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Chemical corrosion contamination of pipelines and other infrastructure are
significant and persistent problems in the oil and gas industry. During the crude oil
extraction process, which uses water injection to force the oil out of reservoirs, as much
as 30% of the liquid content is believed to be water inside the pipeline. This high water
content is the principal driving factor in the corrosion of the carbon steel pipelines
carrying the oil.

The objective of this work is to identify the corrosion products of the carbon steel
pipelines and elucidate the mechanisms and rates of their formation at various
temperatures. The observed corrosion rates increase in three distinct modes dominated by
the formation of different corrosion products: lepidocrocite below 35 °C, corrosion-
inhibiting goethite and hematite between 35 °C and 45 °C, and magnetite at temperatures
greater than 45 °C. XPS data show that at 25 °C the concentration of OH species appears
to be higher than the concentration of O”” species in the corrosion products formed.
However, all temperatures above 25 °C showed higher concentrations of O species with

the highest ratio values at 65 °C (O*/OH = 1.17) and 75 °C (O*/OH = 1.03). Based on



the electrochemical results, this work demonstrates that the corrosion is anodically
controlled (charge-transfer controlled) at 25 °C-45 °C, while the cathodic reaction is
diffusion controlled. Since both the anodic and cathodic reactions are activation and
diffusion controlled, it is concluded that the corrosion process of this system is mixed
controlled. This work also shows that as the flow rate of the electrolyte increases, the
observed measured activation energy for the overall corrosion processes increases.
Finally, while the corrosion rate of carbon steel in a mixture of (70% vol. crude oil /30%
vol. seawater) decreases with increasing the temperature, the pitting corrosion increases
due to the adsorption of nitrogen and oxygen-containing compounds on the metal surface,

and the establishing of localized concentrated Cl ions, respectively.
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1 Introduction

1.1 Theory of Corrosion

Corrosion is defined as the deterioration of a material because of a reaction with its
environment'. Corrosion in general can be classified into two types':
Dry corrosion (hot corrosion): The type of corrosion occurs in the absence of liquid or
with dry gas. This type is associated with high temperatures (higher than200°C). Hot
corrosion causes damage to the protective oxide on the surface through molten salt
contamination such as sodium sulfate (Na,SO,), sodium chloride (NaCl), and vanadium
oxide (V,0s). This type of corrosion usually occurs in gas turbines, boilers, power
generation equipment, internal combustion engines, and industrial waste incinerators®. Hot
corrosion is initiated when the protective oxide layer on the surface is broken down by
erosion corrosion, chemical reactions, and thermal stress”. At high temperatures (above 800
°C), sodium chloride (an impurity in the air) will react with SO; (in the coal and oil fuel)
and water vapor to form Na,SOj4. The high temperature will allow Na,SO4 to penetrate
through the defects on the protective layer as a corrosive liquid”.

Wet corrosion: This type of corrosion occurs in the presence of a liquid such as aqueous
solution or electrolyte.
The wet corrosion process can be described as a physical analogue of an
electrochemical cell. The cell must consist of four major elements:
* The anode electrode: the metal electrode where the anodic reaction takes place.
* The cathode electrode: the metal electrode where the cathodic reaction takes
place.

* Electrolyte: the ionic conductor solution in which the anode and cathode are



immersed.
* The power supply: provides the electric potential or current to the cell by creating
a conductive path between the anode and cathode.
Wet corrosion consists of two major reactions; anodic (oxidation) reaction
and cathodic (reduction) reaction. In the anodic reaction, the metal is dissolved and
transferred to the solution as metal ions”. The electron that released from the anodic
reaction is conducted through the metal to the cathodic site where it will be
consumed by the cathodic reaction as illustrated in Figure 1-1. The two reactions
occur simultaneously. The metal ions (M*") will meet with OH™ ions and form

metal hydroxides that will deposit on the surface”.

Aqueous Solution
(electrolyte)

M(OH),
Anodic Reaction Cathodic Reaction
2 M2+

l %OH_ 1120, + H,0 + 2e~

Figure 1-1 Illustration of the wet corrosion of metal (M) in the presence of oxygen*
(This Figure was taken from “Corrosion and protection” book)
In the case of iron corrosion, the product Fe (OH), is not stable. In case of excess
oxygen and water, Fe (OH), oxidized to trivalent hydrate iron oxide (Fe,Os.nH,O)or
ferric hydroxide Fe(OH)s, as shown in equations (1-4) below*. However, when the

oxygen concentration is low, Fe;Oj is formed.



2Fe — 2Fe?t + 4e~ (Anodic reaction) Equation 1-1

0, + 2H,0 + 4e™ —» 40H™ (Cathodic reaction) Equation 1-2
2Fe?* + 40H™ - 2Fe(OH), | Equation 1-3
2Fe(OH), + H,0 +%02 — 2Fe(OH)3 Equation 1-4

This dissertation will focus on the mechanisms of wet corrosion, which is the type

of corrosion that occurs in crude oil pipelines.

1.2  Corrosion rate under various conditions

Corrosion rate can be defined as the speed at which any given metal deteriorates
in a specific environment’. Most of the models that are designed to predict failure of
metals are based on the corrosion rate®”*. Corrosion rate is also used as a scale to

%10 The corrosion rate is

compare the resistance of various metal alloys to corrosion
usually expressed as mils per year (mpy), where a mil is equivalent to one thousandth of
an inch. However, many studies report the corrosion rate in terms of milligrams lost per
year or millimeters per year' ' Other literatures express the corrosion rate in terms of
corrosion current (o) .

The corrosion rate is commonly determined under various conditions to evaluate
the optimal conditions for creating aggressive corrosive environment. Measuring the
corrosion rate at various temperatures, for instance, is used to evaluate the inhibitor
efficiency for carbon steel in acidic media, where the corrosion rates were measured in

terms of corrosion current at various temperatures and different inhibitor

concentrations''®!” Then, the results were compared to calculate the inhibitor efficiency.



1.3 Thermodynamics of Corrosion
Thermodynamics can give better understanding of stability of the chemical

species and reactions involved in the corrosion process.

1.3.1 Gibbs free energy

All processes in nature that occur spontaneously must have a negative Gibbs free energy
(AG) value'®. The Gibbs free energy is the energy that drives the corrosion process. The
free energy in an electrochemical reaction is the maximum of electrical energy that can

be achieved I of can be calculated following the Faraday equation as shown below™'”:

AG = —nFE Equation 1-5

Where n: number of electrons transferred (equiv/mol.); F: Faraday constant (C/equiv); E:
the cell potential energy (J/mol.).

Equation 1-5 indicates that the free energy of corrosion depends on the electrochemical
cell potential energy.

If (AG) < 0 the reaction is spontaneous

If (AG) = 0: the reaction is in equilibrium.

If (AG) > 0 the reaction is not spontaneous and requires energy added to the system for
the reaction to occur.

The Nernst equation can be employed to determine the potential of the system'.



The cell potential becomes positive when the concentration of oxide species is higher

. .. . . .1
than the reduced species. Under these conditions, corrosion is a spontaneous reaction .

RT Aoyxi
E=E,+2.3 E lOngd Equation 1-6

Ared

Where E is the cell potential in (V); E, is the standard potential of the half-cell in (V); R
is the ideal gas constant (8.314 J/mol. K); T is temperature in (K); n is the number of
moles of electrons transferred; F is the Faraday constant (C/mol.); aoxid, areq are the

activities (concentration) of oxidized and reduced species.

1.4  Passivity

Passivity can be defined as the formation of a protective film on a metal surface
due to the reaction of the metal with its environment™. Under passivity, the metal loses
its reaction activity and acts as a noble metal'. Some metal alloys can transform from the
passive state to active states including some alloys of iron, chromium, nickel, and
titanium'. To demonstrate the principle of the passivity, the Faraday experiment can be a
great example®. Faraday put three identical small pieces of iron in three beakers, one is
filled with concentrated nitric acid, the second is filled with diluted nitric acid, and the
third is the same as the second but with a small amount of physical agitation. The
oxidized iron pieces in the first and second beakers act as inert metal and the corrosion
rate in both beakers is almost zero. However, in the third beaker, the iron piece is
corroded orders of magnitude faster. This experiment indicated that protection of the
passivity of a metal is fundamental to the inhibition of corrosion. Temperature, chloride

ion concentration and acid concentration affect the metal behavior, where an increase in



one of these factors, could increase the active state of the metal. The mechanisms of
growth and break down of the passivity are not fully understood, despite great efforts to
elucidate it. However, the mechanism of passivity breakdown has been clarified through
many theories. One theory proposed that the breakdown of the passivity is a chemical or
electrochemical reaction between the passive film and the aggressive anion absorbed
through pores in that film*'. Another theory explained the break down as a mechanical
mechanism, whereas the high electrostriction pressure in oxide film induces stress, which
leads to a breakdown of the oxide film**.

Inside crude oil pipelines, the high flow rate of the crude oil removes the
corrosion layers form the carbon steel surface. Some studies have proposed the
mechanism of removing the protective layers inside the crude oil pipelines **. Negi¢
claimed that when the shear stress is greater than the bonding force between the

protective layers and the metal surface, the protective layers will be removed easily'’.

1.5 Electrochemical Nature of the corrosion

Corrosion is an electrochemical process where the ionic interactions lead to metal
dissolution’®. The oxidation reaction occurs at the anode electrode, while the reduction

reaction occurs at the cathode electrode. In general case:

k
0 + ne ki(:) R Equation 1-7

The forward reaction (reduction) rate is'’:

Tf = kaO(O, t) = ic/nF Equation 1-8



The backward reaction (oxidation) rate is 1°:

ry = kbCR(O, t) = ia/nF Equation 1-9

Where k¢ is the forward rate constant, ky, is the backward rate constant, i, cathodic
current, i,, i. are the anodic current and the cathodic current respectively, C,,Cr are the
concentration of O and R respectively. The net corrosion rate is'’:

i

Thet =Tf —Tp = —= ksC,(0,t) - k,Cr(0, ) = ﬁ —i./nF Equation 1-10

Re-arrange Equation 1-10

i=i,—i, =nF[ksC,(0,0) - k,Cg(0,1)] Equation 1-11

The current density is exchange current (i) over the area. The exchange current is
the rate of oxidation or reduction on the equilibrium (i,)*. It should be mentioned that k;
and ky depend on the electrode’s potential. For example, the copper dissolved in the range
of (-1.3 V and -1.5 V) but it is stable at outside this range'*"*.

In the case of iron corrosion, the anodic current reaction (i,) is:

Fe - F€+2 + 2e Equation 1-12

While the current of the reversible reaction is the cathodic current (i.):

Fe+2 + 2e — Fe Equation 1-13

At equilibrium, no net current, which means the sum of the two currents is zero:

Ia + IC =0 Equation 1-14

Ia = _Ic = Io Equation 1-15



The exchange current can be measured experimentally. The exchange current is a

function of electrode composition, surface roughness, and soluble species concentration

and surface impurities®.

1.5.1 The effect of the potential on the activation energy

Sodium dissolution in acetonitrile or dimethylformamide will be used to illustrate

the effect of the potential on the activation energy'’.
+ Hg
Na™"+es Na(Hg) Equation 1-16

The activation energy profile verses the distance of the sodium nucleus form the
interface (reaction coordinate) at equilibrium is shown in Figure 1-2. The activation

energy has a certain value at potential corresponding to the equilibrium'’,

| — Oxidation
Reduction ~=——————

Na(Hg) Nat + e

Standard free
energy

_l

<— amalgam Solution —>
Reaction Coordinate




Figure 1-2 The activation energy at a potential corresponding to the
equilibrium " (The Figure was copied from the “Electrochemical methods: fundamentals
and applications” book)

If the potential shifts to a more positive potential, the potential of the produced

ions is lowered and the activation energy will decrease in magnitude as shown in

— Oxidation
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Figure 1-3. Consequently, the reaction will move to the right.
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Figure 1-3 The activation energy at a more positive potential than equilibrium (The
Figure was copied from the “Electrochemical methods: fundamentals and applications”
book)



However, when the potential is shifted more negatively than the equilibrium

potential, then the activation energy increases and the reaction is driven to the left as

shown in Figure 1-4"

Reduction

Na* + e

Standard free
energy

Na(Hg)

~=— Amalgam Solution =

Reaction coordinate

Figure 1-4 The activation energy at a more negative potential than equilibrium

1.6 Polarization in corrosion process

As was mentioned above, at equilibrium, the potentials for the anodic and the
cathodic reactions are equal in what is called the equilibrium potential. However, when
this potential is shifted from equilibrium, this shift is called polarization. The polarization
is measured in terms of overpotential (1)), which is a measurement of polarization with

respect to the equilibrium potential according to Equation 1-17:

10



n=E—-E, Equation 1-17

There are various types of polarizations occurring independently or simultaneously when

the metal interact with its environments'**:

1.6.1 Activation polarization

The activation polarization refers to the situation in which the reaction is
controlled by the electron-transfer step (the slowest step in the reaction sequence)'. At the
anode, the metal has to go through a sequence of reaction steps at the metal-solution
interface before dissolving in the electrolyte® These reaction steps are**:

n+ n+
Mlattice - Msurface - Msolution

One of these reaction steps controls the charge transfer for activation polarization*. In

. . 24
the case of iron, the reaction steps are™":

Fe > Fet - Fe?t — Fe3*
The overpotential of the activation polarization and current density relationship follows

the Tafel equation as shown below':
Ny = + ﬁ log li Equation 1-18
o

Where f3 is the Tafel constant, i is the current density of the oxidation or reduction, and i,

is the exchange current density'.

11



1.6.2  Concentration polarization

Concentration polarization occurs when the concentration of the reactants at the
surface is low, or an accumulation of the products occurs in the electrolyte **. In the
concentration polarization, the mass transport is the limiting step in the electrochemical
reaction and the reaction under diffusion control®. In the case of the oxygen reduction, the
concentration of O, will be partially constant at a certain distance from the electrode due
to the convention® as shown in Figure 1-5%. Nevertheless, the transport of O, will be
controlled by diffusion with short distance from the electrode, where the high reduction
rate occurs®. The diffusion of O, follows Fick’s law:

dn dc

= Equation 1-19
dt dx 1

Where dn/dt is mass transport in the x-direction in mol cm™ s™, ¢ is the concentration in

mol cm™, D is the diffusion coefficient in cm? s™.

12
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Figure 1-5 Oxygen concentration as function of distance from the surface* (copied from
the “Corrosion and protection “ book)

If the reduction rate increases further, the limiting diffusion rate is reached. The

current density of the limiting diffusion (i) can be expressed in the equation below:

_ DHFCB

1y, — Equation 1-20
X

Where Cg is the bulk concentration, n is the number of electrons F is the Faraday
constant; x is the diffusion layer thickness.

13



The overvoltage due to the concentration polarization can be expressed by the Nernst

. 4
equation as shown below™:

2.3 RT i
Ncone = lOg [1 - .—] Equation 1-21
nF i,

1.6.3 Combined activation and concentration polarization (mixed)

Activation polarization commonly occurs at the anode electrode®. Inversely, the
combined activation and the concentration polarization can both occur at the cathode
electrode”. In this case the overpotential at the electrode will be the summation of two

polarizations as follow"*:

Nne = _bc lOgli +2.3 %log[l — i] Equation 1-22

i

Where b, is the Tafel constant for the cathodic reaction.
At high reaction rates, the concentration polarization controls, while at low reaction rates

the activation polarization controls'.

1.6.4 Polarization resistance

The other form of polarization in the electrochemical cell is the polarization
resistance or also is known as ohmic resistance. This polarization is a result of ionic

resistance in the solution (electrolyte)’. The overpotential can be expressed as below:

n= IR Equation 1-23

Where R is the resistance in (), I is the current.

14



1.7 Fundamental of corrosion Kkinetics

As mentioned above, corrosion consists form two reaction, anodic (oxidation) and
cathodic (reduction). The difference in the surface potential helps the current to pass
easily form the cathode to anode. Since, these reactions occur on two close-separated
areas on the metal, the potential will be very small*’. The kinetics of an electrochemical
reaction depends upon the potential on the metal surface'®. For example, hydrogen
evolution can occur rapidly at some potential but not at others. Also, copper will dissolve
in a clearly defined potential rage, but at other potentials it is stable'”. All electrochemical
phenomena exhibit this effect.

It is therefore fundamental to understanding the corrosion behavior of an oil
pipeline system that the effects of potential are correlated to the kinetics of the reactions

associated with this system.

1.7.1 Effect of potential on activation energy
For any electrochemical reaction at equilibrium, there will be a k¢, the forward

reaction constant, and ks, the backward reaction constant. At equilibrium, k¢= ky,

- .k
Ox + ne :ki R Equation 1-24
The rate constant can be deduced from statistical mechanics, the Arrhenius equation:

—AE
k=Aerr Equation 1-25

15



Thus, the rate constant is dependent upon many factors. The one we shall discuss

here is AE, the Activation energy.

As the potential changes, the size of the energy barrier will also change. When the
system is at equilibrium there will be specific activation energy. If we consider the

reaction below as an example:

Hg
Nat + e « Na(Hg) Equation 1-26

If the potential shifts to a more positive potential, the potential of the produced
ions is lowered and AE will decrease in magnitude (reaction is driven to the right) as per
le Chatelier’s principle.

If the potential is shifted more negatively than the equilibrium potential, then AE
increases and the reaction is driven to the right.

Additionally, the position of AG" maximum along the reaction coordinate will

change as the applied voltage changes. This positional change also affects the magnitude

of AG"

16



1.8 Corrosion types based on the appearance

There are many types of corrosion depending on the appearance of the corrosion:

1.8.1 Pitting corrosion:

Figure 1-6 Pitting corrosion in pipelines *

Pitting corrosion is defined as a localized form of corrosion that looks like
cavities or holes on the material surface'. These pits usually form close to each other
creating an uneven surface. It should be mentioned that pitting corrosion is highly
destructive since it is very difficult to detect these pits at the beginning of their formation.
Since pits are small and mostly covered with corrosion products, it is difficult to predict'.
Pitting corrosion could be very dangerous. As an example of the devastating effects of
the pitting corrosion, in 1992, a single site of pitting corrosion in a pipeline carrying
gasoline over a sewer line led to the death of 215 people in Guadalajara Mexcio™.

Pitting corrosion progresses through three stages; initiation of the pit, prorogation
of a pit (autocatalytic nature) and pitting termination (where the leakage happens)®. The
initiation stage may proceed over the course of months or years before a visible pit

appears on the surface. If we consider a piece of metal exposed to seawater with

17



dissolved oxygen, the metal will have a uniform attack and the cathodic and anodic

. . 1
reactions will occur as soon as the exposure to the seawater occurs .

02 + 2H20 + 4e- = 40H- (cathodic reaction)
M = M2*+ 2e- (anodic reaction)

Since the metal has a different energy distribution on its surface, the corrosion
rate will be higher in one area than another area, and there will be a region with extra
dissolution that leads to the initiation of a pit in the direction of gravity. The second stage
is an autocatalytic process, which means the corrosion process within a pit creates
conditions to promote the continued dissolution of metal within the pit. Figure 1-7
formation of metal ions is shown, the electrons are shown conducting along the surface of
the metal, and the reduction of oxygen occurs at the adjacent surface of the pit'. Inside
the pit, a rapid metal dissolution is occurred. Thus, the area with high oxygen
concentration (the outer surface of the pit) will act as a cathode and the area with low
oxygen concentration (the pit) will act as an anode. Inside the pit, the concentration of
positive metal ion is high because of the rapid dissolution. In order to maintain
electroneutrality inside the pit, the chloride ions will migrate to the pit. Consequently, a
high concentration of MCl will form inside the pit as a product of hydrolysis. MC1 will
hydrolyze and will produce hydrogen and chloride ions that decrease the pH inside the
pit. The whole process continues to accelerate over time, resulting in an increase in the

rate of metal dissolution. Eventually, the pit will penetrate the metal and the system will

fail'.
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Figure 1-7 The second stage of pit formation autocatalytic nature' (Figure was
copied from “Corrosion Engineering- Fontana, Mars” book)

Cracks and pits occur on the surface of the metal, which is exposed to an
environment with high concentration of aggressive ions such as chloride®. Pitting is a
serious problem since the pits are difficult to predict. Pit formation consists of two stages;
initiation and propagation'. Several theories about the initiation of the corrosion pits have
been proposed. One theory stated that the local acidity from the metal ion hydrolysis can
break the passivity and initiate pits on the metal surface™. Another theory suggests that
large amounts of chloride ions are adsorbed on the iron oxide film around the lattice, and
form a high-energy transitional complex. This complex immediately separates from the
oxide ion and dissolved into the solution. The stronger anodic field on the thin film will
transfer another cation to the surface, where it will meet the chloride ion and complex
with them, then enter the solution. This can lead to “auto-accelerated * breakdown?'.
Macdonald and his team proposed a point defect model to explain the pits initiation. In

their model, they assumed that the build-up of the metal holes at the film/metal interface

19



caused by the high diffusion of metal cation from the metal/film to film/solution

21,22,30,31 . .
. Pits, voids,

interface™. In addition, many studies endorse the theories above
and cracks present on the surface exposed to seawater with high chloride concentration
3233 'W. Liu observed cracks in carbon steel surface that were immersed for 960 hours in

4 . .
seawater’’. Also, cracks were observed on the surface of carbon steel in atmospheric

corrosion with high chloride ion environment.

1.8.2 Crevice corrosion
When a metal with crevices and holes on its surface is exposed to a corrosive
solution or environment, crevice corrosion will occur'. This type of corrosion usually

happens beneath nail or screw heads, flange gaskets, surface deposits or under bolts.

Figure 1-8 Crevice corrosion in the pipelines®

To explain the crevice corrosion mechanism, we will consider metal exposed to a
corrosive solution, such natural water with NaCl as an example. There are four stages of
mechanism for the crevice corrosion:

1. Depletion of oxygen in crevice due to consumption in the crevice region:

20



The cathodic and anodic reaction will take place at this stage in crevice region and the
rest of the metal as in the reactions below':

M->M"+e” Equation 1-27 Anodic reaction

0, +2H,0 +e™ > 40H™ Equation 1-28 Cathodic reaction

The oxygen in the crevice region decreases because the stagnant nature of the area
around the region and the excess of metal ion concentration [M']. Consequently, the
crevice area acts as anode and the rest of the metal acts as cathode as shown in Figure
1-9, t0p4.

2. Increase of the acidity in the crevice because of the hydrolysis:
When the oxygen has been depleted, there will be no OH™ formation in the crevice. In
stage one, the small anode area and large cathode area have been formed, which
consequently leads to an increase in the size of the crevice and the corroded areas. CI’
migration will maintain the charge equilibrium, which will lead to an increase in the
production of metal chloride M* Cl~which undergoes hydrolysis. Metal hydroxide will
decrease the pH level of the neutral water from 7 to 2 or 3, and hydrochloric acid will
form in the crevice. The corrosion will be aggressive at this stage.

3. Increase of acidity in the crevice due to hydrolysis
When the oxygen has been depleted, there will be no OH" formation in the crevice. In
stage one, small anode area and large cathode area has been formed, which made the
increase the production of metal ion and the crevice area will be more corroded. Thus, the
crevice will be electropositive energy. ClI” migration will maintain the charge equilibrium,
and that will lead to increase production of metal chloride M*Cl~which hydrolysis.

Metal hydroxide will decrease the pH level of the neutral water from 7 to 2 or 3, and
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hydrochloric acid will form in the crevice. The corrosion will be aggressive at this stage
as shown in Figure 1-9, the bottom”.

M*+ H,0 > MOH | +H* Equation 1-29

Cl- + Mt -> M*Cl- Equation 1-30

M*Cl~ + H,0 - MOH + H*Cl™ Equation 1-31

4. Passive layer breakdown
When pH is low, the corrosion rate will increase because the crevice is transferred to the
active zone'.

5. Perforation-leakage
The propagation phase and the acidity will lead to a large corrosion current that will

concentrate in a small area on the surface. Eventually, the system will leak or fail®,
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Figure 1-9 Crevice corrosion: the above (initial), the bottom (later stage)* Figure was

copied from “Corrosion and protection” book)
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1.8.3 Uniform corrosion

Figure 1-10 Uniform corrosion inside water pipelines failed after 20 years

Uniform corrosion is normally defined as the electrochemical reaction that
proceeds uniformly over an entire exposed surface. The metal will become thinner, and
eventually will fail'. Uniform corrosion is always occurring in aqueous solutions or on
wet surfaces. The mechanism of uniform corrosion is shown in Figure 1-11. As the piece
of iron exposed to a droplet of seawater, there will be two areas, one is poorly oxygenated
that will act as an anode and the well-oxygenated area that will act as a cathode. At the
anode, the iron will oxidize to Fe*" and release two electrons. These electrons will go
through the metal and be in contact with water and oxygen forming hydroxide ion
through a cathodic reaction. These reactions will occur simultaneously to form corrosion

product (rust). The rust will form between the anode and the cathode'.
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Figure 1-11 The rust formation on the surface of iron expose to water

1.8.4 Microbial induced corrosion (MIC):

Figure 1-12 Microbial induced corrosion on the pipelines metal surface

MIC is an electrochemical process that initiates and accelerates corrosion by
microorganisms™ . This type of corrosion plays a significant role in crude oil pipeline
degradation, for example in the US, over 75% of the corrosion in crude oil pipeline is
induced by sulfur-reduced bacteria (SRB). Also, 50% of underground pipelines fail because

of the metabolic activities of microbes>®. MIC occurs in many types of pipelines such as
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seawater, sewer, and freshwater. Also, it can be found in industries such as crude oil
production and marine industries. MIC is very harmful to many materials and it has been
addressed as the primary failure cause to underground pipelines. As it was mentioned
above, this type of corrosion is caused by bacteria. There are many types of these bacteria
such as sulfur-reducing bacteria (SRB), sulfur-oxidizing bacteria, aerobic bacteria, and
nonaerobic bacteria. The internal corrosion occurs because the bacteria form an acidic
biofilm that traps the electrolytes and acid.
The bacteria move out of the bulk to the metallic surface to live, divide and form
a big consortium on the surface known as a biofilm*>. The biofilm consists of many
colonies of microorganisms that adhere to the metal and create a different environment
than the surrounding. This environment will produce highly active corrosion area because
of the high electrical potential difference between the microorganism area and the
surrounding metal. The biofilm formation will create different chemical concentrations of
the metal surface due to the passive effect of the biofilm on oxygen and nutrient diffusion
to the metal surface™. Also, the microbes and extracellular polymeric substances (EPS) in
the biofilm will lead to formation of a pH gradient on the metal surface which will in-turn
induce crevice and pitting corrosion’’. The formation of a biofilm goes through five
stages, which start immediately after a metal is exposed to an aqueous environment. The
first stage of biofilm formation called, “conditioning film,” when the electrostatic
arrangement of many types of portions and organic components combine with water’s
chemistry. Then, the bacteria move from the bulk and attached to the surface. At this
stage, the bacteria is known as “sessile bacteria,” which is different from their state

9935

before the attachment which is called “planktonic””. Later, these sessile bacteria start to
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cultivate and form more biofilms on the metal surface. At the fourth stage of the biofilm
formation, the bacteria start to consume the entire available nutrient in the media to grow.
The biofilm at this stage became thick and act as a net to trap the organic nutrients. The
oxygen and the pH will be different on the metal surface; this could lead to pitting
corrosion on the surface with high biofilm thickness. The stages of biofilm formation are

described below®”:

Planktonic bacteria

Conditioning film

Stage 1: Conditioning film accumulates on submerged surface.

Exopolymer

=2

Sessile bacteria

Stage 2: Planktonic bacteria from the bulk water form colonies on
the surface and become sessile by excreting exopolysaccharidic
substances (EPS) that anchors the cells to the surface.
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Stage 3: Different species of sessile bacteria replicate on the
metal surface.

Stage 4: Micro-colonies of different species continue to grow and
eventually establish close relationship with each other on the sur-
face. The biofilm increases in thickness and the electrochemical
conditions beneath the biofilm begin to vary in comparison with
the bulk of the environment.

1.8.5 Erosion corrosion

Erosion corrosion can be defined as an increase in the rate of degradation or
attack on metal because of a rapid movement between a corrosive solution and metal
surface'. The high flow will remove the protective surface film on the metal, which leads
to an increase of the corrosion rate. A pit or burr can change the laminar flow, causing

turbulence that leads to erosion corrosion. Consequently, a turbulent flow can lead to the
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removal of small pieces of metal and their dissolution as ions or solid corrosion products.

This causes the metal to thin and eventually fail".

Figure 1-13 Erosion corrosion inside pipeline

Erosion corrosion would appear as pits, grooves, and gullies. Erosion corrosion is
common in crude oil pipelines, where it can be found in bends, elbows, and tees . This
type of corrosion can be found in crude oil pipeline, water pipes, and natural gas

pipelines.

- ‘Yoter fiow
Originol metal
, surface
[mpingement  /
, 4 corrosion pits
Corrosion film ’ d /

Figure 1-14 Erosion corrosion of condenser tube wall' (Figure was copied from
“Corrosion Engineering- Fontana, Mars” book)
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1.8.6  Stress corrosion

Stress corrosion refers to localized corrosion which produces cracks in a metal
because of concurrent tensile stress and localized corrosion'. The tensile stress can be
initiated by the forces exerted on the metal through changing temperatures or other
factors”. Stress corrosion can also occur when a metal is exposed to aggressive ions such
as chloride, or very corrosive dissolved gas such as CO, and H,S"*. Stress corrosion
generally originates at the defect spot in a metal surface such as the segregation zone in

grain boundaries or hard spots from the heat treatment".

Figure 1-15 Stress corrosion inside a pipeline

1.8.7 Galvanic corrosion
Galvanic corrosion occurs when a noble metal is in contact with non-noble metal

in the presence of corrosive or conductive solutions*. Corrosion of the noble metal (high
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resistance to corrosion) is decreased, while the other metal (less resistance to corrosion) is
increased. The noble metal becomes the cathode, whereas the other metal becomes the
anode'. The driving force in this type of corrosion is the potential between the two
metals'. The best example for galvanic corrosion is a dry cell battery. In a dry cell

battery, the carbon acts as the noble metal and the zinc is the less resistance to corrosion.

CORROSION

GALVANIZED
PIPE

DIELECTRIC
UNION

N2

PLASTIC

COPPER PIPE LINER

Figure 1-16 Galvanic corrosion inside pipelines
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1.9

1.9.1

Corrosion in Different Environments

Atmospheric corrosion

Atmospheric corrosion is a uniform and general corrosion that occurs on a metal

. . . 4 . . .
surface in the atmospheric environment’. Atmospheric corrosion depends on climate

factors such as temperature, humidity, and frequency of wet and dry cycles. In addition,

the presence of chloride and SO, in the atmospheric can accelerate the corrosion of the

meta

. It has been documented that atmospheric corrosion for most metal occurs in the

environment with 50-70% relative humidity™. Atmospheric corrosion can be classified

according to the surrounding environment, specifically into four types®:

ii.

iii.

1v.

Urban: polluted environmental with smoke and soot. SOx and NOy are can
sometimes be considered as contaminants in this environment™.

Rural: dry environment with little or no pollution. The corrosive agents in this
type are oxygen, carbon dioxide, and moisture™.

Marian: is the area with high humidity and high concentration of chloride. This
environment is considered to lead to the most aggressive rates of corrosion.
Industrial: high pollution environment with industrial precipitate such as sulfur

dioxide, chlorides, phosphates and nitrates™.

From the environmental conditions for each type, it is clear that the Marian is the

most aggressive atmospheric corrosion. Beside the environmental pollutants, the climate

condition plays a significant role in atmospheric corrosion. Rain in atmospheric corrosion

plays a dual role, such that it can increase the corrosion rate by increasing the water
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concentration on the metal surface as well as carry away the protective corrosion layers.

Additionally, the rain can impede the corrosion rate by washing away pollutants.

1.9.2

1.9.3

Fresh water corrosion

Freshwater sources include the water in lakes, rivers, rain, brooks, and
groundwater. The dissolved oxygen is the most important factor in the freshwater
corrosion’. Freshwater contains Ca®" and Mg'" as salts. If these salt
concentrations are high, the water is called “hard water”, while in the absence of

»* Since hard water contains CaCOsas a

these salts, the water is called “soft water
precipitate at high concentration of salts, it acts as a barrier to impede the oxygen
diffusion through its layers. Consequently, the corrosion rate decreases and
eventually will stop because corrosion rate depends on the supply of oxygen®. On
the other hand, in soft water, the corrosion rate will increase due to lack of the

protective layer formation. Corrosion seen in boilers or heat exchangers are

examples of freshwater corrosion.

Corrosion in soil

Corrosion in soil commonly occurs on the external surface of metal piping for

water, sewage, gas or oil. Soil corrosion depends on the soil aeration, water, pH, soil

resistivity to corrosion, the concentration of soluble salts and microbiological activity".

The most common corrosion forms in soil corrosion are pitting, galvanic, erosion and

MIC. Soil with high concretion of salts, low resistivity to corrosion, and high acidity is

the most corrosive soil*®. It has been identified that MIC is the main cause of the failure

of underground pipelines.
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1.9.4 Corrosion in concrete

Concrete corrosion has commonly occurred in bridges and buildings in marine
areas. Since the tensile strength in the concrete is low, reinforcing the concrete with steel
can improve the tensile strength and the toughness of the material®>. The most common
reinforcing steel is the bare carbon steel. Because of the porous nature of concrete, highly
alkaline solutions such as NaOH, KOH and Ca(OH), with pH 12.6-13.8 are added to the
cement mixture™. This alkalinity provides high resistance to embedded steel corrosion by
forming passive layers*. However, the presence of aggressive substances such as
chloride, carbon dioxide, and moisture could break this passivation®. The most typical
mechanism in concrete corrosion is known as “carbonation.” Where carbon dioxide from

the air reacts with Ca(OH), in cement mixture as in the equation below™:

COZ + Ca(OH)Z 4 CﬂCOg + H20 Equation 1-32

As results, the pH will be reduced to 8 in some areas of the concrete. Consequently, the

passive film will break and corrosion will initiate®.

1.9.5 Corrosion in seawater

Seawater has been associated extensively with applications such as cooling, ships,
power plants and crude oil injection. Although seawater has a pH of 8.1-8.3, it is still
considered one of the most aggressive corrosion environments. This is due to the high
concentration of chloride ions in this environment. There are many additional factors

affecting the corrosion rates in seawater such as oxygen, flow rate, temperature and
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biological organisms'. During seawater corrosion, the corrosion layers will accumulate
on metals surfaces. These layers will act as an inhibitor by impeding oxygen diffusion. In
splash zones, where the velocities of seawater against metal surfaces are high compared
with other zones, the corrosion layers on the surface of the metal is thin, which allows
oxygen to diffuse easily into the metal. Consequently, the corrosion rate of the metal in

the splash zones is higher than in other zones".

1.10 Carbon steel

Carbon steels are used as the preferred metal alloy for both offshore and onshore
crude oil piping systems due to their low cost and availability compared to other
corrosion resistant alloys*’. However, carbon steel has one of the highest rates of
corrosion relative to other alloys. The main components of carbon steel are iron and up to
2 wt. % carbon, among other elements such as manganese, copper, and phosphorous.
Comparably, stainless steel has a high resistance to corrosion due to the high
concatenation of chromium up to 11%. Chromium reacts with oxygen to form chromium

oxide which acts as an inhibitor to corrosion*!"*?

. Therefore, stainless steel is used only
for potable water pipelines and food pipelines. In oil and gas pipelines, the cost of using
stainless steel in pipelines can be economically prohibitive. Many studies have discussed
the corrosion of carbon steel in crude oil, however, the corrosion of crude oil in the

presence of seawater is still poorly understood due to the limited amount of experimental

data and research*®*,
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2 Corrosion in crude oil pipelines

The main objective of this study is to elucidate the mechanism of corrosion inside
crude oil pipelines. Pipelines play a significant role in the oil industry because of their
significance in the transportation of oil and natural gas from the wells to the refineries
and treatment plants across thousands of miles. Thus, pipeline safety is important to
ensure a safe operating environment and continuous oil production. For many decades,
corrosion has been the most significant cause of failure in crude oil pipelines®’.
Therefore, great efforts have been made to understand the mechanisms of corrosion in
crude oil pipelines. Crude oil pipeline corrosion is a complicated process. Internal
corrosion can be influenced by the presence of CO,, H,S, and water inside the pipeline.
Additionally, the impact of the conditions of operation in the pipeline such as ambient
temperature and flow rate can change the corrosion rate significantly.

There are many studies on the corrosion of the carbon steel caused by the
presence of CO,, H,S, and microbes. However, the literature lacks studies on the effect
presence of the seawater in the crude oil. In crude oil pipeline corrosion studies, the
investigations have concentrated on the effect of CO; on the corrosion of crude oil
pipelines'>****_ Other studies investigated the operational conditions such as
temperature, velocity and the time. Peng and Zhang studied the effect of temperature,
CO,, velocity and time on the corrosion rate of carbon steel in the produced water from
subsea pipelines''. In their study, the corrosion rate increased with increasing Pcog,
velocity and exposure time. However, the corrosion rate increases with increasing

temperature until 65°C and starts decreasing at higher temperatures''. Although this study
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shows the effects of operational conditions on the corrosion rate of carbon steel in crude
oil pipelines, it did not provide a clear explanation of the results.
In order to control the corrosion in pipelines, it is important to understand the

underlying corrosion mechanisms. In crude oil pipelines, there are two types of corrosion:

2.1 External corrosion:

External corrosion is an aggressive type of corrosion that is the cause of 40% of
the accidents in pipelines during the period (2013-2017), 8 % of these incidents occurred
in crude oil pipelines’'. External corrosion occurs when the external surface of the
pipelines reacts with the surrounding corrosive environment. External corrosion in
pipelines is generally controlled through a combination of coatings and cathodic
protection (CP) that work as a barrier between the pipeline surface and the corrosive
environment. External corrosion can form from the MIC, galvanic action and erosion

corrosion.

2.2 Internal corrosion

There are many factors that can impact the internal corrosion rate such as acidic
gases (CO», H,S), water chemistry, temperature, flow velocity, the chemical
compositions of the metal, and microorganisms. Figure 2-1 shows the parameters that
affect the internal corrosion of crude oil pipelines. According to the Alberta Energy
Regulator report, internal corrosion is responsible for over 50% of the crude oil pipelines
failure®. There are several different mechanisms by which pipeline failure by corrosion
can occur; sour corrosion, sweet corrosion, microbial corrosion and water corrosion.
When designing a system, it is often the case that the corrosion is assumed to be uniform.
This assumption means that the penetration rate can be calculated; therefore a corrosion
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allowance would give the pipeline lifetime required for the operation. Unfortunately,
most corrosion tends to be highly localized, leading to pinpoint penetration rather than
uniform thinning. This assumption of uniform corrosion rates leads to two equally
disastrous results: either the pipeline fails prematurely due to pinpoint leakage, or a
perfectly preserved pipeline is dug up and replaced. To understand the corrosion in

pipelines, we need to identify the mechanism of corrosion and how to mitigate it

accurately.
Metal .
(Chemical compositions, Wa(;ersch:m;try
structures) 2> PH,
Internal Operational conditions

Corrosive gases K
b Corrosion Flow rates, temperature,

H,S, €O, Pressure

Crude oil contamination \ Microbial (Sulfur Reduced
(Sand particles, clay) Bactria SRB)

Figure 2-1 The parameters that influence the internal corrosion in crude oil pipelines
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2.3  Sweet Corrosion
Carbon dioxide is present in crude oil pipelines as a co-product or is injected to
enhance oil recovery™. CO, corrosion or “sweet corrosion” is one of the major sources of
Lo S - - L 1,45.48,49,54
corrosion in the crude oil industry. CO; corrosion has been studied extensively .
The mechanism of CO; corrosion is well documented and is already incorporated in

s gl 55,56
prediction models™

. In a piping system, CO, is present in the gas phase. Dry CO; is not
corrosive; however, dissolved CO; in an aqueous solution has a significant effect on
promoting the electrochemical reaction between the carbon steel and the contacting
aqueous solution®®. Dissolved CO, in the water forms a weak acid (carbonic acid)
through the following chemical reactions, which provides another source of H* to the
normally cathodic reaction as shown in Equation 2-1*°. In general acidic corrosion, the

reduction of H* (cathodic reaction) dominates. However, in sweet corrosion, an

additional cathodic reaction occurs based on the reduction of H,C 05 which ultimately

increases the corrosion rate'>’*’.

COZ + HZO < H2C03 Equation 2-1
H2C03 - HY + HCOE Equation 2-2
HCOE - HY + COE Equation 2-3

The anodic reaction of carbon steel in case of CO, corrosion shown in Equation 2-4:

Fe - Fe2+ + 2e” Equation 2-4

The total reaction as in equation below:
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Fe + H2C03 4 FECOg + Hz Equation 2-5

2.4 Sour Corrosion

Hydrogen sulfide (H,S) is found in gas and oil production as a result of mineral
dissolution or as a by-product of petroleum forming process™. It is very well known that
H,S is very corrosive to carbon steel. The H,S corrosion (sour corrosion) mechanism still

is not well defined despite a significant amount of effort™

. During the electrochemical
reactions that occur during corrosion, H,S is usually generated by SRB and ultimately
converted to SO4>. H,S can play a dual role in corrosion by increasing or decreasing the
corrosion rate of the metal depending on the process conditions. When the H,S
concentration is low, the pH is between 3- and 5, and the pipeline experiences a long
immersion time, H,S can form a protective layer of FeS that works as a corrosion
inhibitor®'. On the other hand, at high concentration of H,S, it has been reported that the
sour corrosion induces pinholes in crude oil pipelines®®. This study demonstrates the
presence of pinholes that are composed of significant amounts of greigite (Fe;S4) and
mackinawite (FeS)®”. There is a large body of literature on SRB-induced fatigue and
cracking in pipelines® ®. Specifically, Vosikovsky observed that the crack growth was

enhanced by increasing the concentration of HyS in the crude oil>®. Similar to CO,

corrosion, HsS is dissolved in water and forms a weak acid as in equation below:
H,S (g) - HZS(aq) — H* + HS™ (aq) Equation 2-6

HS_(aq) > H+(aq) + SZ‘(aq) Equation 2-7
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The cathodic reaction in H,S corrosion as follows:

ZHZS — 2H + 2HS™ Equation 2-8

Fe2+ + SZ_ — FeS Equation 2-9

2.5 Selected studies on the crude oil corrosion

There are a very limited amount of studies discussing the effect of the seawater
on crude oil pipelines. A unique study by Efird et al. showed that the percentage of brine
in crude oil has mixed results on the corrosion rate of stainless steel depending on the
type of 0il®®. In his study, Efird et al. measured the corrosion rate of stainless steel
immersed in crude oil and brine mixture at 85°C. The results showed the corrosion rates
under same conditions and brine percentage vary based on the type of crude oil®.
On the other hand, crude oil acts as corrosion inhibitor. A detailed study by Ayello et al.
shed the light on the group of chemicals in crude oil that produce the observed corrosion
inhibition®’. In this study, the effects of almost every single oil component on the
corrosion rate were examined. In particular, this study showed that naphthenic acids and
long-chain organic acids in crude oil can form a hydrophobic film on the steel surface

that acts as a corrosion inhibitor®’.

2.6 Produced water

The “produced water” is water, which originated in the underground oil deposits
for thousands of years and was brought to the surface along with the 0il®®. The produced

water contains organic and inorganic components as well as seawater. The chemistry of
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produced water varies depending on the location of the oilfield and the type of crude oil,
which is in the same well as the produced water. The major components of produced
water from the oil fields are: dispersed oil, dissolved and soluble organic components,
produced solid such as clay sands etc., scales such as calcium carbonate, bacteria and
dissolved gases such as carbon dioxide and hydrogen sulfide®®. Produced water is the
main factor in the corrosion of carbon steel pipelines.

As mentioned above, seawater is one of the components in produced water.
Seawater is injected during the drilling process to maintain the pressure inside the oil
well. It is estimated that the seawater percentage, “water cut,” in the extracted crude oil
could reach up to 30% in the pipelines. In addition to decreasing the quality of the crude
oil, this high percentage will expedite pipeline failure due to the increase in the corrosion
rate inside the pipeline. Therefore, the separation of seawater from the crude oil becomes
the major focus of many oil production companies. However, water-oil separation is very
difficult. After the separation, the water must be cleaned before being released into the
environment. As the production wells age, the water cut increases. When the water
treatment plant is operating at 100% capacity the system cannot handle any higher water
cut. Sometimes this means that the amount of oil produced is reduced due to the water
plant capacity. Alternatively the investment in a larger water plant is required. The lowest
cost approach however, is to allow more water into the transport pipeline, which lead to

increase the corrosion rate inside the pipelines.
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2.7  The phase transformation in iron corrosion products

Iron oxide, hydroxide, and oxide-hydroxide are the phases of iron oxides. The
phases of the corrosion products depend on the temperature, the pH, the corrosive
medium, and the oxygen concentration. These phases have a major impact on the
corrosion rates of iron and steel. Some phases act as a protective layer that could impede
the corrosion process. Others can expedite the corrosion process by working as cathode
sites such as lepidocrocite. Therefore, identifying the corrosion forms as a function of
time under various conditions is crucial for understanding the corrosion mechanism.
These phases are mostly crystalline®. The crystal sizes vary according to the formation of
the corrosion conditions. Under certain conditions, each phase can transform to another
phase. There are two types of transformations, topotactic or reconstructive. Topotactic
transformations occur when there are three dimensions between the initial phase and the
final one. The internal atomic structure rearranges in a single crystal of the initial phase
and transforms into a single crystal of another phase®. On the other hand, in the
reconstructive transformation, there is no structural relationship between the initial and
the final phases. Transformation occurs when the initial phase breaks down completely
and the new phase precipitates™ .

The following forms of iron oxide are the common forms of iron oxide in crude
oil pipelines:

1 Lepidocrocite (y-FeOOH)

This form is the oxide hydroxide that is commonly formed from the

2+69

oxidation of Fe” ™. It has an orange color. The crystal structure of lepidocrocite is
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an orthorhombic unit cell as shown in Figure 2-2. The structure consists of arrays
of cubic closed packed (ccp) anions (O*/OH) stacked in one direction with Fe*"
ions occupying the octahedral interstices®. y-FeOOH is unstable
thermodynamically with AGg29s= -480.1 (kJ/mol), therefore, it can easily transfer
to different form based on the conditions. Lepidocrocite is mostly considered as
the first from of the transformation of the iron oxides and iron oxides hydroxide.
v-FeOOH is generally detected in the outermost of the corrosion layers while

magnetite is detected in the inner layers’*"".

Lepidocrocite Crystal
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Figure 2-2 The crystal structure of lepidocrocite’
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2 Goethite (a-FeOOH)

Goethite is another form of oxide hydroxide with yellow-brown color. It

has an orthorhombic unit cell. The structure of goethite can be described as

consisting of hexagonal closed packed (hcp) arrays of anions (O*/OH") stacked in

one direction with Fe*" jons occupying half the octahedral interstices within a

layer as shown in Figure 2-3 ®. Goethite is considered a stable form of iron oxide

with AGgas= -488.6 (kJ/mol)®’.

® iron O © oxygen = hydrogen

Figure 2-3 The crystal structure of goethite’.
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3 Hematite (a-Fe,03)

Hematite was the first form of iron oxide discovered. Hematite is named based on
its blood red color, where “haima” (Greek word) refers to blood.”” As shown in Figure
2-4, the rhombohedra crystal structure of hematite consists of hep arrays of oxygen ions
stacked along [001] direction with Fe" ions filled two third of the sites. The iron ions

form six-fold rings69. Hematite is the most stable form of iron oxide with AGga9s= -742.2

(kJ/mol)”?.
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Figure 2-4 The crystal structure of hematite’.

4 Magnetite (Fe;Oy)
Magnetite is iron oxide with a black color that contains both Fe*" and Fe’* ®. The
crystal structure of magnetite is an inverse spinel with face-centered cubic unit cell as

shown in Figure 2-5">. Magnetite was observed on the surface of carbon steel in many
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different conditions and atmospheres. It can also be observed in the inner surface of

. . 0
corrosion products on carbon steel that was exposed to a marine atmosphere".

Figure 2-5 The crystal structure of magnetite and maghemite’

5 Green rust
Green rust consists of group of iron oxides that contain layers of Fe*"OH
octahedral with CI" or SOZ~ bonding between the layers®. Fe’" is replaced by Fe*" to
maintain neutrality. Green rust has two types; green rust Il and I. The green rust I has a
rhombohedral structure while green rust II has a hexagonal structure. Green rust is
usually formed as an intermediate compound in the rusting of iron at pH around

neutrality”>’* The formation of green rust can be a precipitation of aerial of ferrous



hydroxide (FeOH") in the presence of CI or SO2~ or solid state transformation of FeOH"

in aerial oxidation”’.

6 Ferric hydroxide Fe(OH);

Ferric hydroxide is also called ferrihydrite (FH). This form of iron hydroxide is
amorphous’”. Due to its high porosity, it has very high content of water. Therefore, ferric

1>, FH transforms to other iron oxides forms based

hydroxide resembles as swollen ge
on the solution pH, the concentration of Fe*"/Fe’" and the tmperatures’”’®. Although,
ferric hydroxide transforms to hematite at 60°C and pH 7, however, Schwertmann found
that ferric hydroxide did not transform to hematite at 70°C and pH 6 even after two
weeks’’. However, after adding KOH to the solution at 70°C, ferric hydroxide
transformed to goethite’’. It was reported that ferric hydroxide transformed rapidly to

goethite at 0.05 Fe*'/Fe’*"®. However, at Fe*'/Fe’" equal to 0.1, this transformation is

suppressed, and then FH transformed into spinal iron oxide’.
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The iron oxide Formula AG Color Crystal
Sform (kJ/mol). structure
Orthorhombic
Lepidocrocite v-FeOOH -480.1 Orange (ccp anions )
Orthorhombic
Goethite | a-FeOOH -488.6 Yellow-Brown (hcp anions )
Hexagonal
Hematite a-FeOs3 -742.2 Red (Rhombohedral)
Magnetite Fe;04 -1012.6 Black Cubic
Green rust-SOy -3795 Rhombohedral
Green rust-Cl -2146 Green Hexagonal
Green rust- -3590
CO;

Table 2-1 The iron oxides forms with the crystal structure, the color and the Gibbs free

energy for each form

2.7.1 Transformation of the corrosion products

During the corrosion process, the crystal structure of the corrosion layers

transforms into different forms. Phase transformations depend on the temperature and pH

of the solution. A study has shown that increasing the temperature changes the corrosion

form on the surface of carbon steel”. In this study, the corrosion products of carbon steel

in different electrolyte compositions at two different temperatures (20°C-120°C) were

characterized by XRD and FTIR. The authors showed the change of the corrosion

products for the same electrolyte compositions at different temperatures. Where the
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corrosion products of carbon steel immersed in distilled water at 20°C consists of a
mixture of lepidocrocite and a small amount of magnetite. However, at 120°C for the
same electrolyte, a mixture of magnetite and small amount of goethite were formed on
the surface of carbon steel””.

Iron oxide phase transformation is very common during atmospheric corrosion.
This is especially true when the wet/dry cycle acts as the driving force in this
transformation.* During the wet/dry cycle, the corrosion products usually consist of
lepidocrocite, which is partially reduced to Fe.OH.OH as an intermediate component at
pH 6 ®'. Later, the intermediate and lepidocrocite are reduced to magnetite. This
transformation has been explained in a crystallographic view®'. As mentioned above,
lepidocrocite has structure layers where the O is arranged in ccp with Fe’* occupying
the octahedral holes. During the dehydration step, Fe** will move to the lepidocrocite
lattice and occupy the tetrahedral and the octahedral holes. Also, H" will move out of
lepidocrocite lattice. Eventually, this change of structure will lead to magnetite formation.

Another type of transformation is lepidocrocite transformation to goethite in a
semi-rural atmosphere. In the presence of SO,, dissolution and conversion of y-FeOOH to
amorphous ferric oxyhydroxide (FeOx(OH)s.2,) with pH ~ 4.% This transformation can be
catalyzed by the presence of Cu, P and Cr elements in the metal. This amorphous ferric
oxyhydroxide forms a protective uniform layer against the atmospheric corrosion®,

T. Misawa stated that green rust could be transformed to magnetite by a solid-state

transformation in slow aerial oxidation or transform to lepidocrocite by rapid oxidation”.

The formation of magnetite from green rust required oxygen removal and a
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rearrangement of the iron and oxygen in the crystal lattice, therefore, this transformation
takes a long time to occur”.

Goethite transforms to hematite without intermediate at high temperature (533K),
while lepidocrocite can transform to maghemite at 473-553 K, then to hematite at higher

temperatureség.

2.8  The factors affecting the corrosion rate in crude oil pipelines

As mentioned previously, the main factor in the corrosion of carbon steel
pipelines is the presence of produced water. The major components of produced water
from the oil fields include dispersed oil, dissolved and soluble organic components,
produced solids such as clay sands, scales such as calcium carbonate, seawater, bacteria
and dissolved gases such as carbon dioxide and hydrogen sulfide®. Unlike in the
presence of seawater, many studies have investigated the individual effect of each of
these solutes in produced water™**+34>-8:66:83-83,

In addition of the produced water, there are operational factors that affect the

corrosion process inside crude oil pipelines:

* Oxygen concentration: Oxygen reduction is typically the cathodic reaction of crude
oil corrosion; therefore, the corrosion rate depends on the oxygen concentration in the
crude oil. As the corrosion layers are formed, the diffusion of oxygen through these
layers decreases”. As a result, it is expected that the corrosion process will be

impeded, and eventually will stop®. However, in crude oil pipelines, the flow is
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relatively high, and therefore, most of the corrosion layers from the metal surface are
stripped from the pipeline surface leading to a decrease in the thickness of these
corrosion layers. Hence, the diffusion of oxygen is allowed to penetrate into deeper
areas of corrosion thereby enhancing the corrosion rate. So, in general, the corrosion
rates during oil transportation inside the pipelines could increase or decrease

depending on the oxygen concentration.

Temperature: The temperature has also been shown to have a significant impact on
the rate of the crude oil pipeline corrosion. Similar to many reactions, the corrosion

rate of carbon steel in crude oil increases with increasing temperature™. It should be
mentioned that, while the oxygen diffusion coefficient increases with increasing the
temperature, the oxygen solubility decreases as well. These combined effects of

temperature on the corrosion rates on the carbon steel have been investigated.

Flow rate: It is very well documented in the literature that the increase of the flow
rate enhances the erosion corrosion*’. The high flow rate removes the protective
corrosion layers, inhibitors, and protective precipitates from the surface of the carbon
steel. Consequently, the erosion corrosion causes the surface to be exposed to the
surroundings leading to electrochemically—induced corrosion reactions. Therefore, it
is expected that, in the absence of the erosion corrosion, whereby the flow rate is low

or stagnant, the corrosion rate decreases and eventually stops.
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Water concentration: In the water/crude oil mixtures, the mechanism of the water
concentration on the corrosion rate is poorly understood, and there are very limited
publications on this subject®®. Hence, my work involves studying this important issue

in the corrosion of crude oil pipelines.

The crystal structures of the corrosion layers: During the corrosion process, the
crystal structure of iron oxide transforms to different forms. Phase transformation
depends on the temperature and pH of the solution, where a higher rate of

8758 The transformation of lepidocrocite

transformation occurs at higher temperatures
(y-FeOOH) to maghemite and then to hematite occurs when the metal is heated in a
dry environment without the presence of oxygen at high temperature®. However, this
transformation is also observed during the atmospheric corrosion at ambient
conditions. In atmospheric corrosion, the transformation starts with carbon steel
oxidizing to form ferrihydrite phase as an intermediate phase®”. Ferrihydrite is not a
stable phase, and will transform to lepidocrocite or goethite depending on the local
environmental conditions of the site of corrosion'>"". Goethite is thermodynamically
stable, which decreases the corrosion rate®. Therefore, it is expected that the
corrosion rate increases or decreases depending on the crystal structure of the
corrosion layers. The diffusion of oxygen thorough the corrosion layers depends on
the crystal of the corrosion product. As shown in Figure 2-2, and Figure 2-4, oxygen

can easily diffuse through lepidocrocite, while it is difficult to diffuse in hematite,

which has a low concentration of structural defects.
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2.9 The Effect and Economic Impact of Corrosion

The cost of the damage of corrosion-induced pipeline failure can economically be
significant. For example, in the United States alone, the average annual corrosion-related
costs for the gas-liquid pipelines amount to about $1.37 billion per year, according to
National Association of Corrosion Engineering (NACE)®. These costs cover the works
and materials used to monitor, replace, and maintain these pipelines.

The cost of corrosion has increased significantly between 1978- 2016. In 1978,
National Association of Corrosion Engineering (NACE) released a study on the
economic effect of corrosion in the United States. The study showed that the cost of
corrosion in the United States for the year 1975 was $70 billion”>. However, the cost of
corrosion in 2016 according to NACE is $2.5 trillion”. In the advanced industrial
countries such as the United States, Japan, Germany and United Kingdom, the annual
corrosion cost is greater than the combined cost of all natural disasters’. Finally, 15% of
the crude oil incidents (spills, etc.) have been caused by internal corrosion over the past

94
few years™".
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3 Experimental Methods and Materials

To evaluate the effect of seawater in the crude oil on the corrosion of carbon steel
in the pipelines, a number of analytical and characteristic methods were utilized. The
description of these methods is explicated in this chapter. A discussion of the materials
used in this study, and the instrumentation used to investigate the changes in the chemical
compositions of corrosion products, which formed under various conditions can be found

below

3.1 Materials

As mentioned earlier, mild carbon steel is a common pipeline material used in oil
and gas production. Therefore in this work, mild carbon steel is used in all experiments
with chemical composition shown in Table 3-3-1. The surface morphology and the cross-
sectional image for the carbon steel coupon before use are illustrated in Figure 3-3-1.
Carbon steel coupons with different dimensions for each experimental setup are obtained
from the Metal Sample Company. Natural seawater was collected from Petco INC
without further modifications. Table 3-3-2 shows various concentrations of elements in
the seawater. These elements will exist in various ionic forms in the seawater

environment.

Element | C Cu Mn Si P S Cr Ni Mo Fe

Wt.% 0.16 | 0.16 ] 0.755 | 0.17 | 0.013 | 0.02 | 0.048 | 0.078 | 0.014 | Balanced

Table 3-3-1 The chemical compositions of the carbon steel
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Figure 3-3-1 SEM images for the carbon steel coupons before immersion (a) surface

image (b) cross sectional

Ions of Following

Concentration (ppb)

Elements
Cl 1.91 x 10’
Na 1.08 x 10’
Mg 1.33 x 10°
Ca 4.22x10°
Li 170
U 3-3.3
Fe 1-2
\ 1.5
Pb 0.03

Table 3-3-2 Various concentrations of elements in the seawater

3.2

Experimental setup

The experimental tests were performed using the following three experimental

designs:

1. Asillustrated in Figure 3-3-2, a Pyrex glass bottle with a 250 ml volume was

placed on a magnetic hot plate starrier. To keep the temperature constant, a
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temperature bath was used. The coupon is a flat strip with dimensions 7.3 X 2.3
X 0.23 cm. After the carbon steel coupons were immersed in the corrosive

media, the bottles were covered by parafilm under the bottle lid to create a

closed system.

Figure 3-3-2 Experimental setup of a Pyrex bottle

2 Flow loop: A pipeline loop has been constructed as shown in Figure
3-3-3. The closed loop was constructed to measure the corrosion rate of
carbon steel under flow conditions typical of crude oil pipelines. The loop
can record flow rates up to 200 gallons per minute with a velocity of
approx. 2.7 meters/second. The system is designed to circulate natural
fresh water, high salinity seawater, and viscous oils. The flow system can

monitor, record, and control system parameters over extended test
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durations. Flow rate is continuously monitored with an FTB-700 Turbine
flow meter and Omega DPF-75A rate display. System temperature is
controlled with a dual thermostat temperature control system which is
comprised of two (2) 1/4” thermal probes located on each side of the
sample test section, a 20A heating circuit, and a new 3Ton cooling loop
circuit that has been integrated from the reservoir. The Clepco heating unit
circuit works in tandem with a 230V Pentair In-Line Air-cooled Chiller
unit circuit. A cooling system is outfitted with a 30gpm pump and allows
for precise control of environment temperature of accuracy within
+0.5°Cof thermostat set point value. The Pentair chiller system circuit
operates a 1HP chiller with Nominal BTU 12,000 capacity and fully
compensates for system heat transfer by pump energy. The combination of
these two systems working together allow for a wide test range including
temperature settings below 20°C. pH and dissolved oxygen sensors have
been installed to the reservoir for monitoring and recording real-time test
environment data. These sensors and all temperature monitoring
components are equipped with digital monitors and analog output to a
LabJack U3 data acquisition device for recording and post-experiment
analysis. Three carbon steel coupons with different sizes were used for
each temperature. The coupons are flat strip with dimensions 7.3 X 2.3 X

0.23 cm.
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Figure 3-3-3 Flow loop with high flow rate up to 192 gal/min

3. Corrosion cell: The electrochemical measurements have been conducted using a
corrosion cell. The cell as shown in Figure 3-3-4 consists of three electrodes,
working electrode (carbon steel), reference electrode (Ag/AgCl) and counter
electrode (graphite). Linear polarization resistance (LPR) and Tafel plot
extrapolation have been performed to measure the kinetics of the carbon steel
corrosion in seawater. The electrochemical measurements were performed using

Gamry Potentiostat with Echem Analyst software.
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Figure 3-3-4 The corrosion cell set up with carbon steel as working electrode, graphite as
a counter electrode and Ag/AgCl as a reference electrode

3.3 The Elucidation of the corrosion mechanism in the crude oil

The strategy of elucidation the corrosion mechanism was achieved using the

following:

i.  Determining the corrosion rate gravimetrically and electrochemically

ii.  Examining the surface morphology of the corroded carbon steel surface.

iii. Examining the elemental compositions of the corrosion products on the carbon

steel surface.

iv.  Identifying the iron oxides forms of the corrosion products.

v. Identifying the crystal structures of the corrosion products.
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3.2.1 Determination of the corrosion rates:

3.2.1.1 Gravimetric method:

The classic method of determining the corrosion rate is in terms of mass loss per unit
time. The coupons were polished with SiC papers with P800 grit prior to their immersion
in the corrosive medium. Then, they were rinsed with acetone followed with deionized
water. The coupons were weighed before the exposure to the corrosive medium. After a
certain time, the coupons are taken out and cleaned according to ASTM G1-03.”
Corrosion products on the coupons surfaces were removed chemically by immersion in a
solution (500 ml HCI1 + 500 ml distilled water + 3.5 g hexamethylenetetramine as acid
inhibitor) at 25 °C. After removal of corrosion products, the coupons were ultrasonically
cleaned with distilled water up to 1000 ml. Then electrolytic cleaning was conducted on
the coupons using graphite as an anode in a solution of 75 g sodium hydroxide, 75 g
sodium carbonate, 25 g sodium sulfate and distilled water up to 1000 ml at 25 °C. The
coupons were then weighed to determine their mass loss. The mass difference is used in
the following equation®:

3.45%10%+Am

Corrosion rate (mpy) = Tt

Equation 3-3-1

Where: mpy = mils per year, Am = Mass difference (g), d = metal density (g/cm’), t=
time for exposure (hr.), and A = cross sectional area of exposure (cm?).

All experiments were repeated with three duplicate specimens to confirm
reproducibility of the results. Corrosion rates are reported as the mean with error bars

representing the standard error of the mean (SEM) from three measurements.
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3.2.1.2 Tafel Plot

Tafel plot is used to understand the behavior of the anodic and cathodic reactions.
An overpotential is the additional potential that is needed to drive a reaction at a certain
rate'”. The current (i) is related exponentially to the overpotential (n) based on Tafel

equation as follows1°:

n=p logii Equation 3-3-2
o

BaBc

Where i, = exchange current density [ = Tafel constant =303, 15,

fo= The anodic Tafel constant in volt/dec
p. = The cathodic Tafel constant in volts/decade

This method involves the determination of Tafel constants. The specimen is
polarized anodically (positive potential) and catholically (negative potential) from the
corrosion potential E... The slopes of these lines are Tafel constants. I, can be obtained

from the Tafel plot by extrapolating the linear part of the curve as shown in Figure

3-3-5Y.
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Figure 3-3-5 Typical Tafel plot"’

3.2.1.3 Linear Polarization Resistance (LPR)

Linear polarization resistance is a well-known, common method in corrosion studies.
Polarization means that the potential electrode shifts away from the potential
equilibrium”. Polarization causes current flow due to the electrochemical reaction, the
resistance to this current flow is called polarization resistance (R,), where is linear part in
the curve near the overpotential. The plot will be a straight line with slope equal to the
polarization resistance (Rp). Then, R, will be used to determine the corrosion current

density icorr in the Stren-Geary equation as shown below””:

_AE

R. =
P Ai

Equation 3-3-3
1 BaBc 1

leorr = 5303 B.+B.) R Equation 3-3-4

Then, i Will then be used to calculate the corrosion rate as following:

3 Leorr (EW)

0
Corr.rate (mpy) = y Equation 3-3-5
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Where: Lo = current density (uA/cm®), E.W = the equivalent weight of the
corroding species (g), and d = density of the corroded species (g/cm?).

It should be mentioned that Tafel constants in Equation 3-3-4 are obtained from
the Tafel plot. Therefore, LPR is always calculated after Tafel plot measurements. The
LPR measurement was conducted with a Gamry Potentiostat at a scan rate of 10 mV/min
starting from a potential of -250 to 250 mV versus an open circuit potential (OCP). The
carbon steel coupons were left at OCP for 300 s. Prior to the electrochemical

measurements, the coupons were degreased with acetone, followed with a DI water rinse.

3.2.2 Sample Characterization Techniques

Studying the corrosion products requires characterization of both the composition
(elemental content, phase identity) and the morphology (shape and distribution of the
grains of the various phases). The morphology is characterized using a microscopy
technique. In general, sample preparation procedures have to be carefully applied in order
to obtain reliable and informative results. The composition is characterized using
spectroscopic methods. The following techniques were employed to characterize the

mechanism of carbon steel corrosion in crude oil pipelines:

3.2.2.1 Examining the surface morphology of the corroded carbon steel surface
The surface morphology and the cross-section analyses of the corroded carbon

steel are performed using scanning electron microscopy and energy dispersive X-ray

spectroscopy (SEM-EDS). Mapping of O and Fe are carried out to investigate the

distribution of these elements on the surface of the carbon steel. The average of many
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spots on the corroded coupon with 75 um width is measured. Moreover, pits and cracks
can be observed by SEM-EDS, which can be used in EIS data interpretation. A Hitachi S-
3400 variable pressure SEM equipped with an EDS detector are used. Prior to SEM

analysis, the corroded coupons are put in a desiccator for 24 hours to dry.

3.2.2.1.1 Coupons preparation for cross sectional

The corroded carbon steel coupons were cut and mounted with epoxy on silicon
plates. A slow speed diamond saw was used to cut all these coupons. The surface was
polished with silicon carbide paper. Precautions were made to protect the corrosion layers
from destruction during the polishing. The cross sectional analysis was carried out using

Hitachi SU-70 (SEM-EDS).

3.2.2.2 Examining the elemental compositions of the corrosion products on the
carbon steel surface.

X-ray Photoelectron Spectroscopy (XPS) is a technique that provides the
elemental compositions of the corroded metal surface. X-ray photoelectron spectroscopy
(XPS) was performed using a Kratos Axis 165 X-ray photoelectron spectrometer
operating in hybrid mode using monochromated aluminum Ka X rays (1486.7 eV) at 240
W. Powder samples were mounted on a sample holder using double sided copper
adhesive tape from 3M. Charge neutralization was used to minimize sample charging and
the pressure of the system was maintained at 5x10~° or lower throughout the
measurement. Pass energies of 160 eV and 40 eV were used for survey and high-

resolution spectra respectively. Data Analysis was done using CASAXPS, oxygen 1s
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spectra were fitted to three peaks corresponding to O, OH and H,O with line shapes
generated from a 70% Gaussian, 30% Lorentzian product function after application of a
Shirley background. The OH and H,O peaks were constrained to have equal full-width at
half maximum and the H,O peak was further constrained to be separated from the O2-
peak by 3.2 eV. All spectra were calibrated to the corresponding adventitious
hydrocarbon peak at 284.8 eV. Elemental composition was quantified using CASA XPS
from peak areas adjusted by relative sensitivity factors from the Kratos Vision library and
transmission functions from the instrument. Prior to the analysis, the samples (corrosion
powder) were prepared by washing with DI water for multiple times to wash all seawater
salts. After each wash, the samples were filtered using 12 cm filter. At the end of

washing, the samples were put in dissector to dry.

3.2.2.3 Identifying the iron oxides forms of the corrosion products

Raman spectroscopy was performed on samples using a Horiba Jobin Yvon
Raman microscope (LabRam Aramis Model). The specimens were excited with a Ventus
532 nm diode-pumped solid-state laser from Laser Quantum. A 50X objective with a
numerical aperture of 0.75 lens was used resulting in a laser spotlight of ~865 nm on the
sample surface. The corrosion products were found to be sensitive to decomposition
under the laser so a D3 neutral density filter was used resulting in approximately 240pA
power at the sample surface.

In addition, Fourier transform infrared spectroscopy (FTIR) has been employed to
identify the iron oxide forms in the corrosion layers. A Nicolet Nexus 670 Fourier

Transform Infrared Spectrometer (FTIR) equipped with a liquid nitrogen cooled mercury
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cadmium telluride (MCT) detector has been used. Background spectra were obtained
prior to each different sample number and the surface of the ATR module was cleaned
with organic solvent and dried prior to starting the next sample analysis. Absorption

peaks were identified and quantified.

3.2.24 Identifying the crystal structures of the corrosion products

The crystal structures of the corrosion products were characterized by D8
advanced powder XRD diffractometer with LynxEye detector using copper tube as
radiation, 40 kV and 100 mA. The XRD patterns were analyzed by the diffraction
database. Needless to say, XRD cannot detect the amorphous signature in the corrosion
layer. Prior to the analysis, the corrosion layers were scraped off the corroded carbon

steel, and dried in desiccator for 2-3 days.

3.2.3 The difference between the gravimetric and the electrochemical

measurements

While gravimetric and electrochemical measurements have both been used to
measure the corrosion rates of different compounds, the corrosion rate calculated from
each method could be different due to the build-up of the corrosion products on the
surface of the metal samples. Zou, et al. measured the corrosion of mild carbon steel in
seawater using electrochemical and gravimetric methods”. It was found that the

electrochemical measurements coincide with weight loss at short time scales near the
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beginning of the immersion period; however, it was also found that the electrochemical
measurements begin to differ from the weight loss after long time periods of immersion.
This discrepancy is believed to be due to the build-up of corrosion layers on the surface
of carbon steel after a long immersion time. Early on in the corrosion process, before a
corrosion layer has been built up, oxygen diffuses towards the metal surface where it can
participate in a cathodic reaction. After the layers of corrosion reach a certain thickness,
oxygen diffusion is significantly reduced. As a result, the corrosion layers that contain a
large amount of B-FeOOH participated in the cathodic reaction, which lead to an
overestimation of the electrochemical measurement”. However, Yang observed after the
accumulation of corrosion products on the surface, the current density from

electrochemical measurements was higher than the one from weight loss measurement'*.
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4 Results and Discussion
Over the course of this work, several experimental set-ups and characterization
techniques were employed to fulfill the main objective of this study. The corrosion rates

of the carbon steel were determined under various conditions.

4.1 Determination the effects of the temperature on the corrosion rates with low
velocity (0.15 m/s) for 14 Days

The corrosion rates of the carbon steel in seawater were determined at various
conditions. During these experiments, only a single variable was chosen, all other
experimental variables are kept constant. Precautions were made to avoid the erosion
corrosion during the measurements of the corrosion rates and the identification of the
corrosion products. Hence these experiments were carried out at a low velocity of 0.15
m/s (60 rpm) for 14 days. Figure 4-1 shows the carbon steel coupons after immersion in
seawater at various temperatures. These coupons are covered with corrosion products
with various colors, which indicate the change in the forms of the corrosion products. The
orange color indicates the presence of lepidocrocite, whereas dark brown indicates

hematite and the black color indicates magnetite””.
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Figure 4-1 Picture of corroded carbon steel coupons after immersing in seawater for 14
days with low velocity (0.15 m/s) in the stirred beaker, at (a) 25, (b) 35, (c) 45, (d) 55 and
(e) 65°C

4.1.1 Determination of the corrosion rate

As expected, Figure 4-2 shows that the corrosion rate increases as a function of
temperature of the carbon steel coupons immersed in seawater for 14 days. These results
show that the temperature dependency of the corrosion rate is not constant. While the
corrosion rate is 0.21 + 0.2% mm/year at 25°C, it increases to 0.33 + 0.2% mm/year at
35°C. However, no increases in the corrosion rates are observed between 35°C and 45°C.
At temperatures higher than 45°C, the corrosion rate increases at a constant rate of
approximately 100 microns per year per 10°C. As shown later this is due to the change in
crystal structure of the corrosion layers. Moreover, it should be mentioned that these
results show that the corrosion rate doubled for each increment of 30°C. This may
indicate that the diffusion of oxygen through the corrosion layers has become more the
predominant process than the activation process' . As mentioned in the introduction, that

the corrosion process includes two major components: diffusion and activation processes.
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At temperatures higher than 45°C, the corrosion rate increases at a constant rate of

approximately 100 microns per year per 10°C.
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Figure 4-2 The corrosion rate of carbon steel that immersed in seawater in a stirrer
beaker with low velocity (0.15 m/ s) as function of temperature for 14 days

4.1.2 Determination of the activation energy and thermodynamic parameters:

Figure 4-3 represents the overall Arrhenius plot that covers a wide range of
temperature of 25°C-75 °C with activation energy of 12.7 kJ/mole. This value cannot be
considered as activation energy for this process, since the temperature has positive and
negative effects on the corrosion rate. While the temperature increases the rate of the
corrosion chemical reactions, and also increases the diffusion of oxygen through the
corrosion layers, it also decreases the solubility of oxygen in the aqueous solutions

leading to the decrease of corrosion rate. More importantly, as we can see in Figure 4-3
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below, the temperature changes the structure of the corrosion products, which lead to the
changes to the oxygen diffusion. This may indicate that the diffusion of oxygen through
the corrosion layer becomes the predominant process' . Thus the effect of the
temperature on the corrosion rate can be explained by the changes of chemical
compositions of the corrosion layers. Consequently, it is clear that the identification of
the chemical composition of the corrosion layers will lead to better understanding the

mechanism of the corrosion as a function of temperature.
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Figure 4-3 Arrhenius plot for carbon steel coupons that was immersed in
seawater a stirred beaker for 14 days with low velocity (0.15 m/s) at various
temperatures.

72



4.1.3 The identification of seawater-exposed carbon steel surface morphology

using SEM-EDS

The surface morphology of the rust products formed on the surface of the mild
carbon steel coupons showed significant changes at various temperatures. As shown in
Figure 4-4, the iron oxide layer formed after 14 days in seawater at 25 °C resulted in the
formation of a mixture of small crystalline globules (sandy crystals) and fine plates
(flowery structures). The shape of such crystallites is typical for lepidocrocite (y-
FeOOH)’®*®. At a higher temperature (45 °C), the surface morphology of the iron oxide
layer formed was significantly different and not as homogeneous as the one observed at
25 °C. Several crystalline shapes can be observed, including plates, spindles, and pseudo-
cubes, which could be indicative of the formation of various hematite crystals as shown
in Figure 4-4. These shapes can act as seeds during the transformation of lepidocrocite to
hematite as the temperature increases resulting the formation of various crystal shapes.
Also, at the highest temperature of 75 °C, the morphology of the rust layer changed again
exhibiting the presence of clusters of globules with a semi-cubical structure. These
structures correspond to magnetite crystals and are typically formed by several
aggregates of smaller nanometer-sized crystals’'**. Another important observation is that
there is a considerably higher porosity in addition to the presence of cracks. As shown in
Figure 4-5, the iron oxide layers formed at 65 and 75 °C revealed the presence of
irregular shape and size cracks. Therefore, these non-protective rust layers, especially
below 35 °C, allow the diffusion of corrosive species, such as Cl” ions, into the surface of

mild carbon steel and consequently promote further oxidation. However, in the case of
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the presence of magnetite at 75 °C, no cracking or spallation of the rust layer was

observed, although the porosity is still high.

After cleaning the surface of the coupons thereby removing the iron oxide layers
formed, pitting corrosion of the mild carbon steel surfaces was observed, as shown in
Figure 4-5. Pits of various shapes, sizes, and depths were present. It is worth mentioning
that a closer inspection of the clean surface of the corroded coupons revealed the

presence of erosion corrosion, as well, shown in Figure 4-5. (Image on the right).

<
Figure 4-4 SEM micrographs showing the different morphologies of the rust layers
formed on the surface of mild carbon steel coupons immersed in a stirrer beaker with

seawater under low flow rate (60 rpm): lepidocrocite at 25 °C, hematite at 45 °C, and
magnetite at 75 °C.
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F iue 4-5 SEM cfgrps of the corroded mild carbon steel surface r 1 flow
rate (60 rpm) after the removal of rust layers

4.1.4 The identification of the corrosion products at various temperatures

Since the corrosion products of the carbon steel were present in crystalline and
amorphous forms, we identified the crystalline iron oxides using XRD and other
techniques such as Raman and XPS. For the other amorphous forms of iron oxides, we
used only Raman and XPS.

As shown in Figure 4-6 and Table 4-1, the corrosion products have different
forms of iron oxide and iron oxide hydroxide as a function of temperature. The structures
of the corrosion products were characterized and quantitatively measured for a
temperature range from 25 °C to 75 °C. At 25 °C and 35 °C, the XRD shows that the
outer rust layer contains high (60 =+ 10) % of orthorhombic structure belong to y-iron (III)
oxide hydroxide (lepidocrocite), while the inner rust layer contains low amount (40
+10)% of cubic structure of magnetite. At 45 °C, the corrosion products consist of (55+
9.4)% of hematite and (44.8 + 9.4)% magnetite. Moreover, at temperatures higher than 45

°C, no iron oxide hydroxide was observed. The XRD results also show that the outer rust

75



layer contains (74 £ 9) % hematite with rhombohedral structure, and the inner rust layer
(26 + 9) % magnetite. Hematite and magnetite were present in the corrosion products at

temperature range of 45 °C — 65 °C. At 75 °C, magnetite was the only product present

M/H
H M L H M/H M L
‘ P 3 Magnetite
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Figure 4-6 XRD pattern for the corrosion products on the surface of carbon steel
immersed in seawater with low velocity of 0.15 m/s at various temperatures



Temperature Name Formula  Percentage Crystal
structure
25°C Lepidocrocite y-FeOOH  73.7 £10 Orthorhombic
(ccp anions )
Magnetite Fe304 26.3+10 Cubic
35°C Lepidocrocite y-FeOOH 584 +4.5 Orthorhombic
(ccp anions
Magnetite Fe304 41.6 4.5 Cubic
45 °C Hematite Fe203 55.2+9.4 Hexagonal
(Rhombohedral)
Magnetite Fe304 448 +9.4 Cubic
55°C Hematite Fe203 54.7 £7.3 Hexagonal
(Rhombohedral)
Magnetite Fe304 453 +7.3 Cubic
65 °C Hematite Fe203 55.2 +9.4 Hexagonal
(Rhombohedral)
Magnetite Fe304 44.8 +9.4 Cubic
75°C Magnetite Fe304 100 £0 Cubic

Table 4-1 Changes observed in the crystal structure of corrosion layers on the carbon
steel in seawater under low velocity of 0.15 m/s as function of temperatures with the
standard error of the mean

To further characterize the iron oxide corrosion products on the surface of carbon
steel, Raman spectroscopy was conducted on the rust layers produced by conditioning at
25 °C, 45 °C, and 75 °C. The Raman spectra obtained are shown in Figure 4-7 and were
fitted using an unconstrained Gaussian peaks model to identify the peak positions (Table
4-2). At 25 °C, the Raman spectrum revealed a mixture of iron oxides (Fe;04) and
oxyhydroxides (y-FeOOH and a-FeOOH). The peaks at 245, 297, and 393 cm™ and the

broad peaks around 650 cm™ indicate the presence of lepidocrocite (y-FeOOH) and
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goethite (0-FeOOH) respectively.'” """ Additionally, the broad peak at 1304 cm™ is one
of the important peaks of lepidocrocite, as reported by several investigators'**!%>1?7- 111,
Lastly, the peaks at 298, 533, and 664 cm’' are characteristic peaks of the iron oxide

compound Fe;0,, known as magnetite ' '0%1%8-111

. The corrosion products present at 45
°C show some changes in the consistency with a strong peak at 671 cm™' revealing the
presence of some iron oxides, potentially magnetite and/or maghemite (y-Fe,O3) and the
deconvoluted peak at 717 cm™ further supports the presence of maghemite '°>'%10%112,
The peaks at 399 and 489 cm™' may indicate the presence of goethite, as well as
maghemite """ Also, the presence of oxyhydroxides in the corrosion products at
45 °C is further enhanced by the strong peak at 1307 cm™ which corresponds

. . 105-108,108,110,111
lepidocrocite ST

. Lastly, the Raman spectrum at 45 °C revealed a new sharp
and strong peak at 283 cm™ which could be attributed to the formation of hematite (-
Fe,03) "% The presence of hematite as the temperature increases is expected, since
studies have shown that thermal dehydration of corrosion products such as lepidocrocite
and goethite give rise to hematite through topotactic transformation'®”''"'? At the
highest temperature (75 °C) goethite is still present in the corrosion products. The Raman
spectrum shows three broad peaks with maximum intensity at 327, 369, and 488 cm’™
which may indicate the presence of goethite, similar to the 45 °C sample. The shoulder
peak at 680 cm™ and the intense peak at 717 cm™ are strong evidence of magnetite, while
a broad peak at around 1400 cm™ could be explained by the transformation of
lepidocrocite (peak at 1307 cm™) into hematite, which has a characteristic peak at 1440

-1 105-109,109-111
cm . ’
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Figure 4-7 Raman spectrum of corrosion products after immersion of carbon steel
coupons in seawater under low velocity of 0.15 m/s at 25°C, 45°C and 75 °C

Temp. Raman Peaks - Wavenumbers (cm™)

°O

25 245 297 354 393 459 533 634 674 1303

45 283 376 399 489 599 671 717 1219 1307 1399
75 327 369 488 543 631 680 717 1295 1400

Table 4-2 Raman wavenumbers for each peak location in the fitted spectra of 25, 45, and
75 °C.

Furthermore, to quantify the ratio of oxidized (O*) to hydroxyl (OH) species at
various temperatures, high-resolution XPS measurements of O 1s and Fe 2p regions are
carried out. Figure 4-8 shows the high-resolution spectra of O Is at temperatures ranging
between 25 to 75 °C, and the presence of two peaks at 531.3 eV and 529.8 eV, which can
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be assigned to hydroxyl species (OH") and oxidized species (O%) in the corrosion

products, respectively '

. In taking into account the XRD and Raman spectroscopy
results, the XPS data suggests the presence of the following corrosion products, at all
temperatures, on the surface of the samples at various ratios: lepidocrocite (y-FeOOH),
goethite (a-FeOOH), hematite (a-Fe>O3), magnetite (Fe;O4) "7 Furthermore, at 25 °C
the concentration of OH™ species appears to be higher relative to the concentration of 0>
species in the corrosion products formed. However, all temperatures above 25 °C showed
higher concentrations of O relative to OH™ with the ratio from (0.88 -1.13) to be the
highest at 45 and 75 °C as shown in Table 4-3. This indicates that the degree of oxidation
of the carbon steel surface increases with temperature, since the presence of O™
increases, resulting in the formation of higher concentrations of a-Fe,0Os, y-Fe,03, and
Fe;O4 "1 1tis important to note that the O 1s spectra at 55 and 65 °C revealed the
presence of a small shoulder peak at around 533 eV which can be attributed to physically
adsorbed water (H,0) ''*''®. Therefore, precautions were taken when quantitative
analysis was performed to estimate the ratio of O*/OH at these temperatures, since the
OH’ concentration could be a result of physically adsorbed H,O, as well as FeOOH
products. On the other side, the relatively high concentration of OH" at 25 °C, without the
presence of a shoulder peak at 533 eV, is primarily produced by the formation of y-

FeOOH or a-FeOOH. In the case of lepidocrocite, its concentration appears to be

decreasing as temperature increases, since it is an intermediate corrosion product ',

The results obtained by the Fe 2p XPS compliment the O 1s spectra revealing the
presence of various Fe*" and Fe’* oxides, and maybe the presence of low concentration of

hydroxides, as shown in Figure 4-9 ''*'"7. The Fe 2p peak observed around 711 eV is in
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accordance with the O 1s peak at about 529.8 eV validating the presence of hematite (o-
Fe,03) as well as magnetite (Fe;0,) at all temperatures ', Also, the binding energy of
the Fe 2p peak at 719 eV further supports the presence of Fe,O5 corrosion products '*°.
However, it is not possible to differentiate between hematite and maghemite solely from

that peak.
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Figure 4-8 XPS spectra for O 1s region for the corrosion products on the carbon steel in
seawater under low velocity of 0.15 m/s at various temperatures
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Temperature Area Under O°  Area Under OH  Area Under H,O  Ratio O”

(°O) (1/eV) (1/eV) (1/eV) /OH
25 8,054.63 12,038.63 366.77 0.67
35 8,218.03 9,916.42 721.37 0.83
45 13,456.02 15,441.27 257.27 0.87
55 8,061.32 9,181.38 2,210.37 0.88
65 13,437.37 11,491.08 453.51 1.17
75 8,786.39 8,551.34 494.16 1.03

Table 4-3 Deconvolution of Ols XPS spectrum at various temperatures and changes in
the O*/OH ratio.
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Figure 4-9 XPS spectra for Fe 2p/5 region in the corrosion products of the carbon steel
under low velocity of 0.15 m/s at various temperatures

The combined results of XRD, Raman spectroscopy and XPS reveal the presence
of lepidocrocite and goethite at 25 °C, and hematite is found as the main phase at 45 °C.
The results of Raman agree with the XRD measurements, which show a notable presence
of hematite in the corrosion products. In contrast, the existence of goethite is not seen in
the observed area by XRD, even though the Raman results suggest its presence. This can
be explained by the fact that goethite is in amorphous state, which has no XRD signal.
Although XRD indicates that the corrosion products contain magnetite only at 75 °C,

Raman spectroscopy results reveal the presence of magnetite and hematite.
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The corrosion rate increases in multiple phases as the temperature increases.
Below 35 °C the oxide formation is dominated by lepidocrocite. In the intermediate
temperature range (35 °C and 45 °C), hematite is the predominant mineral form, which
inhibits corrosion process. This can be explained by the fact that the oxygen diffusion
through the corrosion layers can be affected by the crystal structures of the corrosion
products. Hence, since the crystal and the chemical compositions of the products change
as a function of temperature, one would expect the oxygen diffusion to change
accordingly. Since y-iron (III) oxide hydroxide (lepidocrocite) is thermodynamically
unstable, electrochemically active and works as cathodic site, it transforms to -iron (I1I)
oxide (hematite) at 45 °C in seawater. Furthermore, as mentioned earlier, the crystal
structure of lepidocrocite is orthorhombic®®. Anion sheets are parallel to plane (0 4 1) are

stacked along the direction parallel to the direction [012] as shown Figure 4-10.
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Figure 4-10 Packing of lepidocrocite unit cells

While hematite is the most thermodynamically stable form of iron oxides with
standard free energy formation (AG¢= -742 kJ/mol) compared with lepidocrocite (AGy = -
480 kJ/mol) ®. The crystal structure of hematite is isostructural with corundum . The
oxygen ions are in hexagonal closed-packed (hcp) arrangement that stacked along the
[001] direction with Fe (III) ions occupying octahedral sites as shown in Figure 4-11 .
The structure has low concentration of structural defects, which leads to decrease in the
grain boundaries. Consequently, the oxygen diffusion decreases, and the corrosion is
ultimately hindered. Furthermore, Raman reveals goethite presence in 45 °C, which is
considered as protective layer that impedes the corrosion rate.
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As the temperature increases further more to 55-65 °C, the corrosion products
become powdery and easily removed by the agitation as shown in Figure 4-1.
Consequently, the carbon steel surface is exposed to the seawater again, and the corrosion

rate eventually increases between 55°C- 75°C.

ne
Figure 4-11 Packing of hematite unit cells

4.1.5 The absence of Iron carbonate in the corrosion products
Under our experimental conditions where the [C0%™] in seawater 0.000239 kg

mol™ ;the XRD results do not show the formation of the FeC; (cementite).
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The concentration of carbonate in seawater is very low about 0.000239 kg mol™.
The presence of carbonate promotes the formation of FeCOs3 according to the following

reaction'!:

Fe** + CO5™ - FeCO; Equation 4-1

Many studies showed that FeCOs (siderite) is formed in solutions with high

concentration of carbonate'"’

. However, in our experiment we have used natural seawater
with a low concentration of carbonate, as such the corrosion product of carbon steel does

not consist of siderite or cementite. However, the XRD results reveal small peaks that it

could be trace amount of siderite.

4.1.6 The absence of green complex or green rust

Under our experimental conditions, where seawater was used, no green rust was
observed, even at the early stages of the corrosion, at temperature range of 25°C- 75°C,
and at pH~8.3. Also our XRD results confirmed the absence of the green rust at various
conditions and corrosion periods. This is in contrary to the most published results of the
carbon steel corrosion under aerated conditions. It has been reported that green rust forms
on the carbon steel in the aerated area as an intermediate, which then transforms either to
Fe;0, under slow oxidation or y-FeOOH under rapid oxidation””. Also, this
transformation depends mainly on the pH. Schwertmann observed the transformation of
the green rust to lepidocrocite at constant pH ~7 and aerated conditions’. Likewise, a
study shows that green rust forms from the oxidation of Fe*" or Fe(OH), oxides by
oxygen in aqueous solution at pH 7°°. While, at pH above 7, green rust transforms rapidly

120

to magnetite ~. In addition, many studies show that the green rust forms as predominant
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mineral in environments such as reductomorphic soils, groundwater and microbial
culture'>' "%,

Our experiments have been performed at pH 8.3 (the pH value for natural
seawater) and this pH value could explain the absence of green rust in the corrosion
products and the presence of magnetite with small amount of carbon steel in seawater.
The green rust could be formed in the surface of carbon steel at the first few minutes of

the immersion in seawater as intermediate. This intermediate would then spontaneously

transform to magnetite.

4.1.6.1 The correlation between the chemical structures of the corrosion products

and the number of pits per unit area

The cross sectional analysis shows different sizes and shapes of cracks and pits on
the surface of the carbon steel immersed in seawater at various temperatures. As shown
in Table 4-4, the number of cracks and pits are very high at 25 and 35 °C compared with
other temperatures. As mentioned above, the corrosion products at low temperatures are
unproductive, pores that can easily flake off the surface. In addition the chloride ions
have the ability to break these passive layers' . This can lead to the diffusion of the
corrosive ions, such as the chloride ion, onto the metal surface. In contrast, at high
temperatures, the corrosion products adhere to the metal surface, and form a barrier for

the chloride ion. Figure 4-12 shows the pits and the cracks on the surface of the carbon
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steel, where the sizes and the number of pits and cracks are decrease with increasing

temperature.

0.0kV 15.3n SE\M”\ 20.0ur
Figure 4-12 Cross sectional of carbon steel immersed in seawater under low flow rate at
various temperatures

Temperature (°C) No. of pits Pit’s length (um)
25 40 633 1.3
35 19 1147 2.1
45 4 8.6 *1.33
55 4 10 +0.6
65 4 255 +14

Table 4-4 cracks measurements on carbon steel immersed in seawater with low velocity
of 0.15 m/s at various temperatures
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4.2  Simulation of the corrosion process in the crude oil pipelines

As mentioned in the experimental section, a stainless steel loop was constructed
to simulate the conditions of actual crude oil pipelines in terms of flow rates and
temperatures. The objective of these experiments is to study the seawater-induced
corrosion in the carbon steel at high flow rates combined with the temperature effect. It is
important to study the effect of temperature at high flow rates since the temperature
changes dramatically from day to night, and from season to season in the oil fields. In
order to estimate the corrosion rates at various temperatures at high flow rates, the overall
activation energy was determined. Equally important is to investigate at which
temperature erosion corrosion takes place. Another factor is that the crude oil in the
pipeline contains seawater most of the time. The seawater is usually a major component
of the produced water. In some cases, the produced water component reaches up to 30%
depending on the condition of the oil field.

The experiments were performed starting with inserting the carbon steel coupons
inside the loop. The loop is operated at a flow rate of 192 + 3 gal/min (flow velocity 2.7
m/s) of seawater at various temperatures. The loop with coupons mounted in the
horizontal test section is shown in Figure 3-3-3. For all experiments, the coupons were
placed in the flow loop for seven days. This period of seven days was chosen to keep as
much as possible the corrosion products on the coupon’s surface. If the experiment were
continued for more than seven days, most of the corrosion products would leach out from
the coupon’s surface to the liquid phase. In fact, at 75°C for seven days in the loop at 192

gal/min, the small-size coupons would completely disappear.
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4.2.1 Determination of the corrosion rates at various temperatures

The corrosion rate of the carbon steel for various temperatures at a flow rate 192

gal/min for seven days were determined gravimetrically as follows:

4.2.1.1 Gravimetric method

After placing the coupons in the flow loop for seven days, they were cleaned
following the ASTM cleaning procedures’. The weight difference after seven days was
used to determine the corrosion rate as described in Equation 3-3-1. Figure 4-13 shows
that the corrosion rate of the carbon steel increases linearly with increasing temperatures
from 25 °C to 35 °C. However, the student T.Test showed that there were no significant
changes in the corrosion rates between 35 °C and 45°C due to the transformation of the
corrosion products at 45°C. As discussed in section 4.1.1, the same results were observed
where there is no change in the corrosion rates between 35°C and 45°C during the low
rotation speed in the stirrer beaker experiments. This strongly suggests that there is no
flow rate effect on the corrosion rate between 35°C and 45°C. This important observation
will be discussed in detail in section 4.3.3. Moreover, the corrosion rate increases
exponentially between 55°C and 75°C.This sharp increase between 45 °C and 75 °C may
be related to erosion-corrosion since experiments were conducted at a flow rate of 192
gal/min. The complication of this system, at a high flow rate, stems from the fact that
both cathodic and anodic reactions increase, but not necessarily at the same rate. The high
flow rate enhances the transport of dissolved oxygen (and other corrosive species such as

chloride ions) from the aqueous phase toward the metal surface, which enhances the
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cathodic reaction. In addition, high flow rates also increase the charge transfer reaction,
which leads to the domination of the anodic reaction'®. Also, the high flow rate enhances
erosion-corrosion, which ultimately removes all the contacted and adhered corrosion
products away from the metal surface. Needless to say, this will increase the exposure of

the metal surface to the water, and accelerate the corrosion process.
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Figure 4-13 Corrosion rate of carbon steel inserted inside the flow loop with high flow
rate (192 gal/min) as a function of temperature
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4.2.2 The observed-overall activation energy at high flow rate

The objective of these measurements is to investigate the effect of the flow rate on
the overall activation energy. The activation energy of the corrosion process was

determined by mass loss rates and current density using the Arrhenius equation.

mg

Equation 4-2

ILn Cr (

)=Aexp ET“

cm?.hr R

Figure 4-15 shows that at low temperatures, the mass loss as a function of flow
rate follows an Arrhenius exponential relationship, with an activation energy value of
54.8 kJ/ mole. At temperatures higher than 45 °C, the corrosion started to deviate from
the Arrhenius function. This is because the erosion corrosion has started to predominate.
It was visually confirmed that the corrosion products were eroded moving away from the
surface to the water, and changing the water from colorless to a blackish color. In
addition, as shown in Figure 4-14, the coupons were completely eroded at 75 °C.
Obviously, the increase in temperature does not only increase the reaction rate, but also
increases the oxygen diffusion throughout the corrosion layers. Hence, the increase in
temperature enhances the mass transfer-induced cathodic corrosion. So, in summary, the

observed activation energy is a combination of mass transfer and erosion corrosion.
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75°C 45°C 35°C 25°C

Figure 4-14 Visual examination of the carbon steel coupons after insertion in flow loop
for seven days with high flow rate (192 gal/min)
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Figure 4-15 Arrhenius plot of carbon steel inside the flow loop with high flow rate
of 192 gal/min
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Activation energy in terms of current density:

The observed activation energy also can be determined in terms of the current
density that was obtained from the linear polarization using Equation 4-3. However, this
approach is not quite accurate for the following reason. During the polarization
experiment, large amounts of current flows to the metal, which leads to a sudden drop in
the concentration polarization, and ultimately misrepresent the polarization curve.
Therefore, it is expected that considerable error would be introduced in determining the

activation energy using the current density, due to the uncertainty in the icorr values'*.

Eq
T

Lni(uA/cm?) = Aexp -

Equation 4-3

4.2.2.1 The velocity effects on the overall activation energy

In this work, it has been shown that the overall activation energy obtained from
stirred beaker-low angular velocity of 0.15 m/s (60 rpm) experiments is 12.7 kJ/mole, and
the overall activation energy obtained from the loop experiments at a flow rate of 2.7 m/s
(192 gal/min) is 54.8 kJ/mole. This significant difference in the observed-measured
activation energy is not unusual. It has been reported that, in general, as the flow rate

. . . . 125
increases, the overall activation energy increases .

In order to understand the mechanism of the flow rate effect on the activation

energy, one must take into account the effect of the flow rate on the corrosion rate. It is
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very well known that mass controlled processes depend strongly on the aqueous phase
flow rate and agitation. On the contrary, charge transfer controlled processes are usually
independent of the aqueous phase flow rate and agitation. It should also be mentioned
that the corrosion rate of clean metals and alloys in neutral or slightly basic solutions,
such as seawater (pH ~ 8.2-8.3) is usually determined by mass transport control of the
cathodic reaction. It is also crucial for this work to determine the activation energy of
corrosion under similar conditions to that of the carbon steel crude oil pipelines in the

fields, where the flow rate is as high as 2.7 m/s (192 gal/min).

In reviewing the overall changes of the corrosion rate dependency on the flow
rate, the following factors must be taken into account:
1. The strong dependency of the diffusion-controlled processes and the diffusion
boundary layer thickness on the flow rate.
Since the diffusion-controlled process is directly related to the following cathodic

reaction;

0, + 2H,0 + e - 40H™ Equation 4-4

It is therefore reasonable to predict that as the flow rate increases the supply of
oxygen from the aqueous bulk solution to the reacting interface is enhanced, and
ultimately enhances the corrosion rate. The increase in the corrosion rate as a function of
flow rate will continue to increase until the anodic charge transfer control is established.
After establishing the anodic-controlled reaction, the corrosion rate reaches a plateau. It is

also worth mentioning that in most realistic corrosion situations, where oxygen is
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involved, the cathodic reaction itself is influenced by both “mixed” charge transfer-
controlled and mass transfer- controlled. Figure 4-16 shows the dependency of the
corrosion rate on the electrolyte flow rate®. While at relatively low flow rate, the
corrosion rate is diffusion-controlled, but as the flow rate increases the corrosion rate

becomes activation controlled.

2. The dependency of the activation controlled on the flow rate
The reasons for the effect of the flow rate on the measured activation energy can be
outlined as follows:
A: Activation polarization: The activation polarization is caused by the resistance against
the reaction at the metal-aqueous phase interface. In order for the ions or molecules to
convert to a new state, or to other species at the interface, they need to overcome the
energy barrier of the rate-determining step. The rate determining step in this case is the
charge transfer”.
B: Concentration Polarization: This type of polarization occurs when the electrode
reactions cause both mass and charge transfer at the metal-aqueous surface, and the
transport of the ions and molecules in the solution to and from the interface. In this case

the rate determining step is the mass transport*.

3. The effects of the evolved erosion corrosion at high flow rate
The high flow rate induces erosion corrosion, which continuously leads to the exposure of
the bare surface of the metals. It has also been shown that the corrosion rates of the steel

. . . . 4
in seawater increase as the velocity increases .
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A significant increase in the erosion corrosion was observed only at 75 °C. Since
erosion corrosion is greatly enhanced by the turbulent flow, it is imperative to determine

the Reynolds number. Re is calculated for the flow loop at 25°C and 75°C as following:

d
Re = Tp Equation 4-5

Where u, is the flow velocity (m/s), d, is the pipe diameter (m), and v is the kinematic

viscosity (m*/s) (9.37x10” at 25°C) and (3.85 x107 at 75°C)"°,

It has been found that Re is 2x10° at 25°C and 5.3x10° at 75°C. From these
Reynolds numbers, it is determined that the flow was under transition from laminar to
turbulent at 25 C, however, the flow was fully turbulent at 75°C'?. Therefore, erosion

corrosion has significant impact at 75°C.
Figure 4-16 from reference 4, shows at a lower velocity the corrosion is diffusion
controlled, however at a higher velocity the corrosion is activation controlled*. At a lower

velocity, the cathodic reaction is under mass transfer control, and the anodic reaction is

always charge transfer controlled.

M->Mt+e” Equation 4-6
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Figure 4-16 * The corrosion rate as function of (velocity)"? (Figure was copied
from “Corrosion and protection” book)

In this work, low velocity experiments were performed in a stirred beaker at 60
rpm (0.15 m/s), where agitation was used. There is no significant change in the
ingredient concentration of the dissolved active species such as O, and CI" as a function
of the distance from the metal surface. In other words, the diffusion-boundary layer is
almost non-existent. The agitation in these experiments keeps the uniformity of the
dissolved species almost constant, and prevents the formation of the diffusion boundary
layer in the first place. Therefore, for the cathodic reaction, where the rate-determining
step is mass transport, the activation energy barrier is low. Hence, it is expected that low
activation energy would be obtained. However, the loop experiments were conducted at
a very high flow velocity (2.7 m/s). The formation of the diffusion boundary layer is

128

expected to occur with a relatively high thickness ~°. This means that the mass transport
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of O, and CI"' requires more energy. Thus, higher activation energy in the loop

experiments, compared to that in the stirred beaker's experiments, is expected.

4.2.3 The use of polarization resistance and Tafel plot to further determine the

role of the corrective layers at high flow rate of 192gal/min

These series of experiments were conducted to generally identify the changes in
the corrosion products as a function of temperature based on the changes in Ba, fc, icorr,
and Rp. Despite the fact that theses experiments were conducted once due to the
complexity of the procedure is still they shade the light on the trend of the changes in the
Ba, Bc, icorr, and Rp. In other word, these experiments were not meant to get the exact

values of Ba, Bc, icorr, and Rp, but rather the general temperature effects on their values.

The polarization curves of carbon steel coupons after were placed inside the flow
loop with seawater are shown in Figure 4-17. The anodic and cathodic branches were
extrapolated to the intersection at a point where the corrosion current density icorr and Ecor
were obtained. This procedure was discussed in section 3.2.1.2. The polarization curves
of the corroded carbon steel showed that the corrosion potential (E.) shifted to positive
values at 45 °C. This indicates that the formation of protective layers on the surface of the

. : 120,121
carbon steel is occurring

. The shapes of the anodic and the cathodic reactions were
also changed with increasing the temperature. This change indicates that the corrosion

products have an impact on the anodic and cathodic reactions rates. Nevertheless, as

expected, the anodic reaction rates were higher than the cathodic, which means that the
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corrosion process inside the flow loop is anodically-controlled*. The anodic reaction is an

iron dissolution as shown below:

Fe — Fe** + 2e Equation 4-7 (the anodic reaction)
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Figure 4-17 Tafel plot of corroded carbon steel inside a seawater flow loop with high
flow rates (192 gal/min) at various temperatures

The results of Tafel and LPR measurements of the corroded carbon steel exposed
to the seawater in the flow loop are summarized in Table 4-5. Since the purpose of these
measurements is to determine the Tafel constants (f3,, c), corrosion current, and
polarization resistance in the presence of different forms of corrosion products, no
cleaning producers were conducted on the surface after removing coupons from the

122

loop ““. In fact, extra precautions were made to ensure that the corrosion products stayed
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on the surface during the transportation from the loop to the corrosion cell. To establish
base-line results, Tafel constants ([3,, Pc), corrosion current, and polarization resistance
were conducted on very clean carbon steel coupons (not previously exposed to seawater).
These measurements on the clean samples were carried out using the same corrosion cell
with seawater as electrolyte at 25°C.

For the coupons were exposed to seawater at 25 °C, 3, was found to be higher
than ., which indicates that the corrosion is anodically controlled. While the {3, values of
the corrosion product and the bare coupon at 25 °C, are practically the same (3, 46.9 mV
per decade, and 48.46 mV per decade, respectively), however, B value of (16.2 mV per
decade) decreases comparing to the bare coupon (B.= 121 mV per decade). This
significant decease in the 3. strongly suggests that the formation of the corrosion product
at 25 °C indicates that the corrosion products are cathodic- induced reaction. As it
discussed in section 4.2.4, the formed corrosion layers at 25 °C are mainly composed of
lepidocrocite (y-FeOOH). Since no significant changes were observed in 3, between the
corroded and bare coupon at 25 °C, this also suggested that lepidocrocite is a cathodic-
induced compound.

At 35°C, the cathodic Tafel constant increases comparing with the corroded
coupon at 25°C indicating the increase of the cathodic reaction in the presence of y-
FeOOH and Fe,0s. As it discussed in section 4.2.4, the corrosion products at 35°C are
lepidocrocite (y-FeOOH) and magnetite (Fe,O3). This form of iron oxide hydroxide
(FeOOH) preforms as cathode'*. So, therefore, it is expected that the cathodic reaction
increase. In Figure 4-17, the polarization curves at 25°C and 35°C have almost the same
shape. At 45°C, P,is higher that 3. suggesting that the corrosion products at 45°C
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(hematite) has influenced on both cathodic and anodic reactions''. p. (16. 9 mV per
decade) decreases sharply comparing with bare coupon. This can be explained by the fact
of the formation of the protective layers (hematite) can decrease the cathodic reaction. 3,
also decreases at 45°C (32.9 mV per decade) demonstrating the negative effect of the
formed hematite as a protection layer. The effects of the protective layer (hematite) was
also demonstrated in Figure 4-17, whereby the corrosion potential shifted to the positive
values at 45°C and higher indicating that the driving force of the corrosion in the
presence of the protective layers (hematite) is decreased' ™.

It is indeed very interesting that at 75°C, no corrosion products have found on the
surface due to the erosion corrosion. However, the eroded surface has impact on the
electrochemical surface. By comparing the results at 75°C to the bare coupon, it found
that the anodic reaction increases, while the cathodic reaction decreases.

Table 4-5 also shows the corrosion current density (icorr) at 25-75 °C, which

relates to the corrosion rate as shown in the equation below:

3 Leorr(EW)

0
Corr.rate (mpy) = y Equation 4-8

At 25°C, icorr Of the corroded coupon with y-FeOOH is lower than the bare
coupon. This result can be explained by the fact that as the bare coupons are being
measured in the corrosion cell, they are immersed in seawater. So, the observed corrosion
current density of the base coupon is directly related to very beginning steps of the
corrosion, which they are faster than when the corrosion layers have already formed like
in the case of corroded samples at 25°C. Also as noted in Table 1, icor in the presence of

v-FeOOH, at 25°C, is higher than ic.; in the presence of other corrosion products present
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at other temperature. This is another evidence demonstrating that lepidocrocite (y-
FeOOH), which is the main component of the corrosion layer, induces the cathodic
reaction, and ultimately enhances the icorr. Again, it can also be seen that icor decrease
sharply at 45 °C due to the formation of protective layers (hematite) on the surface of the
carbon steel. As stated earlier, at 75 °C, the surface of the coupons was eroded and no
corrosion products were found on the surface. The current density of these coupons
increased sharply to a value of icor= 477 wA/ cm®. This value is even much higher than
the bare coupon of. (icor=39.3 HA/ cm?). It is very clear from these results the erosion-
corrosion has significant impact on the surface chemical composition and morphology.
Table 4-5 also shows that the polarization resistance (R,) is increased sharply
from 0.248 kQ at 25 °C to 2.94 kQ at 45 °C. It is indeed expected to observe such sharp
increase, since between 35°C and 45 °C, the protective, hematite, is the main corrosion

1% The resistance decreased precipitately at 75 °C with the value of 0.0186 kQ.

product
This value is even lower than 0.379 kQ of the bare coupon. As noted earlier, this may be

related to the fact that formation of the corrosion products on the bare coupon during the

analysis, where they are immersed in the seawater, induced an increase in the resistance.
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Temperature Ba Be icorr R

P
(°C) mV/decade mV/decade pA/cm’ (kQ)
25 46.9 16.2 22.2 0.248
35 58.9 51.5 12 091
45 329 16.9 1.6 2.94
55
75 75.7 26.9 477 0.0186
Bare clean 48.46 121.3 39.3 0.379
coupon (not
previously
exposed to
seawater)

Table 4-5 The cathodic and anodic Tafel constants, corrosion current and polarization
resistance of the corroded carbon steel (exposed to seaware for 7 days in the loop with
192 gal/min). The measurements were taken at += 200mv form the corrosion potential

4.2.4 The surface morphology of corroded carbon steel in the flow loop

4.2.4.1 Visual inspection

The color of the corrosion products changes as the temperature increases. As
shown in Figure 4-14, the corrosion products were orange at 25°C, and then changed
gradually to black at 75°C. These color changes indicate the formation of different iron
oxides forms with increasing temperature. The orange color indicates the presence of
lepidocrocite. At 45 °C, the coupons were covered with orange-yellow corrosion
products, which imply the presence of goethite. Ultimately, the coupons were covered

with black layers due to the formation of magnetite.

4.2.4.2 The surface morphology of the corrosion products
The morphologies of the corrosion products on the surface of carbon steel were examined
using SEM-EDS. As the temperature increases, the morphology of the corroded carbon

steel evolved as shown in Figure 4-18. The corrosion products at 25°C and 35 °C are
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porous and powdery looking, while at 45°C and 75 ° the corrosion products are compact
and adhere to the surface. Moreover, SEM revealed the presence of cracks on the surface
at 75°C. The protectiveness of these corrosion products toward corrosion depends on the
adherence or porosity, where the most adherent layer acts as a barrier to impede the
corrosion'>.Under high magnification, Figure 4-19 shows that fine plates (flowery
structure) and crystalline globule (sandy crystal) structures dominate at 25 °C, which are
the typical lepidocrocite (y-FeOOH) structures’>'*"*'**. A similar morphology to the one
at 25 °C is observed on the surface of carbon steel at 35°C with the exception of the
presence of pseudo-cubic morphology. This type of morphology is related to
magnetite'**'*°. On the other hand, the corrosion morphology at 45°C was a mixture of
different shapes, consisting of cotton ball shapes, plates, spindles, and pseudo-cubes. This
variety of shapes suggests the formation of goethite (cotton ball), hematite (spindle) and

32,101,104,105

magnetite (pseudo-cubes) . The surface morphology at 75°C has dark spots and

clusters of globules with a semi-cubical structure. These structures are related to the

.. 32,101
presence of magnetite™ .
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Figure 4-18 Surface morphologies with low magnification images of the carbon steel
inserted inside the flow loop with high flow rate (192 gal/min) at various temperatures

107



i .‘4"
4 RS (4;9

&
£
19:0k\ :I12me2.70kSE

Figure 4-19 The surface morphology with high magnification images of the corrosion
product on the carbon steel inserted inside a flow loop with high flow rate (192 gal/min)
at various temperatures

4.2.5 Characterization of Corrosion Products Using XRD

To study the crystal structure of corrosion products on the surface of carbon steel,
XRD analyses were performed. The XRD patterns revealed the change of crystal
structures with increasing temperature. As shown in Figure 4-20, the main constituent at
25 °C is lepidocrocite (y-FeOOH) with orthorhombic structures. At 35°C, the corrosion
product structures are 58.4 + 4.5 orthorhombic (lepidocrocite) and 41.6 £4.5

cubic.(magnetite). However, the corrosion products at 45 °C are mainly composed of
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69.5 + 4.1 hexagonal goethite (a-FeOOH), 17.4 + 2.5 rhombohedral hematite (a-Fe,O3)

and 13.1% 1.57 cubic magnetite (Fe;O4). Finally, XRD reveals that the corrosion products

at 75 °C are 100% magnetite.
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Figure 4-20 XRD patterns of the corrosion products on the surface of the carbon steel in
the flow loop with high flow rate (192 gal/min)

109



Temperature Name Formula Percentage

25°C Lepidocrocite y-FeOOH 100 £0
35°C Lepidocrocite y-FeO (OH) 584 +45
Magnetite Fe304 41.6 +4.5
45°C Hematite o-Fe203 174 +2.5
Magnetite Fe304 13.1+1.57
Goethite a-FeOOH 69.5+4.1
75°C Magnetite Fe304 100 £0

Table 4-6 XRD characterization results for corrosion products forms on the surface of
carbon steel inserted inside the flow loop with high flow rate of (192 gal/min)

The corrosion rate of the carbon steel inside the flow loop with high velocity
exhibits the same behavior as the low velocity experiments (stirred beaker), where the
corrosion rate increases in multiphase as the temperature increases. The corrosion rate
increases from 25°C to 35 °C linearly, while it shows no significant differences between
35°C and 45 °C. This can be explained by the formation of the protective layers at 45°C
(goethite and hematite) as shown by SEM and XRD analyses. The corrosion products at
25°C and 35°C are composed of lepidocrocite, which is porous, unstable and powdery. As
mentioned earlier, and as shown in Figure 4-10, the orthorhombic crystal structure of
lepidocrocite allow oxygen to diffuse effortlessly. The corrosion products at 45°C consist
of goethite and hematite. These corrosion forms are considered the most protective layers
and act as inhibitors to impede the corrosion process. The crystal structures of these two
forms are rhombohedral and hexagonal closed packed as shown in Figure 4-11 and

Figure 4-21, respectively.
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Figure 4-21 packing of goethite unit cells

Moreover, at 75°C, the carbon steel had significant mass loss in the flow loop
with high flow rate due to erosion corrosion. The high flow (turbulent) scraped off the
corrosion products of from the metal surface, which resulted in an increase of metal

dissolution.
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4.3 Corrosion products transformation on the surface of carbon steel at 45 °C

As previously shown in Sections 4.1 and 4.2 that at 45°C and after 7 and 14 days,
the corrosion products were found to be hematite and goethite. The formation of these
products impedes significantly the corrosion rates. Despite the presence of lepidocrocite
as a major product at 25 and 35 °C, it was not found at 45°C after 7 and 14 days. These
results raised the following important questions:

1. Does lepidocrocite transform to hematite and goethite at 45°C as a function of
time and temperature?

2. Does the absence of lepidocrocite at 45°C, after 7 and 14 days, mean it has
separated from the metal surface and has moved into the liquid phase?

3. Are hematite and goethite formed directly from the bare metal surface without
going through lepidocrocite?

In order to answer these questions partially or completely, a detailed product
characterization was conducted and monitored on the corrosion products at 45 °C as a
function of time. Specifically, carbon steel coupons were immersed in seawater at 45 °C
for 1, 2,4, 7, and 10 days. After each time period, the coupons were taken out and dried
in a desiccator for 24 hours. Then the corrosion products were scraped off and
characterized by XRD and FTIR. Subsequently, the corrosion rates were determined

gravimetrically. The results are summarized in the table below:
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Time of The color of the corrosion pH | Notes
exposure products
The corrosion products were
powdery, and easy to remove
1 day Orange 8
The corrosion product
uniformly covered the
2 days Orange 7 | surface of the coupon
Orange on the outer surface and The corrosion products
black on inner surface if the adhered to the surface of the
4 days corrosion layers 6 | coupon
Red on the outer surface and The corrosion products
black on the inner surface of the adhered to the surface of the
8 days corrosion layers 6 | coupon
Red on the outer surface and The corrosion products
black on the inner surface of the adhered to the surface of the
10 days corrosion layers 6 | coupon

Table 4-7 Summarized-observed results for the corrosion of carbon steel in seawater
under low flow rate at 45°C as function of time

4.3.1

Characterization of corrosion products:

The corrosion products on the surface of carbon steel that was immersed in

seawater at 45 °C as a function of time were characterized using XRD and FTIR. The

purpose of the characterization was only to identify the chemical structures of the

corrosion products produced as a function of time. No attempt was made to analyze the

crystal structures forms. Therefore, there was no quantitative analysis.
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4.3.1.1 The corrosion forms identification

Figure 4-22 exhibits the FTIR spectrum of corrosion products of carbon steel in
seawater at 45 °C as a function of time.

First day: The FTIR spectrum shows a broad peak at 3165 cm™ which can be
assigned to the OH stretching mode in the goethite structure, which is present in all time
periods'’. The three sharp peaks with the same intensity at 1470, 1333, and 1064 cm’'

75,77,82,138

are assigned to ferric hydroxide Fe(OH);) . The peak at 1667 cm" is assigned to

goethite'*®.

Second day: The same peaks of goethite and ferric hydroxide are present.
Moreover, the peak at 890 cm™' represents a bond vibration present in goethite!37. It is
worth mentioning that the FTIR spectrum of the lepidocrocite exhibits absorption peaks
at (3100 cm’, 1150 cm’, 1020 cm’, and 750 cm'1)98’138. A relatively small peak at 1159
cm™' was detected on the second day. This small peak may not be related to the
lepidocrocite, and may be assigned to the OH stretching of the goethite'*”.

Fourth day: The FTIR spectrum shows the same peaks as the second day. These
peaks are related to goethite and ferric hydroxide. Furthermore, the new shoulder peak at

800 cm™ and 1000 cm™ are related to ferrihydrite (Fe(OH);'®.

The eighth and tenth days: the FTIR spectra show that corrosion products

contain a mixture goethite and ferric hydroxide.
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Figure 4-22 FTIR spectra of the corrosion products formed on the surface of carbon steel
immersed in a stirred beaker filled with seawater at low velocity of 0.15 m/s at 45°C
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4.3.1.2 Crystal structure of the corrosion products of carbon steel

The crystal structure of the corrosion products of carbon steel in seawater as a
function of time was characterized by XRD. Figure 4-23 shows the forms of corrosion
products on the surface of the carbon steel.

The first day: The XRD spectrum shows only one wide peak indicating the
absence the crystalline structure. This agrees fairly well with the FTIR results, which
shows the presence of the amorphous ferric hydroxide (ferrihydrite, Fe(OH)3).

The second day: There were no peaks detected by XRD, which implies the

corrosion products on the second day are still amorphous.

The fourth day: The crystalline structure starts to form, and a rhombohedral and

cubic crystal structures start to present in the corrosion layers. These structures belong to
hematite and magnetite.

The eighth day and tenth day: As shown in Table 4-8 and Figure 4-20, the

corrosion products contain a mixture of hematite and magnetite crystal structure.

Time (day) Crystalline corrosion products form
1 Amorphous —No XRD peaks detected
2 Amorphous —No XRD peaks detected
4 Magnetite
Hematite
8 Magnetite
Hematite
10 Magnetite
Hematite

Table 4-8 XRD results of the corrosion products on the surface carbon steel immersed in
seawater at 45 °C as function of time
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Figure 4-23 XRD pattern for the corrosion products on the surface of the carbon steel in

seawater at low velocity 0.15 m/s at 45°C

4.3.2 Corrosion rate determination of the carbon steel in seawater at 45°C as

function on time

To further investigate the direct formation of hematite and goethite from the

Fe as a function of time at 45 °C, and since these products impede the corrosion rate,

a series of measurements of the effect of the exposure time at 45 °C were conducted.

The main purpose of these experiments was to determine the effect of the exposure time

117



and the form of the corrosion product on the corrosion rate as function of time. As shown
in Figure 4-24, the corrosion rate decreases as a function of time at 45 °C. This decrease
indicates the rapid buildup of ferric hydroxide (Fe(OH);) and goethite at 45 °C, as
demonstrated by the FTIR and XRD analyses. Consequently, these corrosion products
cause a decrease in the corrosion rate since ferric hydroxide (Fe(OH)s) and goethite are
protective layers. In addition, the corrosion rate decreases with increasing exposure time
due to the formation of hematite. Hematite, as mentioned above, is considered the most

. . 3,116,140
protective corrosion product7 T
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Figure 4-24 The effect of the corrosion products on the corrosion rate of carbon steel
immersed in seawater at 45 °C in stirred beaker at 0.15 m/s as function of time
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4.3.3 Conclusion

The corrosion of carbon steel in seawater at 45°C starts with anodic and cathodic

reaction as shown below:

Fe —» Fe** + 2e~ Equation 4-9

0, +4e” +2H,0 - 40H Equation 4-10
2Fe?* + 40H™ - 2Fe(OH), | Equation 4-11
2Fe(OH); + H,0 + 50, - 2Fe(OH); Equation 4-12

The first form of the corrosion products on the surface of the carbon steel at 45 °C
is the amorphous ferric hydroxide (Fe (OH)s). This amorphous ferric hydroxide (Fe
(OH)5) layer is produced rapidly through the hydrolysis reaction of ferric iron (Fe’") in
the aqueous phase’®. This hydrolysis reaction to form ferric hydroxide is complicated
process, which occurs at pH > 5, or in heated acidic solutions '*'. This hydrolysis proess
consists of the following four steps’>’>7%!%%;

1. The formation of ferric hydroxide monomers: Fe’" in aqueous solution is

hydrated, and form an octahedron complex as shown in equation below””:

Fe?* + 2H,0 — Fe(H,0)3* Equation 4-13

This complex donates a proton as shown in the reaction below””:

Fe(H,0)3* + H,0 < [Fe(H,0)5(0H)]** + H;0* Equation 4-14

The monomers form OH bridges, which give dimers by olation reaction ”:
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2[Fe(H,0)5(0OH)1** = [(H;Fe L

Zoom

2. The rapid growth of small dimer or trimers

3. A slow formation of large polymers through the oxolation: The dimer can split of

. . . . . 5
proton in oxolation reaction as shown in the reaction belwo’:

[(Hzo Fe -~

~

ZToom

= Fe (H,0),]**+ H,0 =

0
[(H,0) Fe C o = Fe(H,0),]** + H;0*

H

> Fc. (H20)4]4++H20 Equation 4-15

Equation 4-16

The two Fe atoms in the dinucler Fe (III) species can be bound by double ol-bridges

or oxo-bridges (Fe-O-Fe). The two types of formation of an oxo-bridge between

ferric species is possible through the reaction shown below:

H, (0] ;H

H
0 OHg HIO OHI Hﬂo
NP \/
Fe(lll) — |HO — Fe(IIl) —
|\0 00
Seeeeesany H H, H, Ha
< Hg L

———— [nFecOOH-Fe(OH),]* — y-FeOOH.

4. The precipitation of the amorphous solid.

Equation 4-17
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This polymerization of the ferric hydroxide is a gel that consists of a network of
ploynuclear complexes inked up by — O — and — OH bridges. It has been stated that
the presence of the amorphous ferric hydroxide on the surface of carbon steel can
inhibit the corrosion process, however the mechanism is not yet well

3,82
understood”

.This polymer network of ferric hydroxides may act as a barrier to
impede oxygen diffusion throughout the amorphous ferric hydroxide and onto the
surface of carbon steel. It is believed that ferric hydroxide prevents oxygen diffusion
through its layers, thus decreasing the corrosion rate of the carbon steel®*. Ferric
hydroxide is thermodynamically unstable and transforms to a more stable form of
iron oxide-hydroxide such as goethite due to the presence of Fe** ions in the

. 6,143,144
solution’®!**

. It was observed that ferric hydroxide transforms rapidly to goethite
in high alkaline solution at 150 °C'**. These reactions decreas the pH slowly due to a
slow diffusion of protons from the surface towrd the inside of the crystal”. This
explains the deacrasing of the pH of the seawater under our experminetal condtion
from 8.3 to 6 as shwon in Table 4-7.

On the fourth day, the ferric hydroxide transforms to a weak crystal of hematite.
Many studies showed that ferric hydroxide transforms to goethite or hematite
73767782192 " The pH of the system is the variable that promotes one formation
mechanism over the other because the pH affects the solubility of the ferric hydroxide

142 The formation of the hematite is

and the speciation of the iron in the solution
found to be at pH 4-8 and the low concentrations of the Fe(Ill), while goethite formed
at pH 4 and pH 12 at a high concentration of Fe(II)'**'*°. On the eight day, the

crystal hematite dominates the corrosion products. A crystal magnetite was also found

121



in the corrosion products as a result of amorphous goethite transformation at pH 6.
Iwasaki also observed the same transformation of amorphous goetihite to magnetite

at the same pH'"’.
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4.4 Electrochemical measurements

The effects of temperature on the carbon steel corrosion were investigated by
using the electrochemical measurements. These measurements shed the light on the first
cathodic and anodic reactions that occurred on the bare carbon steel surface. These
measurements were conducted before the corrosion takes place on the metal surface. The
corrosion layers complicate the electrochemical measurements because it participates in
the reduction reaction of the sub- reaction”. Additional factors that could affect the
corrosion reactions are; oxygen diffusion through the corrosion layers; the charge
movements between the interface (electron); and the presence of microorganism in the
corrosion layers. These factors form many sub-complex reactions on the surface’®'*.
Therefore, studying the corrosion process on bare-clean coupon eliminates the effects of
these factors. Also, in order to eliminate the flow rate-induced mass transfer such as O,
and Cl , these measurements were conducted under stagnant conditions. Under these

experimental conditions, the anodic reaction is the iron oxidation followed by dissolution,

and the cathodic reaction is the oxygen reduction as shown in the reactions below:

2Fe - 2F€2+ + 4e” (Anodic reaction) Equation 4-18

0, + 2H,0 + 4e™ > 40H™ (Cathodic reaction) Equation 4-19

The electrochemical measurements are fast and efficient in measuring the
corrosion kinetics. Since there is a competition between the anodic and cathodic
reactions, the shapes of the polarization curves indicate the predominant one under

certain conditions'*.
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4.4.1 The effects of temperature on the anodic and cathodic reactions

The influence of temperature on the bare carbon steel surface was studied using
Tafel plots and linear polarization resistance (LPR). These electrochemical measurements
were implemented with Gamry Potentiostat. The carbon steel compositions are given in
Table 3-3-1. The coupons were cleaned with acetone, and then rinsed with distilled water.
The carbon steel coupons were mounted as a working electrode in the corrosion cell as
shown in Figure 3-3-4. The cell was filled with seawater. Then, the cell placed on the hot
plate, and a thermo couple was immersed in the cell to measure the temperature until
reach the desired value.

First, Tafel extrapolation experiments were conducted to measure Tafel constant,
and to monitor the behavior of the anodic and cathodic reaction at various temperatures.
Second, the LPR exterminates were performed to measure the corrosion rate and the
polarization resistance of the solution. It is worth mentioning that activation energy
cannot be determined from the electrochemical measurements due to the shift of 1.
value leading to increases in the error of the measurements, as explained in section 4.2.2.
For each temperature, three coupons were used for the electrochemical measurements.
The values of the electrochemical parameters reported as average values with standard

error of the mean from the three measurements.
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Figure 4-25 A typical Tafel plot for carbon steel in seawater at various temperatures;
plots represent data collected from single experiment.

Temper. Ba B icorr Ecorr. CR R,
O mV/decade mV/decade (nA/cm?) (mV) (mpy) (Q)
25 11043 >120 158.33+10 -662+x2 21.75%#2.6 338.6+39
35 99.5 +16 >120 608+22 -676+26 88.7+4.7 70+23
45 105+10 >120 470+53 -667+0 64+17 110+£31

Table 4-9 Tafel and LPR results of carbon steel in seawater at various temperatures; the
numbers are the average of three experiments set for each temperature. The cathodic
Tafel constant is higher than the instrument limitation

Figure 4-25 shows the polarization curves of the carbon steel in seawater at the
range of temperatures form 25°C-45°C. Table 4-9 shows the values of Tafel constants,

the corrosion current density, the corrosion potential, the corrosion rate, and the
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polarization resistance of the carbon steel corrosion in the seawater. The reported data is
the average from three sets of experiments for each temperature.

With increasing temperature, the corrosion potential shifts to the negative values
form (-662+2 mV) to (-676 £26mV) between 25°C-35°C as shown in Figure 4-25 and
Table 4-9 This shift in the corrosion potential is due to an increase of the corrosion
process 131,133,13 4.H0wever, at 45° C, E.or starts to shifts to the positive value, which
indicates that protective corrosion layers start to form rapidly at 45°C.

As mentioned in the introduction, i, is related to the corrosion rate as shown in
Equation 3-3-5. icorr increases between 25°C and 35°C, then decreases at 45°C as shown
in Figure 4-26. These results are in agreement with all other experiments in this work,
which demonstrate that the protective layers are produced at 45°C. These protective

layers are composed of goethite and hematite.
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Figure 4-26 The corrosion current density for the carbon steel in seawater at various
temperatures under stagnant conditions

At 25°C-45°C, the values of the anodic Tafel constants are considerably high
implying that the corrosion is under anodic controlled reaction (charge-transfer
controlled). Also, the values of B, did not change significantly with increasing the
temperature indicating that temperature does not have impact on the anodic reaction. The
cathodic Tafel constants are significantly high indicating the cathodic reaction under the
diffusion effects from 25°C to 45°C. Since both anodic and cathodic reactions are
activation and diffusion controlled, it implies that the corrosion process is mixed
controlled.

As shown in Figure 4-27, the corrosion rate increases between 25°C and 35°C,
and decreases at 45°C. This is another confirmation of the protective layers formation at

45°C. As expected, reciprocally, the polarization resistance decreases from (338.6+39 Q
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Jat 25 °Cto (70 £23 Q) 35 °C, and increases again at 45°C to 11031 Q as shown in

Figure 4-27.
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Figure 4-27 The polarization resistance of carbon steel in seawater as function of

temperature
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4.5 The corrosion rate of carbon steel in crude oil and seawater mixture

As mentioned above, frequently crude oil is transferred inside pipelines with a
significant amount of water. This amount can reach up to 30 % of the crude oil volume.
Since this work focus on the seawater-induced corrosion in the crude oil pipelines, a set
of experiments were conducted to determine the corrosion rate of carbon steel in crude oil
and seawater mixture. Crude oil is not corrosive; therefore, it should decrease the
corrosion rate comparing with seawater. The purpose of these experiments is to study the
effect of the temperature on the corrosion rate in the crude oil and seawater mixture.

These experiments conditions were exactly like the set of stirrer beaker
experiments in section 4.1. The corrosion rate of carbon steel in mixture of crude oil and
30 % vol. of seawater with low velocity of 0.15 m/s (60 rpm) for 14 days had been
determined gravimetrically at various temperatures. The carbon steel coupons were
immersed in crude oil and seawater mixture using the experimental setup (1) as explained

above.

4.5.1 Corrosion rate determination

After 14 days of immersion, a very thin film of corrosion products was formed on
the surface of the carbon steel coupons at 25°C and 35 °C. However, no corrosion layers
were observed on the metal surface at 45°C and 55°C. As shown in Figure 4-29, the
corrosion rate of carbon steel in a mixture of crude oil and seawater (70% crude oil +

30% seawater) decrease with increasing the temperature.
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The crude oil is not corrosive, and it forms a protective layer on the surface of
carbon steel. This layer impedes the corrosive ions in seawater to reach the metal
surface”’. At the first stage of pumping of the crude oil/ water mixture, it is expected to
have turbulent flow. As the crude oil/ water mixture transport through the pipeline, it
reaches laminar flow. Therefore, at the beginning of the pumping, it is expected that the
water is emulsified to some extent in the oil phase. Later on, when the crude oil/ water
mixture reaches laminar flow. Consequently phase separation occurs.

The hydrocarbons are hydrophobic. The adsorption of these hydrocarbons on the

carbon steel surface will make the metal hydrophobic as well. The change of metal surface
from hydrophilic to hydrophobic will prevent the water from wetting the metal

07199130 " The strong attachment of the crude oil to the metal surface is through the

surface
coordinate covalent bonds of the sulfur, nitrogen, and oxygen-containing compounds in
the oil with the Fe ions on the surface of carbon steal.

In the crude oil pipelines, corrosion is a result of combined effects of many
factors such as high flow rate, temperature, presence of corrosive gases such as CO,_ H,S,
and seawater. In this study, the effect of the presence of seawater in crude oil on the
corrosion rate at various temperatures is investigated. In section 4.1, the results of the
temperature effects on the corrosion rate of the carbon steel in only seawater were
presented. In this section, the temperature effects on the corrosion rate of the crude oil/
seawater mixture is presented and discussed. On the contrary of only seawater

experiments, as shown in Figure 4-29, as the temperature increases, the corrosion rate

decrease.
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Crude oil can be corrosive when decomposes into corrosive gases at temperature
range 200-400 °C. However, under our experimental conditions, the temperature range
was between 25°C-55°C, which is lower than the of the crude oil decomposition BT Thus,
under these experimental conditions, no effect from the crude oil decomposed compounds
should be expected.

The solubility of oxygen decreases with increasing temperature. Therefore, the
corrosion rate decreases at high temperature due to the lack of oxygen.

As the temperature increases, this 70% crude 0il/30% seawater becomes more
homogeneous. This may increase the effectiveness of the crude oil in protecting the
surface of the metal from the corrosive seawater. This homogeneity at high temperature
increases the contact of the crude oil with the surface of the metal.

Figure 4-29 shows the corrosion rate decreases further more at high
temperature. At high temperature, the formation of the chemical bonds between the sulfur,
oxygen, and nitrogen containing compounds in the oil and the Fe ions on the carbon steel

152 More formation of these bonds enhances the adherence of the crude

surface increases
oil on the surface, and leading to more passivation layer, and consequently decreases the
corrosion rate. . It was reported that naphthenic acid and the nitrogen containing

compounds in the crude oil show a significant effect on decreasing the corrosion rate of

carbon steel in the crude o0il®’. Even after a thorough rinsing with toluene, SEM-EDS

shows the presence of nitrogen, sulfur and oxygen on the surface of the carbon steel as
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shown in shown in Figure 4-28.

Figure 4-28 SEM -EDS image for the corroded carbon steel in 70% crude oil and 30%
seawater at 45 °C. It shown the presence of S, O, even after washing the crude oil form
the coupon
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Figure 4-29 The corrosion rate of carbon steel in in stirred beaker filled with (of 70%
crude oil + 30 % seawater) at velocity (0.15 m/s)
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4.5.2 Pitting corrosion on the surface of carbon steel in crude oil and sweater
mixture
Figure 4-30 shows that surface of carbon steel exposed to crude oil/water mixture
exhibits low uniform corrosion at 25°C and 35°C. As the temperature increases to 45°C
and then to 55°C, no uniform corrosion was observed on the surface of carbon steel. On
the contrary, as the temperature increases, the pitting corrosion was observed. Therefore,

the pitting corrosion is the dominant corrosion type in crude oil and seawater mixture.

In order to investigate the pitting corrosion on the surface of carbon steel, SEM
analysis was performed after cleaning the coupons following the ASTM cleaning
procedure *°. Figure 4-31 illustrates different sizes of pits and cracks on the surface of
the carbon steel. To further investigate the pitting corrosion, cross sectional analysis was
conducted. The cross sectional shows that the pits length increase with increasing
temperatures as shown in Table 4-10.

At the temperature increases, the passive layer, which consists of crude oil and
corrosion products, undergoes thermal stress leading to breakages. These breakages are
microscopic in size, and the rest of the surface remains covered with passive layer. The
break-surface becomes the anode and the surrounding area becomes the cathode.
Consequently, the corrosion starts to become localized leading to initiate the pits on the
surface. As mentioned in the introduction, pitting corrosion is localized corrosion that is

promoted by the presence of CI'.
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Figure 4-30 SEM images of the surface of corroded carbon steel in 70% crude oil and
30% seawater mixture at velocity 0.15 m/s at various temperatures
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Figure 4-31 SEM images for the carbon steel surface after the cleaning from the
corrosion in crude oil and seawater mixture at low velocity 0.15 m/s

Temperature Pit’s length
‘O (um)
25 8.14 £1.36
35 7.24 £1.25
45 9.87 £1.26
55 11.5+1.1

Table 4-10 Pits length on the surface of carbon steel immersed in 70% vol. and 30% vol
seawater mixture at various temperatures and velocity at 0.15 m/s
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5 Conclusion, contribution to science, and suggestions for
future work

5.1 Conclusion

One of the most important achievements of this work is the identification of
the corrosion products and the mechanisms of their formation at various temperatures
and flow rates in seawater and crude oil/ seawater mixture. Based on the results and
discussion in Chapter 4, Figure 5-1 summarizes the main concluded mechanisms of
the formation of corrosion products of carbon steel in the presence of seawater, and

seawater/crude oil mixture at various temperatures and flow rates.

The outlined mechanism was achieved through the following:

A: Identification of the chemical structure of the corrosion products at various
exposure times, temperatures, and flow rates.

B: Identification of the crystal structures of the corrosion products as a
function of exposure time, temperature, and flow rate.

C: The effects of the corrosion products on the corrosion rate.

D: The effect of temperature on the predominancy of the anodic and cathodic
reactions, as well as polarization resistance.

E: Determination of the corrosion rates at various temperatures and flow rates

in seawater and seawater/crude oil mixture
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F: Determination of the overall-observed activation energy of the corrosion

process at low and high flow rates.

5.1.1 The positive and negative effects of temperature on the corrosion rate at a

constant low angular velocity of 0.15 m/s (stirred beaker experiments)

In this work, it has been concluded that the temperature has both negative and
positive effects on the corrosion rate. As expected, the overall effect of elevated
temperatures negatively impacts the surface of carbon steel by increasing the corrosion
rate. Also, O diffusion through the corrosion layers increases with temperature further
enhancing the increase of the corrosion rate. However, in this work, it has been
concluded that the formation of protective corrosion products at certain temperatures
impedes oxygen diffusion leading to a decrease in the corrosion rate. Throughout this
work, it was demonstrated that the temperature has a significant effect on the chemical
and crystal structure of corrosion products formed on the surface of carbon steel in
seawater. These corrosion products consist of different forms of iron oxide and iron oxide
hydroxide. The temperature has a strong effect on the crystallization process of these
corrosion products. In addition, temperatures above 45 °C have shown to induce the
dissolution of the amorphous ferric hydroxide. In order to fully understand the changes in
the chemical structure and morphology of the corrosion products, they were qualitatively

and quantitatively characterized using various techniques, over a range of temperatures

between 25 °C and 75 °C.
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The corrosion rate increases from 0.21+ 0.002 mm/year at 25 °C to 0.33 £ 0.003
mm/year at 35 °C. At these temperatures, it was found that the outer rust layer contains
(60 = 10) % of y-iron (IIT) oxide hydroxide (lepidocrocite) with an orthorhombic
structure, while the inner rust layer contains a low (40 £+ 10) % of magnetite with cubic
structure. Since the orthorhombic structure of lepidocrocite is porous, O, can easily

diffuse through it leading to an increase in the corrosion rate.

On the contrary, it was shown that corrosion rate does not increase between 35 °C
and 45 °C. The corrosion rates at both 35 °C and 45 °C were found to be 0.34 + 0.002
mm/year. At 45 °C, the corrosion layers consist of crystalline hematite and magnetite,
amorphous goethite, and a gel-like structure of Fe(OH);. The crystalline portion of the
corrosion products consists of (55 + 9.4) % hematite and (44.8 + 9.4) % magnetite. The
hematite structure has hexagonal closed-packed (hcp) arrangement that stacks along
[001] direction. This structure has a low concentration of structural defects and low grain
boundaries. Hence, this crystal structure impedes the diffusion of oxygen, and eventually
decreases the corrosion rate. The decrease in the availability of O, was confirmed by
Tafel plot, where the anodic reaction was found to be the predominant one. Finally, the
amorphous portion of goethite and the gel-like Fe(OH); also impedes O, diffusion

contributing to the decrease in the corrosion rate.

The results of this study also show that as the temperature increases the oxidation
state of the corrosion products increases. The XPS data in section 4.1.4 discuses the

effects of the temperature on the ratio of oxidized (0*) to hydroxyl (OH") species. At 25
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°C the concentration of OH™ species appears to be higher than the concentration of O
species in the corrosion products formed. However, all temperatures above 25 °C showed
higher concentration of O* species with the highest ratio value at 65 °C (O*/OH = 1.17).
This indicates that the degree of oxidation of the carbon steel surface increases with
temperature, since the presence of O increases, resulting in the formation of higher
concentrations of a-Fe,03, and Fe;04.

However, at 75 °C the ratio of (O/OH") decreases to 1.03, resulting to an [0*] =
[OH] as shown in Table 4-3. This result may be explained by the dissolution of the
corrosion products at 75 °C exposing the bare surface of the metal to seawater. Once the
bare surface exposes to seawater the effect of the corrosion products becomes negligible.
So, it is expected at this stage, that the corrosion process through the redox reactions will
start for the beginning. The combined results of XRD, Raman spectroscopy and XPS
revealed the presence of lepidocrocite and magnetite at 25 °C, and hematite as the main
phase at 45 °C. The results of Raman agree with the XRD measurements, indicating the
presence of hematite at 45 °C in the corrosion products. In contrast, the existence of
goethite is not seen in the observed area by XRD, even though the Raman results suggest
its presence at 45 °C. This can be explained by the fact that a-FeOOH (goethite) is in
amorphous state, which has no XRD signal. Although XRD indicates that the corrosion
products contain magnetite only at 75 °C, Raman spectroscopy results reveal the presence
of magnetite (Fe;04) and hematite (Fe,Os). One can conclude that as temperature
increases, the diffusion of oxygen increases through the corrosion layers forming more
corrosion products with higher oxidation states. However, at 45°C, the corrosion rate did

not change due to the formation of protective hematite, goethite and magnetite.
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5.1.2 Answering an important question on the formation of the corrosion products

as a function of time at 45 °C.
To answer this question, the following experiments were conducted:

1. Characterizing the changes of the corrosion products, at 45°C, as a
function of time was conducted. As shown in Figures 4.21 and Figure 4.22

2. Dependency of the corrosion rate on the exposure time at 45°C.

At the first stages of the corrosion process, the corrosion products are consist of
goethite and the amorphous ferric hydroxide Fe(OH);. The ferric hydroxide is formed by
a rapid hydrolysis reaction of ferric iron (Fe’"), which impedes the O, diffusion. Around
the fourth day, the ferric hydroxide starts to transform into poorly crystalline hematite,
which is also considered as a protective layer since decreases the O, diffusion. Also,
around the fourth day, goethite transforms to poorly crystalline magnetite. Hematite is
known to be the most stable and protective form of iron oxides. As for magnetite, its role
in the corrosion process is debatable. On the 8" day or so, the crystalline structures of the
magnetite and hematite become distinguishable as measured by XRD. In conclusion, at
around 45°C, the formation of these protective layers counter the positive effect of this

temperature.

One of the most revealing results of this work is that the corrosion rate increases
in multiple phases as temperature increases. Below 35 °C the oxide formation is

dominated by lepidocrocite. In the intermediate temperature range (35 °C and 45 °C),
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hematite is the predominant mineral form, which inhibits corrosion limiting its rate. This
can be explained by the fact that O, diffusion through the corrosion layers is affected by
the crystal structure of the corrosion products. Hence, since the crystal and the chemical
composition of the products change as a function of temperature, one would expect that

O, diffusion change accordingly.

Hematite is the most thermodynamically stable form of iron oxide with standard
free energy of formation (AG®¢) of -742 kJ/mol. Lepidocrocite which is observed in
greater abundance at low temperatures has a AG° of only -480 kJ/mol. The crystal
structure of hematite is isostructural with corundum. The oxygen ions are in a hexagonal
closed-packed (hcp) arrangement stacked along the [001] direction, with Fe (III) ions
occupying the octahedral sites. This structure has a low concentration of structural
defects, which leads to decrease in the grain boundaries. Consequently, the oxygen
diffusion decreases, and the corrosion is hindered. Furthermore, Raman reveals goethite
presence at 45 °C, which is considered as protective layer that also impedes the corrosion

rate.

As the temperature increases further to 55 °C and 65 °C, the corrosion products
become powdery and can be easily removed by the agitation. Consequently, the carbon

steel surface is exposed to the seawater again, and the corrosion rate increases.
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5.1.3 The effects of temperature on the anodic and cathodic reactions

The effect of the temperature on the corrosion rate was also investigated though
Tafel plot measurements and the results agreed fairly well with the gravimetric method.
As shown in section 4.3.1, the corrosion potential increases (positive shift) from 25 °C to
35 °C indicating the increase in the corrosion rate. At, 45 °C, there is a decrease in the
corrosion potential (negative shift) demonstrating a decrease in the corrosion rate. These
results consolidate the conclusion that the formation of goethite and hematite at 45 °C act
as protective layers negatively affecting the corrosion rate of carbon steel. The
electrochemical results in Figure 4-23 also confirm that there is an increase in icor from

25 °C to 35°C, followed by a decrease at 45 °C.

Based on the electrochemical results, the following important conclusions were
reached:

1. The corrosion is anodically controlled (charge-transfer controlled) between 25
°C and 45°C.

2. There is no significant effect of the temperature on the anodic reaction.

3. The cathodic Tafel constant (indicative of diffusion controlled reactions) is
significantly high over the temperature range of 25 °C - 45 °C.

4. Since both the anodic and cathodic reactions are activation and diffusion

controlled, it is concluded that the corrosion process of this system is mixed controlled.
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5.1.4 The compound effects of temperature on the corrosion rate at constant high

flow rate of 192 gal/min

As discussed in the experimental and the results and discussion sections, a
stainless-steel loop was constructed with a flow rate of 192 + 2 gal/min. Similar to the
low flow rate results (stirred beaker experiments), at high flow rate the corrosion rate
increases in multiple phases as the temperature increases. Again, as in the low flow rate
experiments; there was no significant increase in the corrosion rate between 35°C and
45°C. This can be explained by the formation of the protective layers of crystalline
goethite and hematite. Between 45 °C and 75 °C, the corrosion rate increases sharply. It is
concluded that erosion corrosion present at high flow rates and temperatures has a

significant effect, and contributes to the overall increase of the corrosion rate.

5.1.5 The absence of green complex or green rust

As previously discussed in section 4.1.6, the absence of the green rust in this
work, may be related to the relatively high pH = 8.3 of seawater. In this work, all
experiments have been performed at pH 8.3 (the pH of natural seawater). Green rust can
form on the surface of carbon steel during the first few minutes of the immersion in
seawater as an intermediate, and consecutively transform into lepidocrocite in a short

period of time, before we are able to detect and validate its formation.
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5.2 Contribution to science

1. The importance of the relationship between corrosion rate and corrosion

products on carbon steel exposed to seawater

This work demonstrated for the first time the strong correlation between the
corrosion rate of carbon steel in seawater and the dynamic changes of the chemical
structure and morphology of the corrosion products as a function of temperature. Most of
the previous studies in the field have simplified the temperature effects of the corrosion
rates as a typical Arrhenius relationship. This research provided for the first time, strong
evidence that the temperature dependency of the corrosion rate is not constant. Therefore,
the simple approach of typical Arrhenius behavior is not valid and can lead to serious
miscalculations in the projection of the long-term stability of carbon steel pipelines in the
crude oil industry. This research has proven that the decisive temperature effects reside
in the changes of the corrosion products on the surface of the carbon steel. The nature of
every single corrosion product, weather or not passive or active, can play a crucial role in
determining the corrosion rate. This can clearly be explained by the fact that changing the
nature of the corrosion products, chemically and morphologically, has a significant
impact on the oxygen diffusion from the aqueous phase through the corrosion layers. This
study demonstrated that the corrosion rate of carbon steel coupons increases overall as a
function of temperature when immersed in seawater. However, the temperature
dependency of the corrosion rate is variable. While the corrosion rate is (0.21 + 0.2)

mm/year at 25 °C, it increases to (0.33 &+ 0.2) mm/year at 35 °C. However, no
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statistically significant increases in the corrosion rates are observed between 35 °C and
45 °C. At temperatures higher than 45 °C, the corrosion rate increases at a constant rate
of approximately 0.1 mm/ year per 10 °C. At 25 °C-35 °C, it was clearly shown that fine
plates (flowery structures), non-protective layer, of lepidocrocite (y-FeOOH) is the major
component of the corrosion products. Hence, the molecular oxygen can diffuse from the
aqueous phase through this porous structure, enhancing the corrosion rate. At around 45
°C, the surface morphology of the iron oxide was significantly different and less
homogeneous than the one observed at 25 °C. Several crystalline shapes can be observed,
including plates, spindles, and pseudo-cubes, which are identified as hematite and
magnetite. Also, at around 45 °C, the amorphous goethite and the gel-like Fe(OH); are
formed. All these crystalline and amorphous corrosion products act as protective layers,
because of their O,- semi-barrier property. However, in the presence of magnetite at 75
°C, no cracking or spallation of the rust layer was observed, although the porosity is still

high.
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2. Temperature effect on the corrosion mechanism and the activation energy

This work provides the following novel ideas:

Assuming a single transition state, the apparent activation energy is 12.76
kJ/mole. This value cannot be considered as the activation energy for this process, since
temperature has both positive and negative effects on the corrosion rate. Needles to say,
as the temperature increases, the rate of the corrosion increases. However, the increase in

temperature has also the following negative effects on the corrosion rate:

I. Increasing the diffusion of oxygen through the corrosion layers
II. Enhancing the erosion corrosion by increasing the dissolution process of

the corrosion layers leading more corrosion rate

Additionally, there are positive effects of temperature on the corrosion rate, as

follows:

I. Formation of protective layers at around 45 °C comprised of hematite and

goethite

II. Decrease of the oxygen concentration in the liquid phase
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Based on the aforementioned positive and negative effects of temperature on the
corrosion rate, the measured value of activation energy shouldn’t be used as an absolute

value for the overall corrosion rate.

3. The relationship between the flow rate and the measured observed activation

energy

This work demonstrates the importance of the flow rate on the determination of
the observed measured activation energy. Specifically, this works show that the thickness
of the diffusion boundary layer has a tremendous role on the overall activation energy.
When this layer disappears due to vigorous agitation such as in stirred beaker
experiments, the measured activation energy is relatively very low. However, at high
flow rate of 192 gal/min, where the diffusion boundary layer is relatively thick, the
measured activation energy is much higher than the stirred beaker experiment. These
findings are very crucial to determine the more realistic activation energy of the corrosion
of the crude oil pipeline, and raise a flag on the experiments carried out in the lab where
stirred beakers are used. Based on these findings it is highly recommended that
determining the activation energy should be carried out under the same flow rate of the

pipelines.

4. The crude oil as corrosion inhibitor
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Despite the fact that solubility of oxygen increases in the presence of crude oil,
this work shows that the corrosion rate decreases in the presence of the crude oil. It
should be mentioned that these experiments were conducted in stirred beaker. So, the
vigorous agitation renders this mixture to be more homogeneous. This increase in
homogeneity enhances the contact of the crude oil with the metal surface protecting it
from the corrosive seawater.

There are enormous proposed probabilistic models on corrosion. Specifically,
many models try the pipelines failure. The data analysis and the conclusion in this work
provide crucial information for these models. In addition, these models have validated

this research data.

5.3 Suggestions for future work

Based on the results and the conclusion of this PhD dissertation, the following
suggested research plan and experiments would be crucial to continue elucidating the

mechanism of the carbon steel corrosion under different conditions:

1) The use of polarization resistance and Tafel plot to further determine the
role of the protective layers at high flow rate of 192gal/min. Since the exact
values of these values Ba, Bc, icor, and Rp are important to determine at which
temperature the anodic or cathodic reaction would be the dominant one.
Throughout the performance of this work, the trend of the changes in these

values was demonstrated.
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3)

4)

5)

L

IIL.

2) The mechanism of the effects of the crude oil/seawater ratio on the
corrosion rate at high flow rate is similar to the oil field, such as 192 gal/min.
This task should be related to the changes in the thickness of the diffusion

boundary layer as a function of temperature and crude oil/ seawater ratios.

The mechanisms of the [CO;] concentration on the corrosion rate at high flow
rate and the various crude oil/seawater ratios.
The mechanism and the rate of pitting formation and a function of crude
oil/seawater ratios.
Even after a thorough cleaning with toluene, coupon of the carbon steal
exposed to crude oil/ seawater mixture, show attachment of nitrogen, oxygen,
and sulfur containing compounds illustrating the adsorption of the crude oil on
carbon steal surface. SEM- EDS technique was used to conduct these
experiments. So, it is strongly recommended to continue investigating the
following:
Elucidating the mechanisms of the adsorption of the nitrogen, oxygen,
and sulfur containing compounds in the crude oil on the carbon steal
surface
The effects of the crude oil/ seawater ratios on the corrosion rates at

various temperatures and the flow rates
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Figure 5-1 Summary of the concluded overall mechanism of carbon steel corrosion in

seawater
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