some of the pictures obtained for these 

specific conditions. 

m 

W 
m 

0 

Figure 5. 36 SEM pictures for a steel surface exposed in 3 % NaCl + 10 mM NaOAc saturated with 
CO2 at 333 K for (a) & (b) 24 hours and (c) & (d) 1 week exposure, (a) t& (c), x500, 
(b) &(d), xlOOO. 

5.6.3 X65 carbon steel immersed in 3 % NaCl + 10 mM NaOAc + 24.4 mM 
HOAc 

The influence of acetic acid on the carbon steel surface was also investigated. 

Figure 5.37 reports SEM pictures recorded for a X65 carbon steel in a deoxygenated 

simulated brine (with N2) solution containing 3 % NaCl + 10 mM NaOAc + 
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24.4 mM HO Ac at 333 K after a week exposure. From figure 5.37, it can be seen that 

the flat surface (see figure 5.30) has completely disappeared. Rather, a thick uniform 

corrosion film can be observed on the entire surface on the X65 carbon steel surface. 

Further, deep cracks are also clearly visible, and those are thought to result from the 

drying process. Once again, no cubic structures or pitting corrosion or crystal 

structure is observed. 

n 

Figure 5. 37 SEM pictures for X65 steel surface exposed in a simulated brine solution containing 
3 %NaCl + 10 mM NaOAc + 24.4 mM HO Ac (solution deoxygenated using N2) at 
333 K after 1 week exposure, (a) x20 and (b) x50. 

More detailed pictures of the sample in this simulated brine are presented in 

figure 5.38. 
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Figure 5. 38 SEM pictures for a steel surface exposed in simulated brine containing 3 % NaCl + 
10 mMNaOAc + 24.4 mMHOAc (deoxygenated with Ay at 333 Kfor Iweek exposure, (a) & (b) flat 
pictures and (c) &(d) 70°. (a) xlOO, (b) x500, (c) xlOO and (d) x200. 

5.7 Conclusions 

Before summarizing our conclusions, we would reiterate that the experiments 

have, as far as possible, been carried out with steel surfaces that are free from 

corrosion films. In consequence, while we believe that the results provide a valuable 

background to assist the interpretation of oilfield pipeline corrosion, it is important to 
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stress that we would not expect to obtain identical data at surfaces with extensive 

corrosion films and this is clearly the steady state situation within the working 

pipelines. 

A steel specimen in a neutral environment corrodes with water reduction as the 

cathodic reaction. The increase in corrosion rate for the steels in CO2 saturated brine 

or brine with acetic acid additions indicates that the cathodic reaction is not solely 

due to the reduction of water or free protons. There must be another source of 

reducible species present to account for the increased cathodic current density. The 

most readily reduced species in the solution other than the free protons and water 

molecules is acetic acid. The mechanism of acetic acid reduction at steel is 

essentially similar to that at platinum. The voltammetry therefore allows a thorough 

understanding of the way in which acetate influences the rate of steel corrosion in 

3 % NaCl/saturated CO2 solutions. 

We believe that when steel is in a medium containing acetate and carbon 

dioxide, the dominant cathodic reaction in the corrosion process is 

HO Ac + e" ^ • '/2 Hz + OAc (4) 

Certainly, at the corrosion film free surface, it has been demonstrated conclusively 

that the electrode cannot distinguish between proton and undissociated acetic acid 

because of the rapid dissociation of acetic acid at the surface. Moreover, in the media 

of interest, the concentration of acetic acid is much higher than that of free protons. 

The rate of corrosion is essentially determined by the concentration of acetic acid 

(eg. see figures 5.28 and 5.29). The shift in corrosion potential resulting from the 

presence of acetic acid (see table 5.3) and the form of the Tafel plots (see figure 5.23 

to 5.26) provide further evidence to support this conclusion. We also believe that the 

major role of CO2 in this chemistry is only to change the speciation by changing the 

pH. As noted in Chapter Three, acetic acid is the dominant weak acid because the 

equilibrium concentration of carbonic acid is low, and the interconversion of carbon 
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dioxide to carbonic acid is slow. The contribution of carbonic acid reduction to the 

partial cathodic current density at the corrosion potential will be much less than the 

contribution from the reduction of acetic acid. 

In order to understand the system, we stress the importance in knowing 

accurately the speciation of the critical species in the brine and this requires software 

to deal with the several interacting equilibria and the non-ideality of the ions in the 

brine media. An important caveat must be that the corrosion film resulting from 

more extended contact of the steel with the solution may well be different in the 

presence of bicarbonate/carbonic acid. On the other hand, this does not negate the 

fact that the CO2 will continue to have a determining role in the speciation within the 

solution and the solution chemistry will be critical to the corrosion rate of the steel. 

We have also sought to highlight the importance of mass transport regime to the rate 

of corrosion and this effect will extend to the oilfield pipeline. The corrosion current 

densities and the corrosion potentials are also sensitive to the rotation rate of the disc 

electrode. All data is consistent with the rate of the cathodic reaction in the corrosion 

increasing with the rotation rate of the disc electrode. It should be stressed that the 

purpose of this work was to investigate the influence of solution composition on the 

mechanism of steel corrosion in brines containing weak acids and saturated with 

carbon dioxide. This does not rule out the probability that carboxylate ions influence 

the corrosion process in other ways. Thus, for example, it is to be expected that the 

acetate ion may also influence the iron dissolution rate by acting as a complexing 

agent for Fe (U); certainly the addition of acetate can be seen to influence anodic 

current for the dissolution of iron. 

In this discussion we have stressed the role of direct reduction of acetic acid 

as explaining the corrosion behavior of the relatively film free surfaces. Also, the 

acetic acid in solution may influence the composition, structure and/or thickness of 

the corrosion film. In the different situation of a fully filmed surface, the 

concentration of acetic acid in the medium will still have a critical role in 

determining the rate of corrosion. Then, in addition to electron transfer one could 

5 - 5 8 



Ph. D Thesis Chapter Five 

consider chemical reaction between the acetic acid and the corrosion film on the steel 

surface leading to film thinning. But again, in understanding such processes, it is 

critical to recognize that because of its rapid dissociation, the acetic acid in solution 

acts as a pool for either protons or acetate ions as they react at the corroding surface. 

No mechanism for steel corrosion in these brines can be correct unless it fiilly takes 

into account the solution speciation and also recognize that the surface chemistry 

will not distinguish free proton and acetic acid because the dissociation of acetic acid 

is rapid. 

Low acetic acid concentration arising fi-om simulated brine and CO2 do not 

seem to change the film significantly. In all conditions, a uniform corrosion film is 

observed at the steel surface, and this film is porous and rather structureless. Further, 

there is no evidence of grain boundary features or pitting corrosion. However, the 

very high concentration of acetic acid (24.4 mM) certainly led to a thicker film but of 

similar appearance. 
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Chapter Six 

6 Studies related to Oilfield conditions 

6.1 Introduction 

In some oilfields, including Wytch Farm on the South East of England and 

Trinidad in Central America, enhanced rates of corrosion are thought to result from 

the presence in the brine of the anion of weak acids particularly acetate ions. In 

Chapter Four, we reported the rates of corrosion of carbon steel (X65) in simulated 

brines containing 3 % NaCl and various concentration of sodium acetate (NaOAc), 

each saturated with carbon dioxide. It was demonstrated that the rate of corrosion 

could be understood in terms of the concentration of undissociated acetic acid 

formed when acetate containing brines were acidified by contact with carbon 

dioxide. Further, the speciation of the solutions was calculated and it was confirmed 

that the chemistry and electrochemistry (at both Pt and carbon steel) of the 

acetate/COz solutions is identical to an acetate buffer of the same pH prepared by 

simple addition of acetic acid to aqueous sodium acetate. In laboratory simulated 

brines containing only NaCl and NaOAc saturated with CO2, the pH and the 

concentration of acetic acid is a fimction only of the acetate concentration and hence 

there is a direct relationship between the corrosion rate and the acetate content of the 

simulated brine. 

This chapter reports the extension of these studies to oilfield brines. Inevitably, 

such brines have a much more complex composition. They have different ionic 

strengths and contain an assortment of additional inorganic ions as well as organic 

contaminants. The former, particularly bicarbonate, may be expected to influence the 

pH of the solutions and hence the concentration of acetic acid while the latter could 

adsorb on the steel surface and thereby also influence the rate of corrosion. The 
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studies have employed brines from oilfields Wytch Farm (Oilfied A) and Trinidad 

(Oilfield B) oilfields. 

In general, the speciation of the medium can influence the corrosion of the 

metal through either the composition of the film formed on the surface of the 

corroding metal or through the thermodynamics and kinetics of the anodic and/or 

cathodic reactions leading to corrosion. In the case of carbon steel, a dominant factor 

resulting from the presence of acetate and carbon dioxide is the formation of acetic 

acid. This leads to a change in the main cathodic reaction leading to corrosion from: 

BT + e • V2B.2 (1) 

H2O + e • ' / 2 H 2 + OH" (2) 

H Y&HZ ( 3 ) 

HO Ac + e" • ' / 2 H 2 + OAc (4) 

Reaction (4) occurs by the mechanism where reaction (4) is followed by reaction (1); 

HOAc ^ • H+ + OAc (5) 

Reaction (5) is a rapid reaction and hence the hydrogen evolution reaction on a metal 

surface does not distinguish between free protons and undissociated acetic acid as 

reactants [123,124,126,130,134]. Moreover, in many of the brines containing acetate 

and carbon dioxide, the concentration of acetic acid is far higher than that of free 

proton and it is this that leads to an enhancement of the rate of corrosion by acetate. 

or 

or 

to 
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6.2 The Oilfield Brines 

Table 6.1 reports the analysis of 4 samples of brines taken at two oilfields in 

England and Trinidad. It can be immediately seen that the compositions are complex 

and using 3 % NaCl as a simulant is an oversimplification. 

Oilfield Acetate^ 
/mM 

Bicarbonate 
/mM 

Other Species/mM 

A1 0 66 0 97 446 Na\ 2750; Ca% 101; K \ 54: Mg"\ 
34; 1.3; all < 0.1; 
Cr, 2997; SO/', 11; Br", 0.7. 

A2^ 0 78 150 4.60 Na\ 2620; 99; K \ 53; 36; 
1.3; Zn% Cû + Fe% all < 0.1; CI" 

, 2854; S04% 13; Br, 0.7. 
B1 11.0 13 5 5 70 Na\ 366; Ca^\ 4.2; K \ 1.5; Mg^\ 1; 

Fe^\ all < 0.1; Cl\ 342; 
804^-, 0.1; Br, 0.8. 

B2 4.4 16.7 6 12 Na+ 302; Ca"\ 3; K \ 1; Mg% 2; 
Fe^\ alK 0.1; Cl% 294; 804̂ % 

0.3; Br, 0.8. 
# includes traces of other carboxylates. 
{ after resaturation with CO2. 
t contains corrosion inhibitor. 

Table 6.1 Composition offour samples of brines at two oilfields sited at two different parts of the 
world. 

Firstly, it can be seen that the ionic strength of the brines differs appreciably. 

The brines from oilfield A (Wytch Farm Facility, Britain) contain ~ 16 % NaCl 

while those from oilfield B (Trinidad) ~ 2 %. Such differences have a significant 

influence on the speciation through the deviations of the solutions from ideality. 

Indeed, in very concentrated electrolytes, it is difficult to estimate the mean ionic 

activity coefficients and thereby calculate the concentrations of ionic species in the 

brine with a high degree of precision. 

In this section, however, we wish to stress the influence of bicarbonate on the 

rate of corrosion of the steel. It can be seen that the brines in table 6.1 do contain 

bicarbonate. In our early modeling (see Chapter Three) the presence of bicarbonate 
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as an independent component in the brine was ignored. The solution composition 

was based on the presence only of 3 % NaCl, NaOAc and CO2 and the only 

bicarbonate present was that resulting from the saturation of the brine with carbon 

dioxide. When bicarbonate is an independent constituent of the brine, its presence 

must be taken into account. This was attempted in a more qualitative way in 

section 3.4, see Chapter Three. It can be seen in table 6.1 with respect to the 

bicarbonate content, the two oilfields are quite different. Oilfield A has a low 

bicarbonate level (case (c) on page 3-17) and significant conversion of acetate to 

acetic acid will occur on contact with 1 atm CO2. Oilfield B has a relatively high 

level of bicarbonate (case (b) on page 3-17) and the fractional conversion of acetate 

to acetic acid will be low. It should again be stressed that the bicarbonate level 

determines the pH of the CO2 saturated solutions, see table 6.1. 

6.3 OilfieldA 

6.3.1 Voltammetry of Oilfield A at Pt rotating disc electrode 

Two brines from different sampling points were investigated. As reported in 

table 6.1, both brines are relatively low in bicarbonate and, as expected, their pH 

dropped to ~ 4.5 when resaturated with CO2. In addition, it should be noted that the 

total acetate concentrations are also relatively low compared to those employed in 

our earlier studies (see Chapter Four and Five). Figure 6.1 shows voltammograms 

recorded at 298 K for a Pt rotating disc electrode (area, 0.16 cm^) in a sample of 

brine from the Wytch Farm oilfield A1 (a) when residual CO2 and O2 accumulated 

during handling and transportation had been removed with a stream of N2 and (b) 

when the sample was resaturated with CO2. 

6-4 



Ph. D Thesis Chapter Six 

u 

I -0.3-

-600 -400 

E\s. SCE/ mV 

Figure 6. 1 Voltammograms recorded at a precleaned Pt rotating disc electrode (area, 0.16 cm^) for 
the brine sample A1 (a) % saturated, pH 6.01, and (b) resaturated with CO2, pH 4.46 at 
298 K. Rotation rate 400 rpm. 

When fully degassed, the solution has a pH of 6.01 (there can be almost no 

carboxylic acids present) and the voltammogram shows only a small reduction wave 

at Ei/2 = - 470 mV versus SCE with a limiting current density of 0.036 mA cm'^. The 

height of this wave is independent of the rotation rate of the Pt disc electrode. The 

origin of the wave is not known, but the oilfield brine inevitably contains a number 

of organic and inorganic impurities. When resaturated with CO2, the pH drops to 

4.46 and a well-formed reduction wave is seen at E1/2 = -520 mV versus SCE. This is 

the potential where acetic acid reduction (and other organic acids with the same pKa) 

is expected to occur. 

In addition, this reduction wave increases in importance as the rotation rate of 

the Pt rotating disc electrode is increased, and in the plateau region negative to 

- 600 mV versus SCE, the limiting current density is proportional to the square root 

6 - 5 



Ph. D Thesis Chapter Six 

of the rotation rate of the electrode as illustrated in figure 6.2. The electrode reaction 

is therefore mass transport controlled in the plateau region. The acetic acid 

concentration in the brine saturated with CO2 can be estimated using a modified 

version of the Levich equation that recognizes that the transport of both free proton 

and undissociated acetic acid can occur in the oilfield brine (equation 4-5, Chapter 

Four, page 4-20) The values used for the diffusion coefficient for acetic acid was 

taken as 1.02 x 10'® m^ s"̂  at temperature of 298 K (see page 4-6, Chapter Four). The 

diffiision coefficient for the free proton was taken as 9.3 x 10'® m^ s"̂  at 298 K [154], 

and the concentration of free proton was estimated from the pH of the oilfield brine 

after CO2 resaturation (pH 4.46). 

< 0 . 4 

10 20 3 0 40 5 0 

Figure 6. 2 Plot ofj^ versus at potentials in the plateau region of the j-E curves in figure 6.1 for 
Wytch Farm oilfield brine A1 resaturated with CO2, pH 4.46 at 298K. 
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The value calculated is 0.59 mM. Making no correction for non-ideality, this is 

equivalent to a total acetate concentration of 0.90 mM (cf analytical value of 

0.66 mM) a reasonable agreement in view of the uncertainties in the calculations. 

There can be no doubt that lowering the pH by saturation with CO2 has led to the 

conversion of a fraction of the acetate in the brine to acetic acid. 

The same experiment was repeated for the brine sample A2 in the same 

conditions. Figure 6.3 reports a typical voltammogram recorded for sample A2. 

When the sample has been resaturated with CO2, the pH of the brine drops to 4.60. 

u 

- - 0 . 4 - 0 . 4 -

- 4 0 0 

Evs. SCE/mV 

Figure 6. 3 Voltammogram recorded at a precleaned Pt rotating disc electrode (area, 016 crtf) for 
the brine sample A2 resaturated with CO2, pH 4.60. Temperature 298 K. 
Rotation rate 400 rpm. 

The voltammogram for sample A2 in the same conditions is very similar to 

that for sample Al. Once again, a well-formed reduction wave is seen at E1/2 = 

-520 mV versus SCE confirming the formation of acetic acid. The limiting current 

densities for the CO2 saturated brine at each rotation rate are slightly higher with 
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brine A2. As previously, the limiting current is proportional to the square root of the 

rotation rate of the Pt disc electrode. Using the same procedure as above, the 

concentration of acetic acid in the CO2 saturated brine is estimated as 0.71 mM. 

Again, making no allowances for non-ideality, this is equivalent to a total acetate 

concentration of 1.22 mM (cf the analytical value of 0.78 mM). It should be noted 

that it is more difficult to obtain reproducible results from the oilfield samples than 

with the simulated brines prepared with purified water and high purity chemicals. 

The above voltammograms had to be recorded with freshly cleaned surfaces and 

immediately after immersion in the sample (whether with brine A1 or A2). Without 

these precautions, the voltammograms showed changes and, in general lower current 

densities and waves were more drawn out along the potential scale as illustrated in 

figure 6.4. Indeed, if a constant potential was applied, the current density decayed 

rather rapidly, even after a few seconds. This behaviour can be attributed to other 

constituents in the oil brines, most likely organics adsorbing on the metal. 

0.0 

-0.1 

. -0.2 

i 
S -0.3 

-0.4-

-0.5 
(a) Freshly cleaned Pt surface 
(b) Pt electrode left in brine for 5 min 

0.0 

- - 0 . 1 

-0.2 

-0.3 

-0.4 

-0.5 

-1000 -800 -600 -400 -200 0 

Eys. SCE/mV 

Figure 6. 4 Votammogmms recorded at a Pt rotating disc electrode for the brine sample A1 
resaturated with CO2 (a) wish freshly cleaned Pt surface, (b) with a Pt electrode left in 
the brine for 5 minutes. Temperature 298 K. Rotation rate 900 rpm. 
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It should also be recognized that the acetate concentration in these brines is low 

compared with the model solutions and background currents will therefore be more 

significant. The voltammetry was also recorded at 333 K. Figure 6.5 illustrates a 

typical voltammogram recorded at a precleaned Pt rotating disc electrode for the 

sample A1 when resaturated with CO2 and at 333 K. It should be noted that after 

resaturation with CO2 the pH of the brine to drops 4.56. Also, the voltammogram 

obtained for the same brine sample at 298 K has been included for comparison. 

- 0 . 2 -

1 

(a) 298 K 

-0.4 

(b) 333 K 

-600 -400 

Evs. SCE/ mV 

Figure 6. 5 Voltammograms recorded at a precleaned Pt rotating disc electrode (area, 0.16 cm^), for 
the brine sample A1 (a) at 298 K and (b) at 333 K. Brine A1 resaturated with CO2 
pH 4.46 and 4.56 respectively. Rotation rate 400 rpm. 

According to figure 6.5, it can be noted that the voltammogram at 333 K 

remains very similar to the one at 298 K. A well-formed reduction wave is observed 

at Ei/2 = -500 mV versus SCE. However, the most obvious change in the 

voltammogram with increasing the temperature is the increase in the limiting current 

densities. Further, the limiting current plateau is less defined and more drawn out on 

the potential axis. The experiment was repeated over a range of rotation rates, and 
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the voltammograms obtained show similar characteristics to the one presented in 

figure 6.5. This clearly indicates that the reaction occurring at the Pt RDE electrode 

is mass transport controlled. A plot of limiting current versus the square root of 

rotation rate of the Pt disc electrode was found to be linear and pass through the 

origin, confirming a fully mass transport controlled reaction. 

6.3.2 Voltammetry of Oilfield A at X65 carbon steel rotating disc electrode 

It should be emphasized that for all voltammograms at the carbon steel rotating 

disc electrode, the potential was scanned (usually 5 mV s"̂ ) in a positive direction 

from the negative limit. This step was taken in order to minimize the influence of 

corrosion films on the voltammetric response and to ensure reproducibility. 

Figure 6.6 shows voltammograms recorded at 298 K at both X65 carbon steel and Pt 

rotating disc electrodes for the Wytch Farm oilfield brine A1. 

0.25 

Wave 1 

u -0.25 

Wave 

-0.50 -

0.25 

(a) Pt RDE, 900 rpm 

(b) Steel RDE, 900 rpm 
-0.75 

0.00 

-0.25 

-0.50 

-0.75 J- , I I I I r 

-1000 -800 -600 -400 -200 0 

E\s. SCE/mV 

Figure 6. 6 Voltammograms recorded at (a) Pt and (b) X65 carbon steel rotating disc electrode for 
the brine sample A1 after CO2 resaturation. Temperature 298 K. Rotation rate 900 rpm. 
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At the steel electrode, the corrosion potential, Econ, is -720 mV versus SCE 

and the dissolution of iron is observed at potentials immediately positive to this 

value. Negative to the corrosion potential, the current also increases steeply and two 

reduction steps are observed. These two reduction steps seem to correspond closely 

to Wave 1 and Wave 2 reported for the reduction of acetic acid at steel (see Chapter 

Five cf 5.3.2, page 5-11). Wave 1 was attributed to a kinetically controlled reduction 

of acetic acid, while beyond Wave 2 acetic acid reduction becomes mass transport 

controlled. It should further be noted that the limiting current at the carbon steel is 

very similar to that at Pt again confirming that both reduction waves at the X65 

carbon steel rotating disc electrode are for the reduction of acetic acid. The response 

for the brine sample A2 at steel is similar to that for the brine sample Al. Figure 6.6 

shows the voltammogram at the X65 carbon steel rotating disc electrode for sample 

Al when the temperature is raised to 333 K. 

S u 

-1100 -1000 -900 -800 

£vs.SCE/mV 

-700 -600 

Figure 6. 7 Voltammogram recorded at a X65 carbon steel rotating disc electrode (area, 0.17 cm'^) 
for brine sample A1 resaturated with CO2 at 333 K. Rotation rate 1600 rpm. 
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At all potentials, the current densities are higher than that at 298 K but the 

voltammogram is now rather featureless. Certainly, Wave 2 cannot be observed. This 

is, however, to be expected from our earlier studies (see Chapter five). With 

decreasing acetate concentration and increasing temperature, it was found that the 

process leading to Wave 1 became dominant and with a concentration of 

acetate < 1 mM at 333 K only Wave 1 is to be expected. Furthermore, as for Pt, it 

should be reported that it is more difficult to obtain reproducible results with the 

oilfield samples. All voltammograms had to be recorded with freshly cleaned 

surfaces and immediately after immersion of the carbon steel disc in the sample 

(whether A1 or A2). Figure 6.8 illustrates a typical log j versus E plot for the X65 

carbon steel in the brine A1 resaturated with CO2. A reasonable Tafel slope is 

observed positive to the corrosion potential (slope = 1/67 mV)'̂  but the limiting 

current for acetic acid reduction is too low to obtain meaningful Tafel slope from the 

data negative to the corrosion potential. 

- - 1 

h - 2 

-900 -800 -700 -600 

E vs. SCE/ mV 

-500 -400 

Figure 6. 8 Log J versus E plot for brine sample A1 resaturated with carbon dioxide at a X65 carbon 
steel electrode at 298 K. 
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For comparative purposes, it was desired to estimate a corrosion current. This 

is normally done from the linear polarization plots and using the Stern and Geary 

equation (6-1): 

Jo, 
4/ 
AE 

(6-1) 

where —^ is the slope of the polarization plot (see figure 6.9), Pa and are the 
AE 

anodic and cathodic Tafel slopes. Figure 6.9 reports the linear polarization responses 

for the X65 carbon steel in the brine A1 resaturated with carbon dioxide, pH 4.46 

after CO2 saturation at 298 K. 

- 6 6 0 "1 

-665 

-670-
j! mA cm - 2 

T T 1 1 1 1 1 1 1 
t)0 0.02 0.04 0.06 0.08 -0.08 -0.06 -0.04 -O.OJ^. 

-685-1 
JET vs. SCE/ mV 

Figure 6. 9 Linear polarization plot for the X65 carbon steel electrode in the brine A1 resaturated 
with CO2 at 298 K. pH 4.46 after CO2 saturation. 
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The corrosion current densities were calculated from the slopes of such linear 

polarization plots, making standard assumptions that the Tafel slopes for iron 

dissolution and hydrogen evolution are 60 and 120 mV respectively. Table 6.2 

reports the corrosion potential, Econ, the corrosion current densities calculated for the 

two brines A1 and A2 at two temperatures and also reiterates our conclusions about 

the acetic acid concentrations in the brines. 

Brine T/K C H O A C / M M Ecorr! m V v s . S C E icorr! m A c m ^ 

Al 298 0 59 -702 0 12 Al 

333 -716 029 

A2 298 0.71 -700 0 07 A2 

333 -713 0 18 

Table 6. 2 Corrosion current densities for X65 carbon steel in oilfield brines A measured at a 
stationary disc electrode at two temperatures, 298 and 333 K respectively. 

In general terms, the rate of corrosion increases with temperature. The lower 

solubility of CO2 at the higher temperature will lead to a higher pH and a lower 

conversion of acetate to acetic acid but the increased rates of reaction at 333 K more 

than overcome this effect. The values for the corrosion current densities at 333K are 

also in line with those reported in Chapter five although the level of acetate in the 

oilfield brines fall outside the range chosen for study with the simulated brines 

(see Chapter Five, page 5-46). It is not possible to consider the influence of acetic 

acid concentration on the corrosion current density because the brine A2 (but not 

brine Al) contains a corrosion inhibitor. 
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Chapter Six 

6.4.1 Voltammetry of Oilfield B at a Pt rotating disc electrode 

6.4.1.1 Voltammetry of oilfield Bl 

Voltammograms were recorded at a Pt rotating disc electrode for the oilfield 

brine Bl. Figure 6.10 reports voltammogram at Pt rotating disc electrode for the 

sample Bl when residual CO2 and O2 accumulated during handling and 

transportation had been removed with a stream of N2 bubbles. After N2 saturation, 

the solution pH increased above 7, and no reduction wave is visible positive to 

- 800 mV versus SCE. 

S 

- 1 0 0 0 -600 -400 

Evs . SCE/mV 

Figure 6.10 Voltammograms recorded at a precleaned Pt rotating disc electrode (area, 0.16 crt^) for 
the brine sample Bl after N2 saturation at 298 K. Rotation rate 900 rpm. 
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When the brine B1 was resaturated with carbon dioxide, the voltammetry was 

quite different. Figure 6.11 reports the voltammogram recorded at a precleaned Pt 

rotating disc electrode in the oilfield brine B1 resaturated with carbon dioxide, the 

pH drops to 5.70. The voltammogram was recorded at 298 K and with a disc rotating 

at 1600 rpm 

--0.5 

S -1.0- - - 1 . 0 

-600 -400 

Eys. SCE/mV 

Figure 6. 11 Voltammogmm recorded at a precleaned Pt rotating disc electrode (area, 0.16cm^) for 
the oilfield brine sample B1 resaturated with CO2 at 298 K. pH drops to 5.70 after CO2 
saturation. Rotation rate 1600 rpm. 

The brine B1 showed a well-formed reduction wave at E1/2 = -580 mV versus SCE, 

the potential predicted for the reduction of acetic acid in an acetate buffer, pH 5.70 

(cf -520 mV versus SCE at pH 4.70). Just negative to - 600 mV versus SCE, the 

height of this reduction wave was found to be dependent of the rotation rate of the Pt 

disc electrode. The limiting current is proportional to the square root of the rotation 

rate of the Pt disc electrode as shown in figure 6.12; the electrode reaction is 

therefore fully mass transport controlled. It can also be seen that the limiting current 
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plateau is very short and another electrode reaction occurs at potentials just negative 

to the wave. 

< 0.8 

0 10 20 

rpm 

30 

1/2 

40 50 

Figure 6. 12 Plot of versus at potentials in the plateau region of the j-E curves in figure 6.11 
for oilfield brine B1 resaturated with CO2, pH 5.70 at 298K. 

As previously, the acetic acid concentration in oilfield B1 was estimated 

using equation (6-3). The value calculated is 1.55 mM. Using the pH of the brine 

after CO2 saturation, 5.70, this allows an estimate of 13.8 mM for the total acetate in 

the brine and this compares well with the analysts value of 11.0 mM (see table 6.1). 

In addition, it should be noted that at more negative potential, the CO2 saturated 

brine shows large reduction waves associated with electrochemistry of bicarbonate 

[155] as illustrated in figure 6.13 (compare with figure 4-16, see page 4-27). 
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However, it is not thought that such reactions influence the corrosion of steel. 

Further, it should be noted that when the brines from oilfield B were resaturated with 

CO2, their pHs were measured as close to 6. This is consistent with the higher level 

of bicarbonate, see table 6.1. 

-| I I I I ' ~r ' r 
-1400 -1200 -1000 -800 -600 -400 -200 0 

^ v s . SCE/mV 

Figure 6.13 Voltammogram recorded at a precleaned Pt rotating disc electrode (area, 0.16 cm^) for 
the oilfield brine sample B1 resaturated with CO2 at 298 K. pH drops to 5.70 after CO2 
saturation. Rotation rate 400 rpm. 

6.4.1.2 Voltammetry of Oilfield B2 

Figure 6.14 reports the voltammogram recorded for brine B2 at 298 K at a 

precleaned Pt rotating disc electrode when it is (a) a deoxygenated using a stream of 

N2 and (b) resaturated with CO2. After Nz saturation, the pH of the solution is 7.22, 

and this drops to 6.12 on CO2 saturation. Neither voltammogram shows a reduction 

wave positive to - 800 mV versus SCE. Saturation by carbon dioxide is not leading 

to the formation of acetic acid. 
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-600 -400 

E vs. SCE/ mV 

-800 -600 -400 

Eys. S C E / m V 

-200 

Figure 6. 14 Voltammogram recorded at a precleaned Pt rotating disc electrode (area, 0.16 cm^) for 
the oilfield brine sample B2 (a) N2 saturated and (b) resaturated with CO2 at 298 K. pH 
drops to 6.12 after CO2 saturation. Rotation rate 900 rpm. 
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This is consistent with the analysis of the brine; it contains a lower level of acetate, 

4.4 mM and at the higher pH of 6.12, the estimated concentration of acetic acid is 

< 0.2 mM (not taking into account deviations from ideal solution behaviour). We 

would therefore expect to see only a very small acetic acid reduction wave and 

certainly the contribution of acetic acid to corrosion in brine B2 will be low. 

6.4.2 Voltammetry of oilfield B at X65 carbon steel rotating disc electrode 

6.4.2.1 Voltammetry of oilfield B1 at X65 carbon steel rotating disc electrode 

Figure 6.15 illustrates the voltammetry of the carbon steel in the brine B1 

resaturated with CO2. This curve was recorded at 298 K but it has the same essential 

features as discussed with figure 6.7. 

0.25 0.25 

-0.25 

--0.50 

-0.75 -0.75 

-1000 -900 -800 

Evs. SCE/ mV 

-700 -600 

Figure 6. 15 Voltammogram recorded atX65 carbon steel rotating disc electrode (area, 0.17 cm^) for 
the oilfield brine sample B1 resaturated with CO2 at 298 K. pH drops to 5.70 after CO2 
saturation. Rotation rate 900 rpm. 
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Dissolution of iron is observed immediately positive of the corrosion 

potential. Most importantly, the corrosion potential is - 705 mV versus SCE and the 

current for the reduction of acetic acid is clearly visible immediately negative to the 

corrosion potential As for the Pt rotating disc electrode, the voltammograms were 

recorded for a larger potential scale window, and once again a large reduction wave 

was observed, as shown in figure 6.16. The height of this wave is dependent of the 

rotation rate of the X65 carbon steel disc but its origin was not investigated. 

However, we do not believe that such reactions influence the corrosion of the carbon 

steel specimen. 

-1400 -1200 -1000 

Evs. SCE/ mV 

-800 -600 

Figure 6.16 Voltammogram recorded atX65 carbon steel rotating disc electrode (area, 0.17 cm^) for 
the oilfield brine sample B1 resaturated with CO2 at 298 K. pH drops to 5.70 after CO2 
saturation. Rotation rate 900 rpm. 

6.4.2.2 Voltammetry of oilfield B2 at X65 carbon steel rotating disc electrode 

Voltammetry was also recorded at X65 carbon steel rotating disc electrode 

for the oilfield brine B2. Figure 6.17 reports a typical voltammogram recorded at 
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298 K for the X65 carbon steel electrode in the brine B2 resaturated with CO2 The 

voltammogram for the brine B2 leads to a corrosion potential of - 820 mV versus 

SCE and a very much slower increase in current negative to this potential. Again 

there is no evidence for the presence of significant acetic acid reduction or 

enhancement of corrosion in the oilfield brine B2. 

1 ' 1 ' 1 ' 1 1 r 
-1200 -1100 -1000 -900 -800 

Exs. SCE/mV 

-700 -600 

Figure 6.17 Voltammogram recorded atX65 carbon steel rotating disc electrode (area, 0.17 cm^) for 
the oilfield brine sample B2 resaturated with CO2 at 298 K. pH drops to 6.12 after CO2 
saturation. Rotation rate 900 rpm. 

Moreover, it can be seen that the voltammogram shown in figure 6.17 

remains very similar to the one presented in figure 5.1 (see Chapter five, page 5-2) 

for neutral simulated solution. Table 6.3 reports the corrosion current densities 

calculated for oilfield brine B1 at two temperatures, and also reiterates our 

conclusions about acetic acid concentration in the brine. Further, corrosion potentials 

estimated from linear polarization measurement are also presented. 
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Brine T/K Choac/ n i M E c o J m V v s . S C E j c o J m A c m " ^ 

B1 298 155 -705 0 15 B1 

333 -745 &29 

B2 298 <0 2 -820 -

Table 6. 3 Corrosion current densities for X65 carbon steel in oilfield brines B measured at a 
stationary disc electrode at two temperatures, 298 and 333 K respectively. 

According to table 6.3, it can be seen that once again the rate of corrosion increases 

with temperature. The values of the corrosion current densities can also be seen to 

reflect the concentration of the acetic concentrations in the oilfield brine. 

6.5 Conclusion 

This study of some oilfield brines has demonstrated, that the key factor 

determining the enhancement of corrosion by acetate is the concentration of acetic 

acid in the brine. In term, this depends on the level of any constituent of the brine 

that can influence its pH. Here, the focus has been on the bicarbonate level in the 

brine and it has been shown that a "high" bicarbonate concentration can lead to a 

brine pH that is high enough that the conversion of acetate to acetic acid is low. 

Then, the impact of any acetate in the brines on the rate steel corrosion is very low. It 

has also been noted that the definition of a "high" bicarbonate concentration depends 

on the CO2 concentration and hence both temperature and pressure. Acetate 

enhanced corrosion is characterised by a positive shift in the corrosion potential and 

an increase in the corrosion current density. The importance of acetate enhanced 

corrosion depends on the concentrations of both acetate and bicarbonate while the 

presence of bicarbonate in sufficient concentration to negate the enhancement in 

corrosion rate by acetate is clearly indicated by a measurement of pH. 

Then, one should pose the question as to whether carbonic acid has other roles 

in addition to being component of a buffer? It has been suggested that carbonic acid 

acts as the reactant for the cathode reaction by mechanism equivalent to reactions (5) 
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and (1). It should be recognized, however, that the concentration of carbonic acid is 

very low and its contribution for the cathode reaction in steel corrosion when acetic 

acid is present is small. This has already been discussed in Chapter Three (page 3-9). 

The corrosion data for the four brines studied is summarised in table 6.2 and 

6.3. While the changes in the voltammetry at Pt and the X65 carbon steel are very 

convincing, the trend in corrosion current densities is less so. We believe that this 

arises because of the particular brines so far available for study; because of 

unfortunate combinations of acetate and bicarbonate levels, all are low in acetic acid 

concentration after saturation with CO2. Certainly, the acetic acid concentrations in 

the brine are low compared with those used in our earlier correlation plots (see 

figures 5.28 and 2.59 in Chapter Five). As in Chapter Four and Five, we would stress 

the critical role of the concentration of acetic acid in the brine in determining the 

extent of enhanced corrosion of steel by acetate. The acetic acid is a good proton 

donor and electron transfer at the steel (or, indeed, any metal surface) does not 

distinguish free proton and undissociated acetic acid. 
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Chapter Seven 

7 Conclusions 

Although the presence of acetate could influence the composition of the 

corrosion film, we believe that when steel is in a brine containing acetate and CO2, 

the rate of corrosion is increased because the main cathodic reaction in the corrosion 

process becomes: 

HO Ac + e ^ — • 1/2 H2 +OAc" 

All SEM experiments have shown that when the steel is in contact with a medium 

containing acetate and carbon dioxide, a uniform film is observed at the steel surface. 

This film is porous, allowing continuing supply of acetic acid to the surface. Further, 

the film thickens with time and acetic acid concentration but its structure does not 

seem to change. It is important to know accurately the speciation of the critical 

species in the brine solutions, and in this work, this has been achieved using a 

software package, PHREEQC 2.2, available on the World Wide Web, to deal with 

several interacting equilibria and the deviation from ideal solution behavior. 

Speciation calculations show that when CO2 is dissolved, the solution becomes 

somewhat acidic, but the presence of acetate moderates the pH swing. The buffering 

action is achieved by the conversion of acetate to acetic acid, and has a result the 

brines have much higher concentration of proton donor, than free proton. It has been 

demonstrated conclusively that it makes no difference whether organic acids present 

in brines containing NaCl/NaOAc result from the addition of an aliquot of 1 M acetic 

acid or from carbon dioxide saturation of the solution. These solutions behave 

identically. 

The electrochemistry of the weak acid solutions, at steel and Pt, reflects the 

concentrations of both free proton (pH) and the total concentration of proton donor in 
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the solution because the dissociation of the carboxylic acid (in this study, mainly 

acetic acid) is a rapid reaction. The dominant proton donor in the brines of interest is 

acetic acid, and at the usual pH of the brines (4.40 -5.80), the concentration of acetic 

acid is substantially higher than that of free proton as well as carbonic acid. Hence, a 

cathodic current equivalent to the mass transport controlled reduction of the acetic 

acid in the medium is observed. As a result the concentration of acetic acid rather 

than of free proton is a critical factor in determining the rate of corrosion. Depending 

on the experimental conditions, the reduction of acetic acid at steel leads to one or 

two reduction waves. Wave 1 clearly has the stronger influence on the cathodic 

current density at the corrosion potential. Wave 2 is most clearly seen in conditions 

of rapid mass transport and when the rate of reaction leading to Wave 1 is low. Wave 

1 and Wave 2 are both associated with the reduction of acetic acid but the rate is 

determined by different factors. The most likely explanation for the two waves 

would be that they arise from the reduction of acetic acid on two different surfaces or 

by different mechanisms. 

Measurements of the corrosion rate and corrosion current densities using 

Linear Polarisation, show that the rate of corrosion of the X65 carbon steel is directly 

dependent to the concentration of acetic acid. Indeed, this dependence is linear. It has 

been found that a minimum of ~ 1 mM HO Ac in the brine is essential in order to 

enhance the corrosion of steel (compared to NaCl/C02). This can be understood 

because of the difference in diffusion coefficients for free proton (H^) and acetic acid 

(HOAc), Dn « 9 Droac and hence the mass transfer controlled current for i f 

reaction at pH 4.0 is equivalent to that for HOAc, when the concentration HOAc is 

equal to 0.5 mM. The reduction of carbonic acid (via kinetically controlled 

conversion of carbon dioxide) is again somewhat smaller at pH 4.0 although at high 

pH it replaces free proton reduction as major competing process. Works carried out 

with the Oilfield brines demonstrated that the influence of other species, particularly 

bicarbonate has to be considered. Sufficient concentration of bicarbonate can lead to 

brine with a high pH, therefore the conversion of acetate to acetic acid is low. Hence, 

the impact of any acetate on the rate of steel corrosion is very low. The major role of 
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CO2 in this chemistry is only to change the speciation by changing the pH. Carbonic 

acid is a much weaker acid than acetic and the interconvertion of carbon dioxide to 

carbonic acid is slow so the contribution of carbonic acid reduction to the partial 

current density at the corrosion potential will be much less than the contribution from 

acetic acid. In the oil industry, there is a general need for models to predict corrosion 

rates in the oilfield environment. The model should take into account the ionic 

strength and the pH of the brines. In addition, the CO2 pressure, the temperature and 

the acetate concentration are also important parameters to take into consideration. 

Then, the model will lead to the calculation of the organic acid concentration, 

therefore to the rate of corrosion of the steel specimens. 
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