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ABSTRACT

Full Name : Muhammad Nauman Zafar

Thesis title : H,S and CO;, corrosion of SA-543 and X65 steels in oil/water
emulsion corrosion

Major Field : Mechanical Engineering

Date of Degree : March, 2014

An experimental study was performed using rotating cylinder electrode and a novel
emulsion flow loop to investigate the corrosion behaviour of SA-543 and X635 steels
when exposed to emulsion containing oil and sodium thiosulphate (Na;S,03) solution
along with carbon dioxide (CO;). This study aimed at understanding the effects of
hydrodynamics on corrosion. Na,S;03; was used to generate the hydrogen sulphide (H,S).
The emulsions were formed using 0.01 M Na;S,03 and Exxsol D80 oil. To mimic the
well conditions, CO, was purged in order to maintain a pH of 5. Experiments were
performed for different ranges of oil content, velocity, temperature, viscosity, and pipe
diameter. Individual and combined effects of thiosulphate and CO, were also studied. It
was observed that SA-543 steel was more corrosion resistant than X65 steel in the
emulsion solution. Similar corrosion trend was found for both RCE and flow loop under
the same test conditions. Iron sulphide film was formed on all the samples. Corrosion
rates were reduced upon the introduction of CO; in the flowing fluid. The presence of
oily phase dwindled the corrosion due to its inertness as oil is adsorbed on the steel
surface. Increasing the velocity augmented the kinetics of reduction reaction thus forming
sulphide film at higher rate and hence inhibiting the corrosion. Varying the temperature
had a similar effect; corrosion dwindled by increasing the temperature due to the

formation of stable sulphide films that are formed at higher temperatures. The corrosion
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An experimental study was performed using rotating cylinder electrode and a novel
emulsion flow loop to investigate the corrosion behaviour of SA-543 and X635 steels
when exposed to emulsion containing oil and sodium thiosulphate (Na;S,03) solution
along with carbon dioxide (CO;). This study aimed at understanding the effects of
hydrodynamics on corrosion. Na,S;03; was used to generate the hydrogen sulphide (H,S).
The emulsions were formed using 0.01 M Na;S,03 and Exxsol D80 oil. To mimic the
well conditions, CO, was purged in order to maintain a pH of 5. Experiments were
performed for different ranges of oil content, velocity, temperature, viscosity, and pipe
diameter. Individual and combined effects of thiosulphate and CO, were also studied. It
was observed that SA-543 steel was more corrosion resistant than X65 steel in the
emulsion solution. Similar corrosion trend was found for both RCE and flow loop under
the same test conditions. Iron sulphide film was formed on all the samples. Corrosion
rates were reduced upon the introduction of CO; in the flowing fluid. The presence of
oily phase dwindled the corrosion due to its inertness as oil is adsorbed on the steel
surface. Increasing the velocity augmented the kinetics of reduction reaction thus forming
sulphide film at higher rate and hence inhibiting the corrosion. Varying the temperature
had a similar effect; corrosion dwindled by increasing the temperature due to the

formation of stable sulphide films that are formed at higher temperatures. The corrosion
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CHAPTER 1

INTRODUCTION

1.1  Introduction

Corrosion is defined as the degradation of metals through electrochemical processes.
Losses due to corrosion are worth multi-billion dollars, with an estimated figure of $200
billion per year [1]. Corrosion has to occur as every element has tendency to go back to
its stable state. One can not eliminate corrosion but can take measures to slow down the
corrosion process. Corrosion of materials poses threat to plant safety and also affects the
smoothness of production process. Corrosion is further classified according to the media
they are exposed to, either it is dry or wet corrosion. There are multiple types of
corrosion, but we will mainly focus on flow accelerated corrosion. This type of corrosion
depends highly on flow conditions. In flow accelerated corrosion, the scale on the surface

is eroded by the flow and thus exposing the bare metal to corrosion.

Flow in petrochemical, pharmaceutical, and process industries is usually a multiphase
flow. Multiphase flow means that two or more phases are flowing at a moment. The
characteristics of multiphase flow are different from single phase flow. Multiphase flow
has certain flow patterns which are formed according to the two fluid velocities.
Emulsion is a sort of multiphase flow, but the difference is that emulsions are formed by
agitation. Emulsion exists in a metastable state, formed by mechanical agitation and the
presence of surfactant molecules that diminish interfacial tension [2]. If you flow two
fluids with different densities, they will remain separated during the flow. In case of

emulsion, they will be usually mixed up. Emulsion is a mixture of two or more fluids that

1



are immiscible and remain suspended as dispersed particles. They are further classified
into two types. i.e. i) Oil-in-water emulsion (O/W), ii) Water-in-oil emulsions (W/O).
Their classification is dependent upon the dispersed phase. When oil is dispersed in water
phase, this is known as oil-in-water emulsion and when water particles are dispersed in
oil phase it is known as water-in-oil emulsions. The properties of the above two
mentioned emulsions are different from each other. The type of emulsion is dependent on

the fraction of one fluid into the other.

Emulsions are one of the essentials of our life, ranging from foods, cosmetics, pesticides,
medicines, paints etc. Emulsions are usually formed to ease the extraction of oil and on
the other hand emulsions form at the valves, flanges poses threat to the life of equipment.
The corrosion and mechanical properties of emulsion are different from their constituent
fluids. Emulsion corrosion has been observed to have higher corrosion rate as compared
to individual oil water corrosion [3]. In this study we will mainly focus on oil-in-water
emulsion, where water is present as a continuous phase; metallic corrosion is expected
due to water. Since oil is known to wet metals, the destabilization of the emulsion at the
interface could significantly alter the corrosion behaviour compared with aqueous water
phase alone [4,5]. The corrosion rate may be affected also by changes in the rate of
transport of oxygen from reactants to the metal surface, as a result to the presence of oil

in the system [2,6-9].

CO; and H,S gases are type of gases that exist in crude oil wells. Both gases form acids
when combined with moisture. Corrosion due to CO; is known as sweet corrosion and
sour corrosion is due to H,S. The extraction of oil from sour wells is relatively expensive

due to the higher refining costs in removing sulphur. But the high oil demands make the
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extraction of H,S containing oil highly essential. H,S is a toxic gas with a rotten egg
smell, and its exposure up to 15 ppm is considered hazardous. It is a poisonous,
corrosive, heavier than air, and explosive gas [10]. H2S is known to cause stress corrosion
cracking (SCC) due to the brittlement of material via hydrogen ingress [11,12]. Corrosion
in sour environment is usually initiated with the formation of iron sulphide film [11]. Iron
sulphide scales are usually formed inside the sour well pipelines, and observed to have
both corrosive and inhibitive properties. The film formation depends on temperature,

where stable adherent films are formed at higher temperatures (> 80°C) [11,13].

In petroleum industry, the sulphur present in sour crude oil, which is sometimes used as a
feedstock for hydrocrackers, produces iron sulphide scale. The scale subsequently reacts
with water and oxygen during shutdowns to form polythionic acids (H,SxOs) and other
oxyanions such as thiosulphate (S;03>). Analogies have been established between
polythionic acid cracking, where the most aggressive sulphur species is considered to be

S40s, and SCC in thiosulphate solution [14].

Corrosion due to CO; is known as sweet corrosion as it has no smell. CO, forms weak
acid in aqueous media which causes internal corrosion in oil/gas pipelines. CO; has
certain advantages along with its some detrimental effects. CO; is injected into the well
to reduce the viscosity of oil and to increase the production of well [15-17]. This process
is known as enhanced oil recovery. CO, corrosion usually involved the formation of iron
carbide (FesC) and iron carbonate (FeCO;) with the evolution of H,. Corrosion is
substantially reduced when FeCOj is precipitated on the steel surface due to its dense and
protective corrosion product film which acts as a diffusion barrier for corrosive species to

travel to metal surfaces [15,18]. The nature of carbonate film is dependent upon alloy,

L4
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temperature, CO, partial pressure, and pH [19-25].. The increase in pH favors the

formation of FeCOQs.

A new approach has been adapted in this research by using sodium thiosulphate
(Nay$,03) instead of H,S, since H,S is a toxic and flammable gas, and requires special
safety measures for its usage. This replacement made the study of H,S effects at
laboratory scale practically feasible. Thiosulphate is a non-toxic anion and found to be a
good substitutent for H,S. This idea was first proposed by Tsujikawa et al. [26] where he
used sodium thiosulphate for stress corrosion cracking of low alloy steels. The results
were in good agreement with the solutions containing HS. $05> being metastable anion
reduces to form H,S gas at the metal surface. This reaction is spontaneous at open circuit
potential of steel [11]. The exact disproportion reaction of thiosulphate is still ambiguous,
but it is believed that the reduction of thiosulphate anion produces elemental sulphur and
this elemental sulphur further combines with proton to form H,S [11,15,27]. The
formation of FeS on the surface is done from both elemental sulphur and H,S.
Mackinawite (FeS) is formed initially on the metal surface because the kinetics of
Mackinawite formation are faster than any other FeS species [15,28-31]. This surface is
loose, less adherent and rich in defects which contributes to good electron conductivity
and sometimes also inhibits the anodic dissolution by hindering the movement of iron
ions [11,15,32]. The formation of sulphide film on surface is dependent upon pH; with an
increase in pH, the solubility of sulphide film is reduced, and the maximum sulphide
precipitation occurs at pH 4. However the amount of mackinawite augments with time

due to high stability [11].



~Kappes et al. [27,33] quoted in his study that the H,S generation rate was maximum for
the 0.01 M Na;,S,0;. Increasing the concentration resulted in reducing the H,S generation
rate due to thick formation of sulphide film. The sulphide film was good catalyst for
cathodic reactions. The film growth rate was also higher in thiosulphate solutions as

compared to H,S containing solutions [11].

Pipelines at oil and gas facilities are affected by flow accelerated corrosion (FAC). FAC
results in totally or partially removal of protective surface films and higher wear rate
resulting in thinning of pipelines [34]. Most affected piping components by FAC are
usually sudden expansion or contraction, orifice, valves, tees, elbows. This is due to
severe changes in flow direction as well as the development of secondary flow
instabilities downstream of these components [34-36]. The changes in fluid
hydrodynamics, turbulence, wall shear stress, the formation and destruction of corrosion
product film are all related to hydrodynamic boundary layer in the vicinity of metal

substrate [37].

Increasing demands leads to an increase in productions, and the increase in production
requires high strength corrosion resistant materials in order to reduce the maintenance
downtime. SA-543 is a high strength quenched and tempered steel. It is recently
introduced in the construction of reactors in petrochemical plants. Usage of these types of
materials will reduce the corrosion allowance to the wall and, reducing weight and
increasing the capacity of equipment. SA-543 comprises of nickel, chromium and
molybdenum. These three elements provide high corrosion resistance and enhance the
performance. Chromium helps in formation of highly corrosion resistant stable oxide

layer and molybdenum is used to augment pitting and crevice corrosion resistance [38].
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1.2 Thesis objective -

The main objective of this thesis is to investigate the corrosion of SA-543 and X65 steels
in hydrodynamic H,S and CO, environments. Initial study will be performed using
rotating cylinder electrode with oil/water emulsion. The emulsion corrosion will be
studied for different oil percentages, velocities and temperatures. Once the trend of
emulsion corrosion will be at hand, similar experiments will be performed using
emulsion flow loop. Using flow loop, the effect of viscosity, pipe diameter, and corrosion
along the length of vertical pipe will be investigated. Finally, a comprehensive analysis

will be given for the above two techniques.

1.3 Thesis structure

This thesis is splited into 5 chapters started with introduction in which a brief
introduction on emulsion, CO, and H,S corrosion are highlighted. The second chapter
provides a comprehensive literature review on emulsion corrosion, H,S and CO,
corrosion, using RCE and flow loop, with some of the renowned institutes that are
working on erosion-corrosion. Third chapter comprises of a description for the rotating
cylinder electrode setup and flow loop setup. Results and discussion is given in chapter
four. At the end of thesis conclusions were listed in chapter 5 with some

recommendations followed by references.



CHAPTER 2

LITERATURE REVIEW

A thorough literature survey was performed ranging from the H;S and CO; corrosion in
multiphase to the discovery of thiosulphate as H,S replacement. Each aspect of Na;S,05
and CO; corrosion were meticulously gathered. The effect of pipe diameters, inlet
sharpness, contraction, expansion, each and every aspect of pipeline corrosion was
reviewed. This literature review is divided into two sections; first section deals with the '
published literature, and the second section highlights the current multiphase corrosion

facilities around the globe.

2.1 Literatures

2.1.1 H,S and CO, corrosion

Hamzah et al. [39] setup an experimental test for the erosion-corrosion of C-Mn steel.
This steel is heavily used in petroleum industry. The C-Mn was tested with wet and dry
carbon dioxide conditions with varying impact angles and insertion of sand particles.
Material loss was augmented with the insertion of sand particles. For velocities below 50
m/s the erosion was dominated by scale setup and its removal and by substrate erosion
for velocities greater than 50 m/s. The ferric carbonate scale formed due to wet carbon

dioxide is weak in strength at temperature between 20 - 80°C.

Perdomo et al. [40] studied the corrosion of API SLB and X52 steels at both field level
and laboratory scale when they -are exposed to Furrial’s crude oil from different wells in
presence of H,S and CO,. The experiments were performed for different water cuts. The

corrosion rates for both materials were almost the same with corrosion resistance of X52
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steel being slightly greater. This higher resistance could be due to higher content of
sulphur and manganese as compared to the API 5LB steel. Pitting on the materials was
significant. Higher water cuts yielded higher corrosion and oil showed its natural

inhibiting properties at low water cuts.

Ma et al. [41] studied the influence of HpS on carbon steels using electrochemical
impedance under varying conditions of pH, H,S concentration and exposure time. By
increasing the pH from 0.75 to 3.5, the charge transfer resistance was increased, which
depicts the formation of inhibition sulphide film. When the specimen was exposed to
higher exposure time (> 2hr) the probability of formation of sulphide film increased. H,S
augmented both the anodic and cathodic reactions. The sulphide films transforms from

loose mackinawite film to firm and stable pyrite film with the passage of time.

Lee and Nesic [42,43] studied the effect of H,S and CO; corrosion using impedance
spectroscopy method. In Nyquist plots depressed semi-circles were found which
suggested that the film formed on the surface was heterogeneous and rough and caused
the non-uniform distribution of current density on the surface. Thin film of sulphide was
rapidly formed on the surface and was reportedly classified as Mackinawite (FeS).
Polarization resistance increased with time specifying the formation of film on the

surface.

Brown and Nesic [44] highlighted the importance of scale forming on H,S and CO,
corrosion. The formation of mackinawite reduced the corrosion rate in all experiments.

The precipitation values of iron carbonate and iron sulphide played a key role in



augmenting the corrosion values. The film composed of multi-layers-in presence of

carbon dioxide and hydrogen sulphide.

Fang et al. [45] studied the concentration effect of NaCl on corrosion. It was observed
that the increasing the concentration of NaCl reduced the CO; corrosion rate as the salt
slow down the anodic and cathodic reactions. Presence of high concentration of salt
reduced the cathodic charge transfer reaction. Velocity didn’t have any significant effect

on corrosion at higher salinity concentrations.

Sun et al. [30] studied the kinetics of the scale formed in the presence of CO, and H,S.
The rate of precipitation of CO, was function of iron carbonate super saturation,
solubility, temperature and surface area to volume ratio. For X65 steel using H,S the
corrosion rate increased initially but declined as the time proceed. The formation of
Mackinawite was dominant and increased with H,S concentration, but long exposures
resulted in reduction in thickness. The precipitate of iron carbonate along with
Mackinawite was only found for 0.1% H,S and 50 ppm of Fe®* concentrations. Corrosion

rate was seen to be dependent upon the rate of scale precipitation.

Fang et al. [46] investigated the effect of elemental sulphur on corrosion. Elemental
sulphur is usually formed by the contamination of hydrogen sulphide. Acidification
reaction with water was observed at temperature higher than 80°C. It was confirmed that
the iron sulphide scale formed is mackinawite. The scale thickened as the time

progressed. Localized corrosion was more pronounced.

Han et al. [47] conducted his study on the passive films that are formed in CO,

environments on mild steel. Experiments were performed at 80°C, 0.53 bar CO, pressure
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