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ABSTRACT

Carbon steel pipelireare employedn the oil and gas industry for long distance
multiphase transportation. Thetegrity of thesepipelinesis critical to oil and gas
production Transportatn of wet natural gas usingarbon steel pipelirsefrom
sourceto processing plant may lead ¢orrosion, hydrate formation and even scale
formation. To prevent hydrate formati MonoEhylene Glycol (MEG) ispumped
through the pipeline. Corrosion inhibitoradaother corrosion prevention metisod

may be employed to reduce amsion to manageable and acceptable tevel

In this studythe corrosion inhibition propeess of MEG wereinvestigated at both
low and high temperatu@nditiors. Thereduction of carbon steel X65 corrosion in
the presence d¥IEG alone and 1% NaCl alone at low temperatfr@0°C was in
line with previous studiesAt high temperature of 805Ghe corrosion rate of the
carbon steel in the presence of MEG tend#étoeag. Thus tre reduction of the

corrosion rate of carbon steelthre presence of MEGan be underestimated

The increase in the corrosion rate of carbon steel in the presence ofaM@h
temperaturded to the search for the mechanism by which MEG reslaoerosion.
The adsorptiorprocess wastudied usindg-ourier transform infraed spectroscopy
(FTIR). Furtherdetermination of the adsorption isotheprmopertiesand behaviour
of MEG on the corrosion of carbon stees recorded through experimentatidhe
results were used to determine the type of adsorptiorodeairsin the presence of
MEG.

The corrosion rate of carbon steel ithe presence of MEG is improveay
deployment of chemical inhibitors t®@acha minimal acceptableate. This study
investigatedthe use of two typef commerciallyavailable inhibitors green
(inhibitor 2) and norgreen inhibitor (inhibitor 1) for reduction of the corrosion rate.
The effects of the two inhibitors alonendhe corrosion of carbon stesdl bdah high
and low temperature were first examined.This enabld an assessment of the

inhibitor in the presence of MEG.

A combination of the MEG andnhibitor was tested at both low and high
concentratioa The influence on MEG on the inhibitor performance was

determired.
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Conditions necessary for the formatioinprotective iron carbonate wedetermined
and used for preorrosion. The influence of iron carbdeaon the corrosion of

carbon steelvas determined.

Precorroded carbon steel wased to assess the influerafeMEG in the presence
of iron carbonateFurther test on the pmorroded carbon steel in the presence of
MEG and inhibitorwas performed to assess th#luenceof the inhibitor and MEG

on iron carbonate scale.
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Chapter 1. INTRODUCTION AND RESEARCH BACKGROUND

1.1. Researchbackground

The demand for oil and gas as a source of energy has risemarghoffshore wed
being explored and developékhe consumptionf oil and gas has begmedictedto
increase by a combined total of 20er year from 202 to 2035 1]. Most ofthe oil

and gas neexito be tranported from the source to the processing plant onshore.
Figure X1 shows the actual and predicted globakrgydemand and consumption
from 1965 to 2035.

Consumption by fuel Ten year increments by fuel

Billion toe Billion toe

Actual Predicted

18 3.0
Renew.” m Renew.*
15 Hydro 55
Nuclear m Hydro
12 2.0 1 Nuclear
9 1.5 u Coal
1.0 u Gas
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0.0
0 egggLgy
1966 2000 2035 SRS N

Figurel-1: Actual and predicted growth rate fgiobal energy demaliconsumption
from 1965 to 203%1].

The oil and gas industry is depentl®n the use otarbonsteel pipeline in the
transportation of their products from the deep sea to onshore. Theasbai steel

is common due to their mechanical properties, cost and availability. Carban steel
require management strategies to preveotrosion. They do not have high
resistance to corrosion agrapared to their counter pa@®rrosion Resistant hoys
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(CRA). The CRA on the otherhand are often prohibitively expensive fiong
distance pipelinedue to high cost and availability. The use of carbon steel implies

that corrosion has to be prevented to maintain the integrity of the pipeline.

The natural ga produced from offshore oil and gas welt high temperaturand
pressuremay contain C@andsaltwater in the form oproduced watergondense
water or/and formation water. Due to cost and space, the process of removal of
water and CQare often done atnonshore processing plant away from the offshore
production platformThis involves multiphase transportation using long carbon steel
pipelines under high pressuseThe transported natural gas may release some of the
water content byondensatioras the temperature drops along the pipelifféhis
may lead to the formation ofytirates along the pipeline which can possieguce

the flow pressure dslock the pipeline. Corrosion may also occur along the pipeline
due to the water contenPrevention and mitigation of hydrateand corrosion
becomenecessary ilorder to maintain the integrity of the pipelildost natural gas
pipelines employ MonokhyleneGlycol (MEG) for the preventiorof hydrates |t is
athermodynamic hydrate inhibit@ompared to the kinetic hydrate inhibitor (KHI)
Thermodynamic hydrate inhibitor works by reducitig minimum temperature at
which hydrates caform along the pipelinevhile KHI works by reducing the time
for hydrateso form andto grow which may not be sitable for very long distance
pipelind2].

MEG dces have a effect in reducing corrosioron carbon steel but neetb be
supplementedor most application Corrosion of the carbon steel pipeline can be
controlled by the use othe pH stabilization method or by the use of organic
corrosion inhibitor. pH stabilization involves the addition of Na®ldHCG; or any
other pH buffer to increase the pH of the pipeline system from 6.5 t8]7.Bhis

will reduce the corrosion rate in the presence of MEG to the required miniatem
Corrosion produst mainly iron carbonatemay also format this pHlevel and
conditiors to reduce the corrosion raturther. A schematic description of

multiphase transportation of natural gasaiipe is described iRigure 12.

In some situations, the formation of iron carbonatarorother scaldor example
where there isformation water passing through the pipelinenay make it
unfavourablefor the use of the pH stabilization methdthis makes it necessary to
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find an alternatie way to control the corrosion of the pipeline without the formation
of undesirable scale. The use of organic corrosion inhifitecomes necessaty
avoid the formation of undesirable scalif@ganic corrosion inhibit@a must be
compatible with MEG irorder to function effectively and efficiently in the presence
of MEG. This is one of théocuseof this study.

CO;
H,0
Natural gas

Glycol We

Figure 1-2 : Schematic description ofmultiphase transportation of natural gas
pipeline[3].

The studyis therefore aimed tassesshe corrosion of carbosteel in the presence
of MonoEthylene @col at different concentrati@and the possible effect that may

occur at both high and low temperature.

The study will also explore the use MEG further to determine the mechanisms
involved in the prevention of corrosiohis will be used to improve the corrosion

managementrocess in the presencEMEG effectively.

1.2.The important and impact of corrosion

The significant and importance of corrosion can be view from three mainiai®ct
namely safetyconservation and economif4]. Safety issues arene reason why
corrosion is very important. Corrosion camompromisethe integrity of the

equipment and facility which can lead to failures and collapse. This situation will
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put the lives and safety of people workingith the equipment and even those living

or doing business around the placedanger Conservation is also important in the
study of corrosion as corrosion tend to destodyand gas facilitiesand also the
surrounding envonment. For example damage to the sea may change the natural

state of some wide life living in the sea and may lead to their death.

Economics isone of the major reasons why corrosion is very important. Corrosion
widely leads to material lossnd degrad#aon which can cause massive damage to
equipment and facilities. This will lead to economic losses that have direct and
indirect impacs. Direct impacs are usually the cost of replacing the corroded
equipment or parts such as replacing of corroded oilgasdcarbon steel pipeline

and repainting of offshore production platforms.

Results released by Koch eff&] showed that the total loss due to corrosion in the
USA is estimated to be approximately $276 billamuallyin the USA. It has also
been estimated that about a quarterhef tost could be reducedriew corrosion
technology wasvailable previously. Analysis of the direct losses due to corrosion
based on five major sectors is giverFigure 13

Production and
Manufacturing

($17.6 billion)

12.8%

Government
($20.1 billion
14.6%

Figure 1-3 : Analysis of the direct losses due to corrosion based on five major
sectorg5].



Indirect losses includes plant shutdown which normally lead to the loss of revenue
from the plant while repairs are going on. This cost in some sitgatiag be much
higher than the direct cost of replacing the corroded part. An example is seen in the
replacenent of a corroded natural gas carbon steel transmission pipeline requiring
shutdown which may cost less than the actual money loss during shutdown of the
transmission lineOther indirect losses are loss of efficiency, contamination of
product from corrasn products and overdesign of equipmémtaccommodate
material loss due to corrosion of pipelinehis overdesign is common in carbon
steel pipeline where pipeline with larger pipe thickness is used to ameipected

or worst case corrosion damage wWhinay not be case for real field operations.

In the oil and gas industigorrosion is very significant as most of the oitlagas are
sourcel from remote and offshore areas atmdnsported toprocess plant and
consumers using numerous oil and gas equipraadt facilities. The production
process and multiphase transportation of the oil and gas can lead to corrosion on the
metallic parts of the equipment and faciliti#e annual cost of corrosion in major

sectors of USA oil and gas industry is showiTable 1-1

Table1-1 : Annual corrosion costin major sectors of USA oil and gas indugtby
6].

Sector Annual cost of corrosion in US (Billion US Dollars)
Production* 1,372
Transmissiorpipeline 6,973

TransportatioATanker** | 2,734

Storage 7,000
Refining 3,692
Distribution 5,000
Special Not Known

* Only for cost of corrosion for production from conventional sources

** World Total




In Alberta, Canada the causkproduction pipeline failuehas been giveim Figure

1-4. The analysisshows that internal corrosion and external corrosion were the
major cause of production pipelifelure. Internal corrosion was the major cause of
failure in all. This makes it nessary to research into the mechansisof internal

corrosion to identifynewer andetter ways to prevent and reduce internal corrosion.

3.5%
2.2%\ m Internal corrosion
5.5%

2.8%
“\ 1.7% m External corrosion
m Damage by others

4.5%

= Weld
m Construction damage
m Overpressure

Pipe

Joint

Earth movement

Valve/fitting

Figurel-4 : Alberta, Canada production pipeline failure data #8@2005]6, 7]

1.3 Objectives

The use of Monoethylene glyc(MEG) in the prevention of hydmaformation is a
common practice in most offshore natural gas pipslifidis is mainly due to the
fact that MEG is a thermodynamic hydrate inhibitor and stops the initiation of
hydrate formation even dhe very lowest temperatuseencountered in the oil and
gas sector. The use of MEG also Ilselprevent corrosion of the pipee. This
additioral role of MEG has been studied at low temperature with little study at high
temperature MEG is normally introducg at high temperature where the carbon
steel pipeline temperature may be up to 80°C in somes.CHse exact mechanisms
need to be established further ttetermineways of improving the corrosion
inhibition of MEG. Studies hae shown reduction in efficiency of organic corrosion

inhibitors in a MEG system. The effect and role of pH stabilizers alscsnedze
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studied further to determinetheir function asa sole mechanism ofredudng
corrosion in the presence of MEG and formation of the iron carbonate film. The role
of iron carbonate film in further prevention of corrosion with oritwout MEG

needs to be understo

The objetives of this project are described briefly as follows
1. To determine the corrosiorates and mechanisf carba steel in the
presence of MonoEthyleneygol (MEG) in both high and low temperatsre

taking into consideration the effect of concentration.

2. To evaluate the performance of two organic corrosion inhibitors to serve as

the control experiment for the study.

3. To evaluate the compatibility of the orgamorrosioninhibitor and MEG;
how much does MEG affecbrrosioninhibitor performance?

4. To assess theole of iron carbonate films in the presence of MEBG;

understand how the films affect corrosiaites and mechanisms

5. To evaluate the effect of MEG ammfganic corrosioninhibitors on the
reduction of corrosion rate in the presence of iron carbonate (sealpre

corroded carbon stéel

1.4 Statementof contribution to literature

The thesiscontributes to the existing literature by determining the rates and
mechanisms of corrosion in the presence of MEG at high temperdtueework
studies the mechanismsfdMEG in reducing thecorrosion rate in carbon steel and
presents novel aspscio add to the current understandinget@mination ofthe
adsorption properties of MEG inighstudyshowed physiorption as the mechanism

by which MEG interacts with the carlposteel surface

The study also contributes to the understanding of how inhibitors can have
synergisticeffects associatedvith MEG in preventing corrosionThe synergistic
and antagonisticeffecs of using different type of inhibitor with MEG are



highlighted. The study idenifs possible issgethat may occur in the use of newly

formulated inhibitos at very high temperature.

The studyalso contributeto the knowledge of iron carbonate scale formation and
its protectiveness against general corrosion of the carbon steel. The formation of

underscale corrosion which may form undke corrosion product isighlighted.

Finally thecontribution of MEG in lhe formationand growthof iron carbonate scale

on the carbon steel is presented wethdencethat MEG does not encourage the
formation of iron carbonate crystalst low temperaturdut rather encourages it at
high temperature. It alsdemonstrateshe efect of iron carbonate scalen the

performance of MEG and inhibitevith possible contributiofrom each

1.5.Structure of thesis

The structurdayoutof this thesis is divideds follows

1 Chapterl gavethe research background and the reasons and objettie
studies. It also highlights the contribution of the thesis to literature.

1 Chapter2 presentd the fundamental principles of corrosion. This includes
definition of corrosion and the thermodynami of corrosion. It also
identified the electrochemical reactions of corrosion. The electrochemical
techniques employed in the test such as Direct current (DC) measurement
and Alternating Current (AC) measuremeas also described

1 Chapter3 reviewedthe literatue of studies orrelevantoil field corrosion in
CO, environmens. It also assessehe literature on MEG and corrosion
inhibitors and possiblproblem that may have occurred with the use of MEG
in details

1 Chapter 4 the experimental set up which describdatie experimental
method, test material and test composition. It also showetthe test
procedurs for all the experimesst performed on this testThe surface
analysis employed in thitest wa described in this chapteThe test

equipment used itest wa also described.



Chapter5 presengd the resultsof corrosion assessment in the presence of
MEG alone. $irface analysigo augment the electrochemical information
was employed in this the posinalysis of the test. The determination of the
adsorption propegsof MEG and its mechanism in redugctiof corrosion of
carbon steel wsalsopresented here.

Chapter 6 presentedresuls for experiments involving théwo organic
corrosioninhibitors emplged in this stug. The corrosion rate of the carbon
steel in the pesence of the corrosion inhibitors was determirtéele the
comparison of the two inhibitewas made.Postsurface analysis resalto
characterize the inhibitors wea¢ésodescribed.

Chapter7 presentedhe result of the testn the presencef MEG ard the
inhibitors. The result decribedthe compatibility of MEG and thmhibitor.
Surface analysiswas also employed to suppothe result of the
electrochemical test.

Chapter8 describd the resuls onformation of iron carbonate on carbon
steel surfacdpre-corrosion). Theconditions for a protective film to form
werealso described. Surface analysis was usedetzribethe corrosion of
carbon stel in the presence of the iron carbonate scale

Chapter9 describée the result of precorroded carbon steil the presencef
MEG and in the presence of MEG and inhibitor. Tdoenpatibility of the
MEG and MEG plus inibitor was presented. Some corrosion aspactre
described fully by the surface analysis.

Chapter 10 is the general discussion with regard to the results from all the
experiment.

Chapter 11gave theconclusion of the results and studies of this wtrklso

highlighted other area for further studies.



Chapter 2. PRINCIPLES AND THEORY OF CORROSION

2.1.Definition of corrosion

Corrosion may simply be definealas chemical or electrochemical reactionaof
metal with its environment which in most casauses a deteridran or destruction
of the materiale.g. the rusting of iroj4]. In defining corrosion, the definition
technically restricts corrosion to metals only. Nortak do not corrodee.g. plastics
are said @ be degraded and not corroddd. most case corrosion may be
accompanied by physical process such as erosion as ecosiosion[4, 8]. Figure

2-1 shows an example of a metal that has corroded.

Figure 2-1 : Image ofan offshore oil and gas piphowing degradation due to
corrosion[9].

There are two major tygeof corrosion namely wetfjueouscorrosion and dry
corrosion. Wet/aqueous corrosion involves the corrosion process thas atcbe
presence of moistureThis moisture could be in the form of water, steam or
condensed water. Dry corrosion on the other hand involves the degradation of the
metal when it comes in contact with an oxidizing gas at a very high temperature
where moisture is likely not present. The process occurs like the@quetus
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corrosion but does not involve moisture. In the downstream oil and gas, sectd

of the corrosionproblemsinvolve metal corrosion in the presence of moisture.
Bearing this in mind, this project will deal with corrosion proesss the presence
of moisture (i.e. Wet/Aqueous corrosion).

2.1.1. The corrosion cell and electrode definition

Wet/aqueous corrosias an electrochemical reaction that involves a corrosion cell.
The principal behind the electrochemistry was described by Michael Faraday in the
early nineteenth century. Corrosion cell consist of four Jak The parts are
made upof two different electrodesalled anode and cathode. The two electrodes
are both inserted or are in contact with an electrolyte or an agueous medium which
serves as a conductive path for the ions from the electrochemical reaction. The
corrosion cell is complete when there is an teleal connection between the two
electrodeg10]. This can be achieved using a low resistance metal or wire to connect
from one electrode to another. The removal of any of the partstfrecorrosion

cell will make corrosion not to occur. However local corrosion niély cgccur on

the anode if the anode has some impurities. This impurities will establish a local
action cells that will lead to a slow corrosion reaction on the surface of the anode
[4]. A schematic diagram showing the four parts of a corrosion cell is shown in
Figure 22. When the cell is closed, the anode corrodes and Cations migrate to the

cathode while the Anions migrate to the antmleomplete the corrosion reaction

) ]

/

— B Flectrols

Cathods

Anods

Catiarns

Amnigns

. >

Figure2-2 : Schematic example of areetrochemical corrosion cell
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The anode is the posiBwelectrode where electrons maxeay from the cell. This is
also where the oxidation reactions take place. Anions which are negative charge ions

drift from the cathode towards the anode.

The cathode ishe negative electrode where electrons enter the cells. This is also
where the reduction reactions take place. Cations which are positive chasge ion

movesfrom the anode to the cathode.
2.1.2. Electrochemistry of aqueous corrosion

In our environment, water idvaays available naturallyThe existence of water in

our environment makes metals such as iron susceptible to corrosion. Agueous
corrosion involves the production and consumption of electron from the anodic and
cathodic reactions. It is a chemical and #lmhemical process that involves charge
and mass transfer. The dissolution of metals in an aqueous medium causes
corrosion. The corrosion can also be form by the production of solid, liquid, or

gaseous nometallic film on the surface of the metal.

If a metal is in contact with a solution, there exist on the surface local siteb at@
opposite in polarity. Thee sites forms local anodic and cathodic region at the
surface of the metal and liquid thagsults inthe flow of electrors. This normally
happes instantaneously in most metals and will result in corrosion of the metal. The
flow of electron occurs by the dissolution of the metal in the solution. In process
where the local anodic and cathodic site does not happen instargbneorrosion
does notoccur The process of metal dissolution due to the loss of electron on the

metal surfaces idlustratedin Figure 23.

|
v T dee

Metal

Figure2-3 : Diagram showing metal dissolution in a solution liberating elef@fon
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The process of metal dissolution involvtbe metal reacting with the species in its
environment. This normally produces elecsoiat need to be consumed to
maintain the neutrality of the process. The metal itself forms positive idre

process is descriddelow

0O0 € Q 2-1

The above process is an oxidation process and needs a reduction process to establish
neutrality of the whole process. The reduction process involves one of the following
processes which areegendat on the environment and species concentration. This
reduction process is the cathodic process which consumes the electron ghietduce

the anodic sites.

The types of reduction process that can follow are

1 The liberation of hydrogen at the surfacelsf metal

¢O ¢Q o 2-2

(This occusin anacid environment where the pH is less than 7)

O QOO0 v 2-3

(This occurs in environment with the pH 7 or more that is neutral or alkaline
medium.)

1 The displacemenaction

0 € QO D 2-4
Or
0 € Q0 0 2.5
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1 The reduction of dissoldsoxygen in the solution

0 1O 1Q 0O 0V 2-6

(For acidic environment with pH less than 7)

¢cOb 0 TQO100 2-7

(For neutral and alkaline environment witH 7 and above)

The reduction of dissolk oxygen deperslon the amount of oxygen in that
environment and in mosiasespxygen content of A0ppm will be enough for the
reduction reaction of dissolve oxygenThis occus in well aerated environment

where there is enough oxygen to dissolve in the solution.

The formed anodic and cathodic sg#ere distributed bas® on the environmental
condition, crystal lattices imperfection and the surface contaimman areas where
thereare imperfectiors, there isa likelihood of the anodic sitedeveloping in this
area[11]. Other factors include the microscomiefects such asurfaceroughness
cut edges, scratches, imperfecian protective surface filisformed, bimetallic
couples and dissimilar surfase All this can encourage the development of micro

anodic and cathodic sgéor the corrosion reacti@to proceed.

The process oforrosion in aqueous solutismvolves the production of electrsn
Theseelectrors need to be consumed bther processs which areghe reduction
processs The electron produdeat the anodi site transport by diffusion convem

and migration to the athodic site to be consumed. The number of elestron
producel always equal the numbezlectron consume to maintain thaharge
neutraity of the electrochemical process. This is achieved by the two half
electrochemical reaction of the anode and cathode.n&hevdue of anodic and

cathodicreactions gives the value of the potential ofdbk.

14



2.2 Thermodynamicsand kinetics of wet/agueous corrosion

2.2.1. Gibbs free energy

The study of corrosiomvolvesthe knowledge of Gibbs free energy. The Gibbs free
energy givesan idea of tendency of a chemical réactto occur.A corrosion
process is a chemical/electrochemiegictionand will involve the use of Gibbs free
energy to determinevhethera corrosion reaction will occuspontaneously or not
Generally the more negative @ibbs free energghange(qp G value is, the more

likely a reaction to move in that directipt?]. For example
0"Q 00 & PCG QO QO i Y3 v wd 0 2-8

Whereg G i the standard Gibbs framergy change for the above reaction

The large negative value of the Gibbs free energy shows the tendency of Mg to
corrode in aerated aqueous mediunhis g h . Lower n e gmdansv e Vv a
that the tendency for the reaction is lower.

Thermodynamic studs suggestthat all metals tend to exist &iw energy level.

This tendency makes most of the metaddurally to exist combing with other
elementssince they have a stable low energy at this state. Iron for instance exists
mostly as ore in nature. This is because the w@ch are mostly oxides of iron
itself are of low energy. To separate iron from its ereergy is normally applied in
form of heat® reduce the iron from its oxide. Some noble nsdtké gold (Au) will

exist on itsown and this is seen from its Gibbs free energy value

00 Oc"otad 0.6 QO0B660 i Y@ &b U 2-9

Here the Gibbs free energy for gold to react in aerated aqueous solution is positive.
This from Gibbs free energy concept shows that the reaction cannot happen
spontaneously. This is¢lreason gold does not corrodenormal conditions. A zero

value ofa&s indicates that the reaction is in its equilibrium state. The high value of
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a5° does not mean that the corrosion rate will be high it just implies that the
reaction can occur easily. The rate may or may not be high. For this reason,
aluminum which has a ¢in negativesg5° does corrodet lower ratecompare to iron

with a lowermnegativeeeGA v al ue.

The tendency for a metal material to corrode can also be measured using its
electromotive force (emfilenoted asH). The emf itself relates to the Gibbs free

energy as follows

YO ¢ 700 2-10

Wheren represent the number of electron taking part in thetimaalso known as
electrehemical equivalentEC). F is the Bradap sonstant with its usual value of
96,500C/eq. From the equation it will be seen that a cell with a high emf is likely to

have tle overall reaction going in the direction of the product
2.2.2. The Nernst equation and halfcell potential

The electromotive forcegmi) is the voltagedeveloped by any source of electric
energy such as the electrochemical cell. The efrd cell is of importance to the
study of corrosion and can be measured orutated. In measuring the emf of a
cell, the potentiometer/potentiostat is employed in the measurement by opposing the
unknown emf with a known one such as Sk#andardhydrogen electrode) or
Ag/AgCl in saturated KC It can also be measured by the usa digh impedance
voltammeter For the calculation of the emf in terms of the concentration of the

reactants and products, we can derive the Nernst equation.

Considering a cell reaction with w moles of W substance, z moles of Z substance
reacting to form xmoles of X substance and y moles of Y substance in the manner

below,

06 a® o oo 211
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The Gibbs free energy change is given by the different between the molar free

energy of theroducts and reactants.

YO ®O o0 00 &0 2-12
In a standard form the standard change in the Gibbs free energy is

Y3 oD o0 00 aD 2-13

If the activities(a) of each of the reactants and prodactstakeras theircorrected
pressurg(for gases) or concentratidifor liquid and solid), hen the difference in

Gibbsfree energy at any state with the standard statebe given as
YO Y@ YYab— 2-14

Where Ris the gas constant (8.314Jdmole)
T is the absolute temperature irlkin (i.e. degree €lsius+ 273)
« = the activity of substance X
® = the activity of substance Y
@ = the activity of substance W
® = the activity of substance Z.

In an equilibrium state, the reaction has no tendency to occur and this timaées

to become zero. The equation is then reduce

Y@ Y'YO& O 2-15
8

Where K = —
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For an occasion where the activities of the redstand product (i.e.®, @
andd , @) equateo 1, the valuef & K willthenbe 0. Thisvi | | t heand mak e

®GA equal
Relatngthehov e @GA ab dv and given thathe stendarfl state for
®GA i s

Y@ ¢ "QD 2-16

Equating the value dEMF (O from equation 210 andthe value ofstandard EMF

(@) from equation 2L6into equatior2-14 andsimplifying, the equation becomes

o A —aé&— (Nernst equation) 2-17

Equation2-17 is known as the Nernst equation and can be usedltalate theemf

of a cell at any given state when the standard emf is known. The activity of the
substance in liquid form is the equal to the concedotradf in moles per 1kgf

water (molarity) multiply by a correction factor called the activity coefficient. For
gases the activity is the fugacity of the gas at normal pressure while for solid and

water the activities are set at 1.

To calculate the emf ad cell, it is alwaysconvenient to calculate the potentisl

each cell and then add them together to get the correct emf.

Example for the reaction

FE€*"+26Y Fe 2-18

n nJ —l — 2-19

Where (Fe) is the activity of iron which is unity because it is soff") is the
activity of ironions.” andnJ are potentiabnd standard potential of iron (Fe)

respectively.
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Substituting the values of RT /F which is 0.0256® room temperature (i.e. 298K)

andsince 2 electron are involved n=2

I — 2-20

2.2.3. The standard hydrogen potential

The measuring of the emf of a cell is based on a known standard emf. This is
because theabsolute potential of electrodas unknown hence the cells are
unknown. The hydrogen potential has been taken as the standard potential from
which other potential can be compared and measured. The potential of hydrogen is
therefore taken to be zero attaimperature.

To determine the hydrogen potential, a platinized platinum piece is dipped inside a

solution saturated with hydrogen gas at atmospheric pressure cd4datmown in

Figure2-4. When the pressure of the gas in the atmosphere is equal to the activity of
the hydrogen ion, it then means that the value of the potential is zerccarhise

representeth the equatioms

n nJ —0 &— 2-21

Wheren and nJ are the potential of hydrogen atide standard potential of

hydrogen respectively)} “Gs the fugacityof hydrogen.

n =0- a e 2-22

Whenr) "@nd (H)? areequal we havé % which givesO thenn = 0.
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Figure2-4 . Schematic of ydrogen electrodgd, 13

The halflife potential of any other electrode/metal is measured against that of
hydrogen. It is taken that hydrogen is part of the other celieohalflife of the cell

that ismeasuredlt should be noted that the stamd hydrogen electrode is not a
convenient reference electrode and other type of electrode are fosed
electrochemical measurementée establishment of convenient reference electrode
is necessary in determination of the corrosion rate in a corrosibrEgamples of

common reference electrodes are

Hg/solid HgCl,in 0.1N KCI +0.334 V to" (Saturated Calomel electrode)
Ag/solid AgClin 0.1N KCI +0.288V tb
Cu/saturated CuSO +0.316V to"

2.2.4. Emf series

The knowledge of the engeries can be very useful in understandingosion.The
emf series arranges the standard potential of all metals base on hydrogen potential in

an ascending or descending ordetypical emf series is shown in Tablel2
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Table2-1: The Emf serie§4] Table1-1

Electrode Reaction Standard Potential, ¢°,
in volts at 25°C

Au + 3¢ = Au 1.50
Pt™ + 2¢ = Pt ~1.2
Pd* + 2¢ =Pd 0.987
Hg™ + 2¢” = Hg 0.854
Ag'+e = Ap (0.800
Hgl' +2¢ = 2Hg 0.789
Cut +¢ =Cu 0.521
Cu™ + 2& =Cu 0.342
2H" + 26 = H; 0,000
Pb* + 2¢ =Pb -0.126
Sn™ +2¢ =Sn —0.136
Mo + 3¢ = Mo —0.2
Ni** + 2¢- = Ni —0.250
Co™ + 2¢ =Co -0.277
TI" +& =TI —0.336
In* + 3¢ =1In —0.342
Cd* + 2¢ =(d —0.403
Fe’ + 2¢” = Fe —0.440
Ga™ +3¢ =Ga —0.53
Cr + 3¢ =Cr —0.74
Zn* + 2e =Zn —0.763
Cr* +2¢ =Cr —0.91
Nb™ + 3¢ = Nb —1.1
Mn* + 2¢ = Mn -1.18
i+ de =71 -1.53
Ti* + 2e = Ti -1.63
AlY 3+ 36 = Al —1.66
Hf* + 4¢~ = Hf -1.70
U +3e =U —1.80
Be™ + 2¢ = Be —1.85
Mg™ + 2¢ = Mg -2.37
Na'+¢ =Na -2.71
Ca™ +2¢ =Ca —2.87
Kr+e =K -2.93
Li* + & = Li -3.05

The standard potentials with a negative signs are those whoigbterixidized is

more than that of hydrogen while the standard potentials with a positive signs are
those whose potential to oxidized are less than that of hydrogen. This arrangement
can easily be used to predict which metal is anodic in an electrociesslic For
example iron isanodic to platinum when both are part of an electrochemical

corrosion cell. It should however be noted that emf series has a limited use as the
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potential of two electrodecanchange due to the type of elmlyte the are in
contact[4, 14].

The measurement of the emf of cell can be done using a reference electrode
connected across to the anode etetdr This reference electrode such as the one
previously described can easily measure the potential of the anode in any
environment since its own potential is relative stable at most environment. Using
this method the corrosion rate of an electrochemiedl can be derived. The
arrangement of this kind of cell used in determination of the corrosion rate is known
as three electrode celkigure 2-5 shows the schematic description of a three
electrode cellThe cell incldes the working electrode e.g. carbon sigdth is the
anode. When the circuit is complelby connecting it to an EMF source like a
potentiostatthe anode corrodes though oxidaticeaction and produces electrons
which are consumed at the cathode. A typical cathode can be a platinum cylinder
which isnobler than the carbon steel (anoderonvenient reference electrode such

as Ag/solid AgCl in 0.1Nis connected to the anode an&d to measure the
potential/voltage across the anadeit corrodes

(%) Applied emf f-)

&
- Cathode

irode Reference v
= / Electrode ool
(Working glecorode)
glectrode)

Electrolyre

N

Oxcidasion Reduction

Figure2-5 : A schematic description of a three electrode cell set up
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2.2.5. Pourbaix diagram

The Pourbaix diagram also known as thepH is a convenient and compact
summary of the thermodynamic data which is used to determine the way metal and
related species behave in a given environmental condjtidh The Pourbaix
diagram is described in the form of potenpa&l diagrams which will relate the
corrosion and electrochemical behavior of most met#bkigivenenvironment (i.e.

water). Thaliagrams are based on the Nernst equation

In the Pourbaix diagram the potential and pH is taken to be the most important and
influential variables that governs the behavior of metals in its environment. In
designirg a Pourbaix diagram, the potential is always plotted on the Y axis with pH
on the X axis.

The Pourbaix diagram is good in the sense that it gives an idea of how most metals
will behave in a particular potential and pH condition. The immunity state, oardes
complex ion formation of a metal at any particular potential and pH statde
viewed at a glance using aoBrbaix diagrani4]. The corrosion engineer uses the
Pourbaix diagrams to identify where corrosion can occur in a particutaaidoand

the possiblecorrosion producthat will be formed.Practical environmestalways

differ from the ideal situation of a potentiglH diagramand so Pourbaix diagram
should be treated with cauti¢ph5].

The Pourbaix diagram has been proddder most metad that are used imdusty.

The Pourbaix diagram of irons shown Figure B. It shows in a glance what
reaction will occur for iron and the products that will form during any reaction at the
potentiatpH condition. It also shows the region where iron is stable. In this diagram
a horizontal line means that the reaction is independf the pH and only involves
electrors. The vertical line means that the reaction only involves pH (i.€.2DH

H") with no electron taken part in the reaction.

The diagonal lines represent the reaction that involves both potential and pH of the
environment.This means that theeaction at these pointsiisfluence by the pH of

the solution and thitow of electrors.
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Figure2-6 : The Pourbaix diagram of irofilg].

The Pourbaix diagrams are useful;

1 For determining the corrosion product and composition that will be form at
anygiven potential and pH
Predicting of direction of aeaction and its spontaneous nature.

Predicting the changes that may occur with potential, pH and solution
composition and how it will affect the corrosion of the metal.

1 Identifying the boundaries of potential and pH that shows the equilibrium
stability of the metal, where it will not corrode (immune area), where
corrosion soluble products will form and the passive region where the
protective corrosion films are formed.

1 It gives ideas of the daodic reaction product. This will identify if oxygem

hydrogenwill be evolvedfrom the cathodic reaction
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2.2.6. The Electric Double Layer (EDL)

The EDL is a spatial region of a metalectrolyte surface which contains a negative
charge of electron and positive charge ions separated by water molecules from the

electrolytein a metal electrochemical reactifii].

In an electrochemical set up where metals are immersadsaliution /electrolyte,

the metal in a solution/electrolyte leaves their metal lattices as metal ions and leave
behind their electron. At this surface of the metal and electrolyte, water molecules

surround the metal ions and make the metal ions to diffesty away from the

metal surface. The electron causes some of the metal ions to be attracted back
towards the surface of the metal. The water molecules on the other hand prevent the
metal ion from being reduced back to metal. The positive ions whichlraady in

the solution/electrolyte are also attracted towards the electron layer on the metal

surface. The surface of the metal then consists of a region with electron on the metal
surface with sheath of water molecules and adjacent metal ion and d@negdos

from the electrolyte. There exist a charge separation at the metal and solution

/electrolyte surfaces which are describe as the electric double layer [(&QL).

[
- | (]
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E | HKia
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i i
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- - Blastrical Disubie Layaer (EDL)

Figure2-7 . A description of the electric double layer (ECWY]

There are adt of modes$ of the EDL. In a particular model where the corrosion
reaction is in equilibrium, the oxidation and reduction reastamtur at equal rase
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In this case the surface of the metal will be made up of elescidjacent to a sheet
of water moleculse and anther layer of metal ions. The numbef metal ions
leaving the surface of metal is equal to tivenber ofmetal ions being reduces to the

metal.

Corrosionof metalsalways ocurs immediately in most corrosieavironmentand

as such makes the metal ions not to be in equilibrium. The situation where the metal
ions continue to leave the metal surface gives rise to steady state corrosion. The
Gouy-ChapmasnStern model is one of the most popular medssiel in descibing

the EDL[8]. This model consist of two yars namely thé&tern layer (SL) and the
diffuse layer (DL). A sheet of charg«ists due to adsorbed ions and Coulomb
interactionswhich make upthe Stern layer. The sheet of charge is a product of
excess and deficiency electrons and forms on the +elet@tolyte surface. The SL

is made up of two layers namely the inner Helmh@i#) and the outer Helmholtz
plane (OHP). The DL is the region just beside the SL and has ions which can move
freely with no restriction to its direction. Unlike the DL, the gpeally adsorbed

ions and molecules, and solvated molecules (In most cases water molecules) are
contained in the IHP and have some movement restrictions. The solvated ions
cannot touch the electrode but approach it to a distance with the locesatas

OHP. The charge metal and solvated ions interaction consists of electrostatic forces
independent of the properties of the iphg]. Figure2-88 shows the @ctric double

layer Gouy-ChapmarStern modeWwith metal attaining a net negative charge

0.4 | 0.6
—
nm nm

Figure2-8: The electric double layavith metal attaining net negative chaf@e17]
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A capacitor is made up two planes of opposing charges separated by an insulator.
The EDL itself acts like a capacitor in the sense ithiatmade up of two opposing
charge on the metal and electrolyte surface separated by the solvent molecule
(mostly water molecules) that physically act as the opposing charges separator. The
capacitance of the EDL is much dependent on the compositithe ahetal and the
electrolyte. The behavior of the EDL is not restricted to its @#ipa ability. The

EDL alsobehaved like a resistor. This behavior is shown in the ability of the metal
to resist transferring their electron to the positive speciesadiin the electrolyte.

The EDL can also be represented in a circuit form knasvthe Equivalent Electric
Circuit Model(EECM). This is shown below iRigure 29

| |Cea
R. | |

—/\/
VAV

Figure2-9 : EECM representing similar properties to the HDe Gg represent the
capacitance due to the EDL whilg; Represent the resistance due to thd.BDd R
represent the solution resistance

The existence of charge separation in an EDL makes it to aenar potential
difference. This potential difference can be measured between a metal electrode and
a reference electrode or more still a metal electrode and another metal
electrodd.1]].

2.2.7. The relationship between the voltage, electricuarent and EDL

chemistry

There exist a relationship between the voltage, electric current and EDL chemistry.
This is so because there are measurable electric potential at the EDL with an
electron transfer in the electrochemical process (corrosion pro¥éksh the net

current flowingwithin a corrosion cell is zero, the poten@lthat point is known as
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the Open Circuit Btential (OCP)epresented as {&). This occus when the anodic

reaction is in equilibrium with the cathodic reactidrhne corresponding current at

that point isreferred to as the corrosion current density knowneag (4, 11]. The

Nernst equation can be used rnmathematicallyrelate the EDL composition to
potential differenceAs previously described, the EDL is coaged of the charge of

the ions in thesolution and the charge on the surface of the metal. This can be
loosely determined by the concentration of the solutideing ejuation 217
previously described as the Nerrejuationthe chemical activities of both the
products and reactants are) reaptnatppd wit
with the concentration of the product species and reactants species represented by an

the element symbol in bradiseThis canthenbe rewritenas:

o a4 YYot—— 2-23

Where (p) a n) deprgsent the activity coefficients for products and reactants

respectively.

From equation 23, it shows that the measured potential depends on the
concentration of active species and also the metal ions. If there is a change in the
concentration, the measured potential will be affected. The OE€EL,,) will then
change anthis will also change the EDL composition.

The relationship between the EDL and the electric current can be found using the
Butler Volmer (BV) equation. Here the change in the potential of metal with the

electric current caused by an external source &gty BV equation beloyl7]

N0 Qo — Qofp— 2-24

Where(n, F, R, andT) has their usual valseand meanings previously definetbr

equation 210 and equation-24.
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"(s the external current density in ampsigrassing to or from the electrode due to

the voltage applied on it.

"Q is the corrosion current density in amps/dimat occurswhen no voltag is

applied through the electrode (i.e. at OCP).

U is a coefficient with values that can

d is the overpotenti al which 1 s the dif
OCP value (i.e. Yppliedi OCP)

The cathodic current isepresented by the tefhwry, —— while the anodic

current is represented by the teéthew ——— .

At the OCP where thapplied voltage is zero, tde 0= This makes the value of the
anodic and cathodic current to be equal and henceetheurreni is equal to zero.

This proves that at OCP there is no current flow in the system.

2.3. Electrochemical techniques

The assessment of corrosion rate is done udiiifigrent corrosion techniques. The
use of methods like gravimetritased mass loss, quartz crystal microbaldrased
mass loss can be used to determine the corrosion rate of a[h@:tad]. In this
thesisthe techniques that are common and r@hevo this projectare considered
The electrochemical techniques that will be discussed hertharBrect Current
(DC) method ofpotential-time measurement, LineabRrizationResistance (LPR)
Tafel slope andAlternating Qurrent (AC) method ofElectrochemicallmpedance
SpectroscopyEIS).

2.3.1. Potential-Time measurement- (DC method)

The potentiatime measurement is one of the singplmethod used in assessment

of corrosion and corrosion rate. When a metal such as iron is immersed in a
solution/eéctrolyte, a potential differencen the metaklectrolyte surface is
established. This potential occurs without the applicabbrany current on the

metal The potential will vary and come to a constant value at some pofiméen
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This value known as &éhOpen Circuit Btential (OCP) will give quickest idea of

how a metal will behave.

The potentiakime measurement is easy and quick to determine. It gives an idea of
the thermodynamic stability of a metal in its environment and also deesrthe
domain he metal liesin its pourbaix diagranjll]. It also gives an idea of the
galvanic relationship themetal has with its environment. The potentiaie
measurement on the other hand is good starting point for other DC measurement
because it will give an idea of the potential which can be used to compare existing
potential before other measurement is ddree manner in which a metal can react

in that environment can be thanderstood.
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Figure2-10 : Comparison oOCP in (V) measurement of blank solution with two
inhibitors (CGO and CRO) showirigcrease inOCP as aeduction in the anodic
reaction with the addition of the two different inhibitG&

The effect of electrolyte condition and changas easily and quicklige understod

with the use of potentidilme measurement technique. Take for instant the use of
inhibitor can make the potential toowe to a more positive value with time showing
that the inhibitor or MEG protects the anode by reducing the anodic reaction. For a
case where the potential does not move to a positreetatin, this implieghat the
corrosion reaction is cathodically cooited and will best be suited with inhibitors

that work by redcing the cathodic reaction. Howewehere the potential value
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move slightly to the positive direction, may mean that the reaction is controlled both
by the cathodic and anodic reacti@j. It should be noted that the use of potalnti

time measurement may not ldependable for an inhibitor system in all conditions.
This should be consided carefully when using the potential shift noble stateo

identify the type of reaction that occur in the presence of an inhidiir

The use of potentiatime meaurement should always be commpknted with other
measuring techniquess it is at best serguantitative.Other technique presented
laterare definitively anctan quantitatively be used to determamgrosion rate.

2.3.2. Linear Polarization Resistancea (DC method)

The Linear Blarization Resistance (LPR)method is a direct curren(DC)
measurement technique. It is one of the quickest anedesinuctive methods for
determination of the corrosion rate of a nhétdl, 19]. It provides quick response

that small changes on corrosion rate will easily be noticed in a paeEsofbnutes.

The LPRmethod was desloped by Stern anGeary[4, 11, 20]. The work of $rn

and Geary made some assumpiarich includethat the corrosion is action
controled by the anodic and cathodic reaction of the corrosion process. In this
method the metal is polarized using a direct curresually with a maximum
potential range 0f20mV to 20mV from the OCP value. The current flow when this
voltage is applied is measuradd from it the polarization resistan(®,) can then

be calculated. The graph of the potential is plotted against that of current and the
slope of the linear part is taken and this gives a value of ghEidure 211 shows

the graphical calculation ofi¢ polarization resistance.
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Figure2-11: Graphical calculation of the polarization resistancg) [[R1]

The equation for the for the linear polarization resistangpigRjiven as

Rp=

\<<| K

2-25

Wh e ri & theemeasured current density with respect to the applied voltage

aE is the difference between the apglivoltage and the open circuit
potential (OCP)

Using the equation derived by Stern and Geary known as the&gamny equation

Q

Ty 2-26

Wh e riis thdanodic reaction Tafel constant in volts/decade and

b.is the cathodic reactiohafel constant in volts /decade.

(—— can be taken as a single constaBltand;— — making the equation

become
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Q2 Plgmy O 2-27

From theabove equation thig,, can then be used to calculate the corrosion rate if
the density, chemical equivalent is knowihe chemical equivalent of theorroding
metalcan bedefinedas the ratio of the olar masgo thenumberof electrors (n)

participatingin the halflife reaction.

The equation for calculiaiy corrosion raten millimeter per years given as

Qan o —— 2-28

Where is constant made of a combination of several term and is 3.27 x 10

for iron for corrosion rate immpy [11].
Vis the chenical equivalent of the corrodingetal
}] is the density of the reacting met e

The LPRuses the lowest potential spectrum among any other DC meftihed.
sample is only mildly polarized compared to other method and so it can be
considered as nedestructive.

The disadvantage of linear polarization is that it does not give a good idea of how a
metal material will respond to pitting corrosion &rdsomeother process such as
passivationand repassivation pcess[19]. More still linear polarization can only

be applied successfully to conductive solution. A situation where the solution in
contact with the metal is not conductive, theear polarization will give &
erroneousvalue due to the overestimation of the resistance. Here the resistance of
the nonconductive solution (B will be added to the main resistance of the metal
Re. This gives a lowevalue of the corrsion currentand as such a loweorrosion

rate. In reducing this problem of solution resistance, a current intercept measurement
can be applied during a linear polarization measurement test with a poteiptibjstat
Alternatively the solution resistance can be determined using an AC impedance
measurement and then compengéte on the LFR measurementseallts. This an

be doneusing Microsoft excehs shown in appendix.Ahesolution resistance ¢r
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from the AC measuremerd subtractedrom the polarization resistanceg)Ron the

excel sheet
2.3.3. Tafel slopei (DC method)

The use of linear polarization techniquederiving corrosion rate is very useful and
well applied by corrosion engineers and sciestist long term monitoring of
corrosion rate. But it should however be pointed out that in moss teseesuls
from linear polarization measurement can be amesé rather than an exact result
of the corrosion rate when the exact Tafel slope corstaatunknown. To know
the exact corrosion rate, the Tafel plot can be used to overcome this probfem.
slope makes use of a larger potential spectrum. The gpaatan be from 200mV or
250mV from OCP in both cathodic and anodic z[ff®. The measuredurrents are
plotted on a logarithmic scale along theaXis while the varied potentials are

plotted on Yaxis.

Tafel plot can be describex$activated controlledin activated control process, the
corrosion rate is determined by how fast the metal can releasevasdtgielectron

to the electrochemical actives species in the electrolyte. The activation control has a
characteristics property of having both the anodic and cathodic branch increasing
with potental. Diffusion controlled process is that which is corigrdl by the
diffusion of the electrochemical active species (EAS) to the metal surface. The
diffusion controlled process is characterized by the cathodic branch/ current density
having a limit at a point in time while the potential is increasihthis occurs, the
graphis no longer considered a Tafel plot. The slope is thesidered for regions
wherethe limiting current effect due tdiffusion does not existThis occurs mostly
below 50mV from the OCP on both the anodic and cathodic brandhustrated in
Figure 212. It should be pointed out thatirsing of the electrolyte /solution has
been found to reduce the limiting current value and this helps the EAS to migrate
easily to the metal surfaceypical activated controlled Tafel pla shown inFigure

2-12.
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Figure2-12: Graphical representation of the Tafel slope showing how to determine
the Tafel slopg11].

The Tafel plot can easily be used dalculate the corrosion ratgsing a Tafel
extrapolated method:his is usually done by extrapolating the cathodic and anodic
branch of theTafel plot towards the OCP value. The point of interception the two
arms will directly be read off as the corrosion curiiggnt This can then be used to

determine the corrosiomte from the equation28 previouslydescribed.

Tafel plot still have thedisadvantage of being used for electrolyte with high
conductivity. In a situation where the solution/electrolyte resistance is high, the
Tafel slope will give a very loworrosion rate as compared with the actual corrosion
rate. To avoid this, high res#stce solution should be compensated using method

like current interception during measurement.

2.3.1. Electrochemicallmpedance Spectroscopy (AC Method)

Electrochemical Impedance SpectroscolS| is an electrochemical corrosion
measuring technique that usdse talternating currenfAC) to determine the
corrosion rate and also corrosion mechanism. The EIS is powerful in the sense that it

can give insight into the process of corrosiomd aorrosion control method that
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cannot be acquiredasily by other DC methodSuch corrosion control method like

theuse of inhibitor and coating fwotectthe surface of the mdtHL9).

When EIS technique is applied the metal electrode response to the use of alternating
voltage with changing frequency. This response is then interpreted on the basis of
circuits that resemble or mimic the response by the metal electrode. The range of
polarizing voltage uses for EIS is a low but fluctuates from peak value for the anodic
to the peak value for the cathodic. The impedance which determines the amplitude
of the current for a given voltage represent the total resistance of metal for an
applied wltage and current and is the proportionality factor for both the AC voltage

and current.
2.3.1.1. AC impedanceand phasebehaviour

As described previously the EDL @f corroding metal behageike an electric
circuit with capacitos and resista@. In AC, there rist resistor that resist the flow of
electricity, capacitance due to charge build up or discharge by the AC and inductors
which try to resist the change in the flow current. The resistor in the AC is known as
impedance. In an AC mode, the capacitor c&e ttime to reach its full charge
or/and inductor time to reach its full relaxation. This time lapse produces a shift in
the current and voltage of the AC. The resistor does not have this time behavior like
the capacitor. The difference between the voliage the current at zero amplitude
gives a phase. The magnitude of the phase angle is different for each polarizing
voltage frequency. The time constant (0)
In the gaph ofFigure 213, the phase angle is shovas the difference between the
voltage and current at zero amplitude of the voltage. It is normally plotted as a
positive value in EIS though it is negativEhe vector form of the impeaahce is

shownin Figure 214.
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Figure2-13: The phase angle in and A@Iltagé current circuit with a capacitor.

Since the current and voltage of the AC is a vector quantity, the impedance is also a
vector quantity that has both magnitude and direcfitre. vectorcomponent of the
impedance as shown in Figurel2 describes the value of the resultant impedance

(Z) from the real Il mpedance (Z6) and | me

X-component
of impedanct

z" vector
A
! Y-componeni
Z 1 of impedanct
| vector
a 1
1
7

Figure 2-14 : The vector component of the impedance of an AC showing the real
(Z6) and i maginary (Z66)8Mart with the t

Typical EIS involve applyinga polarizing voltage of +5mV or £10mV amplitude
from OCP withafrequency range from 100 kilohertz to 5 millihertz or less. The EIS
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data can be plotted in different format. The three major fogragth used in
representing data from EIS are
I.  Nyquist or complex plane plots
ii. Bode phase plot and
iii. Bode magnitudelot[11, 19].

2.3.1.2. Nyquist or complex plane plot

The Nyquist or complex plane plot is derived from a plot of the real impedance
against the imaginarympedance. It is always in a seniicle form from high
frequency domain to low frequency domain. A complex plane plot can have a single
time constant which has one seairicle or more time constant with more semi
circles. A time constant is equal to th@guct of capacitance and its corresponding
parallel resistance. An example of a single complane plot is shown in Figure 2

15

100 + I IC"“
R |

e —/\/~

40 1 R.. (0.01Hz)

20 A

R, {100,000Hz)

E T

o 20 40 a0 30 100

Imaginary component of impedance Z"

Real component of impedance #'

Figure2-15: Nyquist plot with a single time constant and EC describinegplot.

The high frequency part gives the value of thevRich is the solution resistance.
The Rt which is the polarization resistance is given as the diameter of the semi
circle. The capacitance.g0of the double layer is derived at the maximum frequency

frayof the 1 maginary 4 mpedance Z606 and th
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For a very large corrosioresistance (R , the Nyquist plot may loakmore like a
straight line than a normal sewircle [11, 17]. However some Nyquist plot can
havetwo or more time anstantn it. This is usually seen for situation where there is
a coatingor inhibitor film on the surface of the metal. The coating has its own
coating capacitor with a parallel coating resistor along with the usyalat
corrosion resistor. Aexample of a two time caaf constant is shown in thggure
2-16.
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5000 -
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=
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Imaginary component of impedance Z"
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Figure 2-16 : lllustration of a corroding steel with eoating time constant at high

frequency and corrosion time constahtower frequency.

2.3.1.3. The Bode magnitude plot

The Bode magitude is another way of illustratingn AC impedance measurement.

It is plotted by using the log values of the total impedance for each frequency on the
Y-axis against the log value of the frequencies on thexiX. The plot slope is
negative when the capacitors are part of the circuit whileero when it is only
through the resistor(s). The ratio of thgtR Rs will give the magnitude of the slope

and it tends towardd when R;is much higher than R
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Figure2-17: A single timeconstant Bode magnitude plot for a corroding metal

The example in the Figure-Z¥ above describes the Bode magnitude plot for a
single time constants corroding metal. It also describes the corresponding value of

the R, Ry, and point for the capacitiveactance.

2.3.1.4. The Bodephase pot

Figure 218 shows theBode phase plawith the capacitiveeactancet the point of

inflection.

Phase v Inflection dus
Angld Jnze w4 capacitive
(@) v\ reactance

logf

Figure2-18: Schematic diagram of a Bode phase ppt
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The Bode phase plot is derived from plotting the magnitude ophlase angle for
each frequency on the-axis against the log of difference frequencies on thaxix.

The Bode phase plot have the capacity of showing in a glance the distinctive
position of any time constant that exist for the system.

2.3.1.5. Time constant ®urces

There are other sources of time constant which can exist within an AC impedance
system apart from the usual coating and EDL time constants described above. It has
been shown that different crystal orientation can corrode at differentl@te3 he
inhomogeneous surfaces of metal andedefbf the metal surfaces caenerate
multiple time constants which have the same capacitive reactance. This is normally
seen as a distortion on the semicircle of a Nyquist plot rather than a distinctive time

come like a coating constant.

Restricting the movement of the electrocherniaetive species (EAS) can also
produces a time constant which is different from the corroding time
constantll].This is normally seen where diffusion of the EAS to the metal surface
exist. Pitting corrosion also causes scattering of tl& data at lower frequency

area

To distinctly observe a time constant of a corroding system, the magnitude of the
corstant should be separated by at least one order of magnitude. It should also be
noted that some time constant that are produce for a corroding system are not actual
time constant. This type of constant can be produce by the equipment when the
solution resstance is very high1]. Here the equipment will tend to follow a less
resistive part to take measuramherhis type of time constant is often described as a

parasitic time constant.
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Chapter 3. LITERATURE REVIEW

3.1.CO,corrosion of carbon Steel

Different researchers hawtudied the C@corrosion of carbon and low alloy steel
used in the oil andas pipeline. Publistedresults with regards to GQorrosion has
shown some incomplete understanding,@@chanisni8, 21]. This is so because
CO, corrosion is very complex and has a lot of factors that can affect it. Ipattis
of thereview the hydration of CQOn water/ salt solution to form corrosive ad¢sd

presengd followed by corrosion reactions in €O
3.1.1. Hydration and dissociation of CG,

Sun et al[22] proposed that theokibility of CO, in water and seawatés affected
by the temperature anmartial pressure of C{and also by the acidase relationship
that exist in the solutionfTemperature plays a largele in the solubility of CQin
water and most solutiorsrom room temperaturenigher temperature reduces the
solubility of CQ, in wateror sea water.High partial pressure of COnay increase

the solubility in a solutiof23].

CQO;, is verysoluble in water and salt solution. The solubility of £&Omuch higher
than oxygen and has been estimated to be 9060, per 100ml of waterCO,

gasdissolves invater as follows

COyg)+ H2Og) 2 COxissolve) 31

From Henry o6s |l aw, (i.e. which states t|
given gas that dissolves infiaite volume ofa liquid is proportional tahe partial

pressure of that gas that is in equilibrium with the liquid surf§2d). The
relationship between the dissalvgas and partial pressure of the gas can be
established.In the case of nondeality in solutionphaset he acti vity <coe
may be introduce to account for this situation. For very lpgssure and nen

ideality in gas phasehe Ky may be taken to pressures dependent.
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Whered (g is the partial pressure of the G@as in atm,
00 is the concentration of the dissolved carbon dioxide in mol/L
OVis the Henryds constant.

The CO; partial pressured dissolution constant can be calculatedciisws

The value is given as 29.41atm/mol at 25°C.

The hydration reaction of the dissolve carbon dioX@&;issolve) IS given as

COxdissoveyr H20 2 HCO3 34

The hydration of CQuissowveill give rise to carbonic acifR9).

For corrosion to occur in Cnvironmers there must be a supply of hydrogen ions
from the acid and thiss formed by the dissociation of carbonic acid form. The
dissociation of the carbonic acid involves just a slight percentage of the carbonic
acid. It has been estimated to be 0.1% of the ceclaxid molecules that dissociates

at S.T.P. (standard temperature and pres$adep6]. The formation ofH* HCOs

or H,CO; has beema point of debate othe controlling factor in C®cathodic

reaction.This is discussed laterhe dissociation equation is shoas

H,CO; 2 HCO; + H' 3-5

The first dissociation constant of the carbonic acid is givga4s

L ———— P WP 3-6
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Wherel s the first dissociationonstant.

It has been taken in most case that a lot of thed®®s not form the carbonic acid.
If then the dissociation constant is calculated assuming thénydmted CQ is

involved in the reaction as carbonic acid. Th24

0 k 18 @p 1 3-7

The second dissociation constant of the carbonic acid can be calculated since the
bicarbonate formed from the first dissociation can proceed further to produce more

hydrogen ions. This is stm in the equation beloy24]

HCO;z H'+ CQO> 3-8

K go= ——— = 4.70x10" (mol/L) 39

3.1.2. Anodic reactionof CO,corrosion

In CO, corrosion of carbon steel, the oxidation and dissolution of iron is the main
anodicreaction that occurdhere are many reactions that occur in & €@rosion

of carbon steedind this depend mainly on the environment of the carbon [&&el
27-29]. Thepossible anodic reactions for carbon steedasrribed as

Fez F&€'+ 2 3-10

The process of oxidation of the iron has been elaborated by Bockrif2ét3l], as

follows:

Fe + H0z FeOH,q+ H +e 311
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The iron reacts withwater and is oxidized to iron hydroxide which adheres to the
surface of the metal iron. The iron is further oxidized into Ee&" which is
considered as the rate determinstgp for the entire anodic reamwti This reaction is

described as

FeOH.qz FEOH + e 312

FeOH + H'Y E'e H,0 3-13

The study ottarbon steel Cgxorrosionanodic halfreactiors has been done kylot

of researcherf32-35. Manyresearchers and literatgriecluding that of de Waard
and Milliamg36] supporéed the work ofBockris et al[29] on iron dissolutio in
strong acidBockris et al [30] showedthat the reaction order with respect with
OH is 1 with Tafel slope of 40mMecadeat 298. This implies that the reaction
mechanism is greatly influenced by the OFom his studies it shows that the pH
dependence of reacti@ecreases very fast with increasing pH >4.

Hurlen et al[37] in their studiesconcluded that C@is a stimulant to in the iron
dissolution in thentermediate prpassive form but does not really affect the iron
dissolution in aqueous salt solution. The also reported a first order reaction with
respect to OHbut a Tafel slope of 30mdecadefor temperature of 298°KThis
means that OHs still themajor influence to the dissolution of iron.

Gray et al [38, 39] on the other hand studied the effect of pH and temperature on
the carbon steel corrosianechanism in agueous ¢@nd reported anodic Tafel
constant that increases from 50fd¥cadeto 120mVdecadein pH range of 210.

Their report gave an exchange curre) (ndependent of the pH unlike the Tafel
slope constant that increases with pH. It was found from their report that the Tafel
constant for the anodic reaction of iron was proportional to temperature (T) and
exchange currenig) was inversely proportional to temperature up to the value of
60°C which was subsequently decreased probably because of the carbonate formed

that protects the surface of iron from corroding.

Nesic et al [40] in a laterresearchconcluded that dissolution of iron in G@&

affected by theresent of CQ This they did by looking at the Tafel slope derived
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from different CQ partial pressure tesand at differenpH values They discovered
variations in the values of the Tafel slopéne found the order of redaon was
higher than 1 for pHowerthan 4 and the Tafel slope varying frorm2@decade to
35mV/decade. For pH valudsetween 4 and 5, the Tafel slope does incréase
30mV/decade t&€0OmV/decade. This obviously was taken to be a transition from the
higher order of reaction to a siegbrder of reaction and even lower. However

pH above 5 the found Tafelslope ranging from @mV/decade to 120mV/decade.
The influence of pH above 5 was negligibldis explains why corrosion kinetics of
iron in CQ is much higher than corrosion of iron in strong acid. The formation of
CO, and HCO; are both pH independent and £€nentration is always higher
than the carbonic acid formed. It is assumed that iron forms adsartechical
ligands(i.e. Fe = FeCQO;,) which helps to catalyzed the oxidation process of iron in
CQ.. The following steps are used to explain the oxidation process of the iron in

CO; environment for pH >5

Fe + CQz Fe (i.e.Chemical ligands 3-14
Fe.+ H,0z F@OHyt+ H +e 3-15
FOHY FK@H g+e (i.e.rate determining step 3-16
Fe.OH"ay +H,0z Fa (OH)saa+ H' 3-17
Fe.(OH)2ad 2 F&.(OH)zsol 3-18
FeL(OH)aso + 2 H 2 FE* + CO, + 2H,0 3-19

It has been postulated that for lower pH value below 4, the reaction for adherence of
Fg OH'y4 to the metalsurface (i.e. Equation 316) will seize being the rate
determinirg stage The rate determining step will then become theadsorption

stage whergi.e. Equation 3L8). A summary of the anodic reaction of iron is
describedy Kermani and Morshef85].
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3.1.3. Cathodic reactions in CO, corrosion

The cathodic reaction of carbon steel inf@@vironment has been studied since the
discovery of CQ corrosion butthe mechanismis still not fully understood with
absolute certainty. Controversy on the cathodic reaction lies mostly on whether the
H,CO; formed by CQ is reduced directly or dissociab H,COsis of the final step

in the reaction. The Cresence in thequeous solution increases the corrosion rate
of iron by increasinghe amount of hydrogen evolves in the cathodic region. For
strong acid that are fully dissociated, the evolutionhpdirogen at the cathodic
region depends on the rate at which hydrogen ions are diffuses from the bulk
solution to the cathodic region. This limits the amount of hydrogen evolve at pH >4
and thus makes the corrosion of iron on strong acid not to proceatlyras
expected. For COthe presence of #£0O; causes more of hydrogen to be evolving

making the present of G@o increase the corrosion rate of iron.

Three major mechanisms for the cathodic process that has been propose by
researchers to govern theegaif cathodic reaction in G@&nvironmeh de Waard
and Milliams[41] proposed that the mechanism that governs the cathodic process is

that of the direct reduction of tlearbonic acid.

H,COsq+eY K+ HCO; (rate determine st§p 3-20

2HaY  H(The faster step) 3-21

The reaction also involves the hydrogen ions from the bulk solution reacting further
with the bicarbonate acid form to reform the carbonic acgbiation.
HCOs + H'puwY #COs 3-22

2H +eY H. 3-23

This is the overall reaction proposed by de Waard Williams[36] and has since
been taken into account in the prediction ;G carbon steel. The prediction
however did not fulfilled the observations made lajrSitt and Rothmann [42-44]

in flow reactions and also observationade by Ogundele andhie [45].
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Schmitt and Rothman [42, 44] were the first to establish the effect of flow using
rotating disc electrode. It was seen that the limiting current dengifyi¢i also a
function of flow and thus diffusion can influence the whole processahglist the
chemical reaction. The diffusion of the electrochemical active species ahdH

H,CGO; affects the cathodic reaction.

lim = lim,diff + Tim,R 3-24

Where | is the limiting current density for the entire reaction in,CO
Iim giff 1S the limiting current density effect of diffusion in €O
iim,Rr IS the limiting current density effect of the chemical reaction in.CO

The effect of flow for $hmitt and Rohmann[44] was observedor lamina flow
and was only valid for that type of flo(ue. rotating disk electrode) his also put a
restriction to the validity of the results for turbulent flow regidime effet of
turbulent flow was later extended bjendozaFlores and Turgoosgl6] using the
observations of smith and Rothmalhn Postlethwaite and David Waty| also

did somework in the corrosion of carbon steel on turbulent flow.

Ogundele and Whitg45] on the oher hand made sonmbservatioron corrosion of
steelin de-aerated C@environment They found out that the possible reaction that
governs the cathodic process dérect reduction of the bicarbonate and further

reduction of water molecule directly.

HCO; +eY K+ CO3 3-25

2H,O+2 Y #+ OH 3-26

This observation of Ogundele andhwé [45] has been validated for pH >4.9<5.3

which isalessacidic situation.
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Nesic et al [48] also made some observatoowith the rotating cylinder and
concluded that the redtion of the carbonic acid adsorbed on the surface of the

metal is the predominant reaction that costtioé cathodic process.

The effect of CQ corrosion products formed during the corrosion process were not
given much consideration in most of the abmathodic reactionVidem and
Dugstad[33, 49, 5Q] in thar studies found out that the formation of corrosion film
product on the surface of the metal plays a lot of role in the subsequent corrosion
kinetics and mechanism. Ikeda at [51, 52] on the othemhand proposé that if
protective films are formed on the surface of the metal, thecaat&olling factor

will change from cdtodic hydrogen evolution tamass transfer control. This is
arguable since the protective layer will not allow the cathodic reaction to take place
as rapid as it would have without a film on the surface. If this becomesthe
prediction base on theedNVaard etl. [36, 53] proposal will not be effective. More

so if the corrosion product formed amen-uniform, this will contribute to pitting

and localized corrosioon the surface of the me{d9, 54-5§

The studies by several authors has concluded that the major corrosion product
formedin CQO,saturated environment is iron carbond@eCQ) [59]. The formation

of iron carbonate is likely due to the reactiorf'Reith bicarbonate as proposes by
Ogundele and whitg45] or by the direct reaction of the #avith the carbonates

ions CG'5. Theformation of iron carbonats notrapidbut it is easily formed when

the saturation poindf iron carbonate is attainedt this pointthe solubility of the

iron carbonate in the solution has been exceddeder et al[59] has shwn that

the formation ofiron carbonate on the metal surface caachup to 8Qum. The
formation of this coarse filns dependent on a lot of environmental factors. These
environmental factors can be temperature, solution chemistry, fluid vel@sy
partial pressure, pipe geometry, fluid phase and solution pH. Other factor that might
influence the formation of the film will be steel microstructure and alloy
composition. The effect of this environmental factor will scussedn the next

section.

Other corrosion products can also be fedaepending on the environment. John et
al. [60Q] reported that stable corrosion produice.(FeCQ, FeOs, or FgO,;) may
form depending on the environmeatd this will reduce the rate of corrosion of the
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iron when the corrosion product adsorbs on the steel surface. In their development of
the CO, corrosion analysigool (i.e. Sveetcor) the highlighted the conditions in
which the three products are likely to form as

1 FeCQ are formed for low temperature and high frtial pressures

1 Fe0jare formed for high temperature and lowLO

1 Fe0s;are formedor low temperature and low GQartial pressure.

In some studies by Xia et.4b61], it was discovered that Fe(HG)Q was formed
alongside the iron carbonate. This was seen for pH a@d 21lhours. For the
remaininghours after 184 hours thee(HCQ), was not detected rather only Fe£O
was available. The Fe(HGE are form as metatable phase from the redox reaction

as follows

FeY “Reée 3-27
H,COsgteY H + 3HCO 3-28
FE*"+HCO3Y Fe(s4CO 3-29

In a later period the mettable Fe(HCg), will then be converted fully to iron

carbonate by reduction process.

Fe(HCQ),+2eY FesCO 3-30

The formation of iron carbonate can be formed for static sweet enviror{inment
CO, environment)within 2hrs.Sweet environment is a corrosive environment that
involves only CQ gas as the corrosive agent with ngSHyas involveThis formed
iron carbonate film however is not uniform and compact. A monmepet layer is
formed with time In some cases it will tak8 days to form a cubic crystalline iron
carbonate filmas studied bypgundeleand whit¢45]. The same type of observations

were made by Farelas et @2] with two different type of carbon steel.

Iron carbonate (FeC4 precipitdion requires supesaturation with Fg [33. Ina
study by Crolet et a[63-65], they were able to establidiat iron carbonate can also
50



precipitate on the RBE€. This is so because the cathodic reaction can also produce
HCO3and Fé" on the FeC. The FeC easily form on the surface of the metal and
increase the rate of corrosion of the metal by increasing thedia process. The
formation of FeC can as well form even at velocities that are high. Vigé%halso
reported that the F€ can help the FeGQo attached to the surface of the metal
thereby serving as a support for FeCOhis in general helps in the reduction of the
corrosion rate of the metal. Théurther explained that iron content in the solution
will help in the formation of a protectiveeCQ which will continue to be protective

as long as the iron concentration does not fall. Ifehe a shortage afon in the
solution, there is #ikelihood of the FgC being exposed on the metal surface due to
the redissolution of the FeCOThis will cause the metadurface not to be protected
any more. Acidification of the solution and metal surface will in turn reduces and
prevent the formation of FeGOnN the surface of the metal. At this point, even the
supersaturation of the iron itself wilhot even cause the formation of the protective

film on the surface.
3.1.4. Corrosion models forCO,

Corrosion models for COhave been developed to accommodate most of the
environmental factors that can affect the @€@rrosion of oil and gas production. A

lot of different mathematical model are now available and are in used by engineers
to analyze and predict G@orrosion. Typical representation of the models has all
been review by Nyborg et.dB4] comparing them with data from different rigs and
field. The correlation and flaws of the different models were presented in that paper
base orthe field dataKermani and Morshef35] also did a comparison studies of

the models available and pointed out the effect of environmental, physical and

chemical composition to the G@orrosion models

Corrosion models for COcorrosion can be classified into 3 major categories
namely

1 Mechanisic modebk

1 Semiempirical moded

1 Empirical moded
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3.1.4.1. Mechanistic model

This is the model that describes the principles underlying the mechanism of the
corrosion with high theoretical bas#. does notuse data from the oil and gas field
operation as its base. This models can easily be compatedawwell define
experimental data as long as there is set boundary. It is mostly developed from
laboratory verks in university and organization with little input from the actual field
data The constants in these models are always having real literature meaning though
a few can be obtained by comparing them with existing ddtis. is because is

based on théheory and principals of corrosioiithe constant and variable in this
type of model can easily be adjusted to fit in changes and variation for different

conditions and situation.

The first of this type of model was propose dy WaareMilliams [36] and was
widely accepted for most of the G@redictions for carbon steel. They base their
model on the direct reduction oLEO; for the cathodic reaction. They used this in
their equation which relates the corrosion rate with temperature along their
predictive tool (Nomogram]36, 53]. This modelhas now evolved to a semi
empirical model since 199Where additional correction factors were added to

improve the model.

Nesic et al [32] in their own presented another electrochemical model fof CO
corrosion predictionThey used constantfom literature and from their various
rotating cylinder glass experiment. Their values and outputs compare favourably
with Gray et al [38] and ato gives good resulvith independent pipe flow
experiment. it also compare well with Dugstad empirical model and de Waard et al
modified models (serrempirical model[66, 67].

The electrochemical models described ablbyeNesic et al[32] uses the formula
below to derive the cathodic curreif2. The formula uses the parallel resistance
combination method to get tota@lathodic current (Q. Parallel resistance model
assumes that theltage across a set of resistors in a circuggsal. To get a single
resistor or currenthat represent the combine resistor or current in the circuit, the
inverse of the resistor or current are then summed hgptotalcathodic currenQis

given as
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- - — 3-31

Where'Q is the charge controlled processd is deriveds

N Op 332

WhereQ is theexchange current dsity,
o is the cathodic Tafel slope constant
d i s tpdtentialeay peviously describe.

And the'Q is the limiting current control and for*Hhe limiting current for mass

transfer of the hydragn ion to the surface of the metal cathodic region is given as

O L "WBO 3-33

Where K, is the mass trasfer coefficient and F is theaFadayconstantwhile (H),
is the bulk concentration of the species of hydrogen ion.

And the limiting current control focarbonic acidas a result of the hydration of the

CO, occurring slowly is given as

O @BoLV O 8 3-34

George et al[68] extended the above proposal to take into account the effect of

acetic acid for the mass transfer limit.

"0 0 "BO0O ® 3-35

Where "00 ®is the bulk concentration of acetic acidd

Kmhere is the transfer coefficient of the HAc in m/s
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Nesicet al.[21, 32] proposed that wheH,O is involved there is no limiting current
like that of Hydrogen ions and carbonic acid. The Tafel sfopéhe anodic process
involving iron (F§ was taken close to the rcosion potential. The anodic current

was given as
N Q0 3-36

The corrosion current and potential are then determined by equality of the total
cathodic currento the anodic currerft.e. x .%i,). The corrosion rate cahen be
easily calculatedrom the anodic current when it is equal to the total cathodic

current.

The problem with the above type of electrochemical model is the ignorance of the
chemical ad transport process which can give a detail contribution to effects such
as protective scale that can be formed during corrosion process. A mechanistic
model based on transport process and electrochemical process wapeattelo
cover the neglected trarmp and chemical process. A simple overview of this
process is described

The main equation which descrdtée transport effect is written beld®9

— —-8%0 — - 3-37

— )

Y
Accumulator Net fluxSource or sink due to chemical reaction

Turgoose et al[46] was among the first to propose a more realistic approach with
the use of transport model. Their model was improved by [F6ts71] who made

sure that the electrochemical process waé$ oversimplified while trying to
implement the transport model as seen in the case of Turgoos@4é} ahe model

is based on the fact that some species like hydrogen ion is reduced at the metal
surface while species likeon (ii) are produced at the metal surface. This inevitably
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means that some species will diffuse in while others will diffuse out due to the

concentration gradient that exists on the surface.

Due to the changes that are involved in the transport prameslysing it will need
boundary condition. The boundary conditions may be set for at the steel surface and
the other for the bulk solutiof69]. The transient nature of the transport equation
also makes ihecessary to define the boundary conditions such as at the beginning of
the corrosion process when there is no film on the metal surface. Solving the
transport at any time enables the corrosion rate to be determined.

In a further work by Philip L.Fosbg at [3], theyargue on the ideal natiof using
diffusion of the EAS in the corrosion of carbon steel. Thiy $tew were proe to
errors as the practical fluid are nmieal in nature. Theyntroduce a activity
coefficient for the diffusion process since #lectrolyte in corrosion ison-ideal.

A selection of some mechanistic models are shown in Table 3
3.1.4.2. Semiempirical models

The semiempirical models were mostly developed primary from the original
mechanist model of de Waa[&3]. de Waard and Milliams [53] modified their
previous mechanistic model to take into account the new wave ofirenal
details which emerge. & recalibrated the existing constant to take into
considerations these effects.ejhalso improved the models by adding correction
factors to take into account the missing or additional effect of some variables.
Dugstad[33, 50, 66, 72] experimental works was one of the majark used in the
improvement of the de Waard modefsgure 31 shows aypical nomogram used

by de Waard and Milliamgb3, 67] to predict corrosion.

The equation that relates the corrosion radartial pressure of COand the

temperature along the nomogram is given as

O Qu x8@ — VB UL pTY T R ENQ 3-38

Where & ¢ "Quwis the corrosion rate and &nd n having their previous

definition.
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model onlyavailable to consortiutmembersand(*) informationnot available or cannot be obtainé&i

Developers Published Publicly | Model Name Software| Surface mode| Porous Scal¢ Diffusion | Bulk
Available
Turgoose et al 1990 - (M1) - RDE - Fick S
Nesic 1993 - (M2) - DCVB - Fick C
Crolet et al 199398 | - (M3) - * + Fick S
Pots 1995 - (M4) + VB - NP C
Dayalan et al 199598 |+ Tulsa/ + VB - CcC C
SPPS:CQM5)
Sundaram et al and High et| 199600 | - Dream(M6) - VB + NP AC
Kvarekvai
Zhang et al 1997 - (M7) + DCVB - Fick C
Rajappa et al 1997 - (M8) - VB - CC AC
Wang and Postlethwaite 1998 - M9) - * + CC AC
199801 |- (M10) - VB - Fick C
Anderko et al 1999 + Corrosion + VB + CC AC
Analyze (M11)
Nesic et al 200103 | - KSC (M12) + VB + MP C
Wang et al 2002 - (M13) - VB - CcC C
Nesic et al 2002 + MULTICORP(M14) | + VB + Fick C
Heppner et al 2003 - (M15) - VB - NP AC
Nesic et al 200405 |+ WWCORP (M16) | + VB + Fick C
Song et al 200405 |- (M17) * VB - Fick C
Nesic et al 2008 + FREECORP(M18) | + * * * *

Table 3-1 : Mechanistic models of CQcorrosion of carbon steeHére+ meansmodelinclude this,- meansmodeldoes not include, + means
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C02 CORROSION HOMOGRAM
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Carrosion Rate
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Exarnple:
A0 p2bar CO2at120°C
gives 10 = 0.7 =7 mmsy

0.1

a ooz 0.m

Figure3-1: de Waard and Milliams C£zorrosion nomogra for predicting[53]

The values of the temperature in their equation were derived from the temperature
relation in Arrhenius type of equation that relates control by charge transfer. The
0.67 in front of the pC®was determined by the assumption that pH is a function of
only the available Hfrom the carbonic acid.

This equation of de Waard may givegaod corrosionate for most condition but

still has flaws on its own. Some of the flaws are that in actual situation the pH is not
just control by the Hion present but by other electrochemical active species (EAS)
that may be present in the solution. The controllingdiaof the corrosion in some
cases may be mass transfer and not charge transfer as assumed by their equation.
Typical exampleof a shift from charge transfés mass transfewas seen foworks

by Farelas et al[62] were the corrosion rate was high as expected &€ BOt
reduced drastically when iron carbonate films were forrddslo the assumption

that Bockris et al[30] proposition for the corrosioreaction which the used for
temperature effect does not hold in all situation as presented earlier in the previous
section.

Corrections have been appli¢adl this equation to make contgae with current
issues that ariseué to environmental condition of the corrosion reaction. Dugstad et
al. [66] have done some experiment and have applied thsult to improve the

equation. But this tends to make the equation more-sgmpirical than mechanism.
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Researchers have made a lot of effort to achieve a better electrochemical model that
involves the mechanism of GOf steel. Gray et a[39] modelinvolves a number of
mechanisms of CQcorrosion which the derived through their glass cell experiment.
The encompasses a complete range of parameter such aglplitl temperature

25°C to 128C which look non practical and such make the model look too simple in
some area. Key factors which were omitted in taéNaard and William which is

the formation of protective film was also neglected.

The original works of deWaard wereimproved using a correction factor for
protective films. The correction factor was base of lkeda et al \&#Zk Here a
multi-dimensional regression analysis bigh temperature C{corrosionof steel
experiments by lkeda et al was used. Though this was a good approach the problem
lies that the initial results were based on the activated controlled corrosion rather
than on both diffusion and activation controlled process as previously described by
Nesic et al. The correction factor was also added to take into account the effect of

pH on carosion rate.

The effect of velocity was added by using the electrical circuit model addition. The

eqguation is showed below

— - — 3-39

Where the first terms give the rate of electrochemical process and the gaasd

the mass transfer effect.

Water wetting factor was used to account for the effect of hydrocarbon oil on the
corrosion ratd73]. Wicks and Fraserg4] using their experiment results proposed
that oil wetting effect can occur for value less than 30% of the water cuts only. This
has been proven otherwise since data from oil field has suggested that corrosion
occur at cut off of 2%and corrosion effect was less noticeable for cut b6Q%.

The reason may be the differences intipe of hydrocarbon oil analso theeffect

of pipe geometnand other factors natonsideed All this can affect the minimum

water cut off requirement.
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Themodel of de Waard later improvaad 2001 and 2003. The effect of water cut off
was modified by considering the point in which the emulsion breaks. They took into
consideration the interfacial tensions that exist for the steel, oil and water system.
This really agreed well with the field data that was compared wvitlhe only
problem is that ibecomes empirical and such cannot be easily extrapolated to take

into account different environment condition.

Other semiempirical models do exisind a summar of some ofthem are givernn
Table3-2.

Table3-2 : SemiEmpirical moded of CO, corrosion of carbon steel. (Here + means
model include this; means model does not include, £ means model only available
to consortium members aift) information not available or cannot be obtairgd

Developers Published | Publicly | Model Name Software
Available
De Waard and Milliams| 1975 + Shell 75(S1) -
Croletand Bonis 198591 - CORMED (S2) |*
Simons et al 1987 + Shell 87 (S3) -
Dugstad and Videm 1989 + (S4) -
Fang et al 198904 + (USL) or (ULL) |+
(S5)
De Waard et al 1991 + Shell 91 (S6) -
Efird and Jepson 199397 + (S7) -
De Waard and Lotz 1993 + Shell 93 (S8) -
Dugstad et al 1994 - IFE (S9) *
De Waard et al 1995 + Shell 95 (S10) -
Markin 1996 + (S11) -
Gulnatun 199600 - LIPUCOR (S12) | +
Srinivasan et al 199603 + PREDICT (S13) | +
Mishra et al 1997 - (S14) -
Halvorsen et al 199805 + NORSOKmM-506 | +
(S15)
Gartland et al 199899 + CorPos (S16) +
Sridhar et al 1999 - (S17) *
Nordsveen et al 1993900 - OLGAS-de +
Hedges and Mc Veigh | 1999 - Waard (S18) +
Kapusta et al 200106 - Cassandra (S19) +
HYDROCOR
(S20)
De Waard et al 200103 - (S21) -
Vitse et al 2002 - (S22) *
Smith and de Waard 2005 + EFE (S23) +
Teevens and Sand 200508 + (24) +
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3.1.4.3. Empirical models

One of the most popular empirical modelthat developed by Dugstad et 34,

75]. Here the used a series of correction factor and equation to developttel.

The used a temperatiidependent equation which thadded to it the effect pH,
velocity, patial pressure of CO(pCQ,) and steel alloying in the case of Cr content.
The equation assumes a maximum at high temperature. This model is the basic for
the popular NORSOK model which is commonly used for corrosion prediction and
analysis. The NORSOK modis taken as a standard by the Norwegian oil industry
[34].

Other empirical modelsxisted such as that developed by Adams.476é] using a
linear multiple regressions that included a lot of variables. Tlblgm is that
corrosion is so complex to be predicted using a linear approach.

Nesic et al[32] proposed a nonlinear appobaunlike the Adams linear approach.
This wasbasedon neural networkand not on linear multiple regressions. This
eliminates the problem encountered with the use of Adams téalmodelwhile
giving a good resulfThe disadvantage being that as an empirical model, it cannot be

easily modified or extrapolated to fit outside the available criterion.

The difference between the emgal model and the ser@mpirical model is that the
empirical model is not based on corrosion theories but only on field/laboratory data,
mathematical equations and empirical correlations. This poses a limit to
extrapolating the model to areas where ithiéal range of data does not cover.
While the semiempirical models are based on both corrosion theories and
laboratory/field data inputs which also uses mathematical equations and empirical
correlations. This makes fitiendlierin extrapolating usingarrection factors.
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Table3-3 : Empirical model of C@corrosion of carbon stegHere + means model
include this,- means model does not include, £+ means model only available to
consortium members and) information not available or cannot be obtained, DB
means data base driven, NN means Neural Network model, Diagram means Model

by nomogram approadi]

Developers Published Publicly | Model Name | Software| Surface
Available model
Townshend et a| 1972 + (E1) - Diagram
Gatzke and 198390 |+ COPRA (E2) |- Non linear
Hausler 1987 + USL (E3) - Non linear
Bodegom et al | 1992 + (E4) - Statistical
Morrison 199394 | + USL Model - Non linear
Adamset al F(E5)
Walter et al 1994 + (E6) - Linear
Lule and Schutt| 1998 + (E7) - Non linear
John et al 1998 + SweetCor (E8) - Non linear
Cottis et al 1999 - (E9) - NN
Nesic et al 199906 | - (E10) + NN
Sridhar et al 2001 + (E11) - Non linear
Sinha and 2002 * (E12) + NN
Pandey 2007 - CBR-TS (E13)| + DB
Khajotia et al

3.1.5. Factors that affect CO, corrosion prediction

The prediction of CQ corrosions is crucial because wrong prediction can give
erroneous result in real life situation. Good prediction will have to involve taking
into consideration most parameter that can affect the result in a practical situation.
The majorfactors that affect C&Prediction in the oil and gas industries are namely:
Solution chemistry, Irsitu pH value, pCg@ Protective films, Temperature, Flow
velocity /flow type, Steel type and Microstructure, Glycol, effect of Partial pressure
H,S, effectof partial pressure of HAc. All teefactors are interdependent with each
other and can affect the corrosion processes. The above factors will be discussed
briefly
1 Solution Chemistry: The effect of the solution chemistry is very important.

The amount of lsemical species that are in the solution will affect the

corrosion reaction. In some case the solutchemistry might contain few

species like C@ H,COs;, HCO;", F&* and H for CO, corrosion in
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condensed water form during natural gas transportafiile in some cases
there will be a lot of chemical species which then makes the solution
chemistry complex21]. This is seen irthe caseof crude oil transportation
with formation water, where the species can transfer to the watse.phlae
possible chemical species that can occur Wwees environment are dissolve
carbon dioxide, Hydrogen ion , Carbonic acidcadbonate ion, &bonate
ion, Sodium ion, Chlorine ion, Magnesium ion, Calcium ion, Potassium ion,
Barium ion, Hydroxiddon, Iron ion, Strontium ion , Acetate ion, Sulphate
ion, Bisulphate ion, Acetic ion and Chlorifil].
In-situ pH Value: The pH value of the solution affects the £g0rrosion of
steel. The value of theH to a great extent controkhe cathodic rate
determining step39]. It also affects the formation of protective film on the
surface of the metal. An increase in pH from 4 to 5 will aidgrease the
solubility of iron ions (F&) by 5 times but For pH 6 and above, the
solubility of iron ion (F&") will drastically reduce about 100 times
therefore encouraging precipitation of the iron carbofiafe 77]. This in
effect will make iron carbnate film to be deposited on the metal surface
forming a barrier tachemicalspecies that can cause corrosion. For pH < 5
the solubility of iron ion (F&) is high and there is a less chance of having
protective iron carbonate forming on the surface efdteel.
Partial pressure of CO,; The partial pressure of carbon dioxide is of
immerse important. High partial pressure of @Il led to more CQ
dissolving in the solution to form the carbonic acid. The carbonic acid will
encourage and increase tiage of the cathodic reaction. This is in a free film
corrosion point of view will ultimately led to an increase in corrosion rate
[21].
Conversely in a film forming corrosion reaction, the increase in the partial
pressure of CO2 willead to the formation of more iron carbonate. This will
in turn increase the chance of more iron carbonate film forming on the
surface of the metal.
Protective film: The formation of protective film is very important since it
reduces the rate of corrosi@i the metal. When uniform iron carbonate
films are formed at the surface of the metal, they tend to form a barrier for
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the chemical species from the solution to reach the cathodic site of the metal
surface. This in turn reduces the cathodic process amkesrthe general
corrosion rate to redud¢é2, 33, 78, 79].

There are different types of films which may form on the surface of a CO2
corroded carbon steel namely transparent films, iron carbidd)Fgms,

iron carbonate (FeCfpand iron carbonate plus iron carbidefFe& FeCQ)

films. The property of the film formed and in some case the thickness
determines how protective the films may be to corrosion afg@fk

Transparent film is formed at lower temperature anldgs than 1um thick.

This contains mostly iron and oxygen and is usually unprotective. Iron
carbide(cementite) are formed when the corrosion of the ferrite part of the
carbon steel leaves behind a formation of iron carbide on the surface in a non
-buffered solution. This film is not a protective film and in some case can
increase corrosion rate due to galvanic reactidndescription of the

protective and noprotective film is describe in Figu@?2

Nonprotective

Fe,C + FeCO,

Metal Metal

Protective

I

Fﬂt‘c'l'm, Fa’c*mo’

Metal Metal

Figure 3-2 : Different morphologies observed for protective and -portective
corrosion layer$65]



Protective film of iron carbonate is formed whefagorable condition leads

to high supesaturation of FeC® This films forms in two processes of
nucleation and particle growth which often determine the morphology of the
film. The formation of FeC@film directly on the surface of carbon steel
often giwes a protective film. Here the Feg@rms directly on the surface
and integrate with the € to form a protective layer. Another type of
protective film may be form with a combination of;Eet FeCQ where the
FeCQ is formed directly on the surface aisdseal by the RE€ on top[65].
Where the F&£ forms first with a subsequent layer of FeQte films are

nonprotective[80].

Figure 3-3 : Typical fim formation on the surface the steel a) siderite partial
sealing the surface with an already formed iron carbide forming grmaective
layer[80] b) iron carbide layer sealed by siderite forming protective 1§88y 65]

When unprotective non uniform films are formed, the metal surface will not
be protected fully and in some case localizedasion will formed. This is

so because the exposed part of the metal from the film will form the anodic
side to the film which will act as the cathode and lead to localized corrosion
[28, 65].

1 Temperature: From Arrhenius equation

0 dQon 3-40
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Wherek is the rate coefficientA is a constantyQ’ is the change in the
standardactivation energyR is the universal gas constant, aids the
absoluteaemperaturen Kelvin.
It is expected that an increase in temperature will increase the
electrochemical and chemical reaction of meldle temperature of the
environment at which the corrosion reaction occurs will affect the rate of
corrosion. It assumes that an irese in the temperature will increase the
reaction rate and even the mass transportation and hence the corrosion rate of
steel. The increased corrosion rate is normally seen in situation where the
pH is low and there is no formation of protective film. §ts not always the
case due to the formation of protective iron carbonate film. At high
temperature the solubility of iron carbonate reduces and this will lead to the
formation of protective iron carbonate film or other films on the surface of
the metal[22]. This in turn will reduce the corrosion rate of the metal. The
corrosion rate tends to reach maximumterhperature between ®D to
80°C.
Flow velocity and rultiphase flow type: The flow and flow velocity of the
corroding system affects the corrosion process in two W2is For the
process which do not produce protective films on the metal e.g. in condensed
water situation where the pH is low with no film befiogm. In this case the
flows increase the mass transfer of the reactive species to and from the metal
surfaceThis in turn will increase the corrosion rate of the system.
On the other hantbr film forming surface andhe use ofnhibitor the flow
velocity does not really affect the rate of mass transfer of the species to the
metal surface. In the film forming or inhibitor system the flow interrupt with
formation of the film on the metal surfaf@l, 82]. High flow velocity will
tend to remove the film formed on the surface.
Multiphase flow syeem which is usually applieth the oil and gas industry
is common and this makes the transportation of oil and gas to have two or
three phase flow conditions. The flow pattern commonly involve is slug,
annular and stratified flow. The different flow pattern will brings about
different wetting mechanism on the metatface. This in general can affect
the corrosion process and ratdore sq where no protective films are
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formed, multiphase flow system will bring about changes in mass transfer
rate (especially for slug flow pattern). Pots e @l] has done some studies

on the mass transfer multi-phasesystem and propose a flow pattern model.
While Jepson et al[83] suggested that Froude number is necessary to
characterize the effect ofiulti-phaseflow (especially slug flow pattern) for
corrosion in sweet environment. Nesicatt[32] on the other propose an
integrated model for multiphase system that can be used to predict flow
pattern, predict water entrainment/wetting and also calculated the associated
hydrodyhamic properties necessary for corrosion.

Steel type /microstructure: The type of steel and microstructure can affect
the corrosion rate. The variation in the steel microstructure can contribute to
the corrosion of the steel. A steel structure with afdteC compared to the
ferrite will have micro galvanic reaction occurring. This is because the FeC
will act as the cathode while the ferrite will act as the anode. This will lead to
the dissolution of the fate material into the solution thawill lead to
localized corrosion,

The driving force for corrosion is from the potential different between the
heterogeneous areas of the metal. Heterogeneous within the microstructure
are mostly caused by defects in the crystal structure, phase difference and
metallic inclusion. This can also go a long way increasing the corrosion rate.
A study by Al Hassan et .a[84] has shown that the microstructure and
chemical composition of a steel contributes a lot in determine the corrosion
rate and process.

The inclusion of 0.5wt% to 3wt% of chromium can be beneficial in
preventingsweet corrosion. The chromiunerins a protective chromium
oxide film on the surface which helps to reduce corrosion of the carbon steel
[33, 85]. More sothe composition of the steel microstructure can affect the
adsorption of inhibitors and formation of protective films. The increase in the
Chromium content leads to the formation of pative film but can as well

not favour the inhibitor adsorption and performance. This effect of
microstructure is complex and will need more research.

Dugstad and Dronof86] have shown that the type ateel affects the
precipitation of iron carbonate on the surfaosing pH stabilization
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technique They showed that St.35 carbon steacourage the formation
and precipitationof protectiveiron carbonateat 20C which reduces the
corrosion ratecompared to X65and 0.5Crcarbon steel which hado

protective iron carbonate within the same perkidure 34 shows the effect

of the three steel types on the precipitation of protective iron carbonate film.

St.35, X500 X-65, X200 0.5Cr, X550

Figure3-4 : Cross section of the corrosion films form on fresh ground specimens of
steé under flowing conditions (3 m), 50% DEG solution,19%aCl at pH 6.5,
0.6MPa CQ, showing the effect of different type of st¢8f].

1 Effect of H,S: The comprehensive knowledge of the effect gSHss not
known yet.H,S effect on CQ can haveboth negative and positive effeét.
small trace of KIS can be beneficial to the corrosion of the steel by forming
protective film on the surface of the metal. On the hand, increase in the
partial pressure of $$ can lead to an increase in the corrogiate. In some
case the film form by b8 is nonprotective and can cause more harm. The
non-protective film can set up a micgalvanic cell which will led to
localized corrosion on the surface of the metal. More studies are needed to

fully understand theffect of HS of carbon steel corrosion.

Effect of Glycol: Glycol is one of the chemical used in the prevention of
hydrates in the oil and gas pipeline. The use of glycol can be beneficial to
corrosion prevention. The effect of glycol can be seen in ttection of
water activities by making less water available for corrosion reaf&idn

The effect depends a lot on the quantity of glycol present in the solution. In
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most case where glgtserves as a hydrate inhibitor and corrosion inhibitor,
a minimum of 50%mass concentrationf glycol is needed. In most gas
pipeline glycol as high as 809%9% mass concentration is injected into the
pipeline system. The effect of glycol is seen in teeWaard sequation
[87]. It shows that glycol reduces the corrosion rate to certain [Eable 3

4 gives the correction factor for difference mass % of water or MEG mass %.

Log f=1.6(log(w%}2) 341
Vw% = f Vw%=100 3-42

Wheref is the multiplier effect that gives the corrosion rate in w% mixture
when multiply with the corrosion rate in a glycol free solution with same

temperature, pH & partial pressure of GOAnd w% is the mass % of water

in the glycol solution. V is the carsion rate[53, 87].

Table3-4 : The correction factor for differenerass % of water or MEG mass %.

W% (mass % of water) | M%(mass % of MEG) F( correction factor)
10 90 0.03
20 80 0.08
30 70 0.15
40 60 0.23
50 50 0.33
60 40 0.44
70 30 0.57
80 20 0.70
90 10 0.84
100 0 1
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i Effect of Acetic acid (HAc): HAc is anorganic acid which is weak but
stronger than carbonic acid. Hedges and Mc VEg$h89] gave a reporthat
reaction at the cathode is increase with the presence of HAc. Surj94j al
also presented a study which shows that HAc effecon the cathodic
reaction. George et .a[91] reported that wdissociated HAc is much
harmful and contribute a lot to the corrosion rate. They also show that the
effect of HAc is particularly harmful at high temperature and low pH.
Theoretically iron acetate is expected to precipitate on the suofatiee
metal, but this does not happen in practices mostly because of the high
solubility of iron acetate. The presence of HAc has been seen to affect the
formation of iron carbonate on the metal surface. Recent study shows that
the prevention of the ironarbonate forming is likely due to a reduction in
the pH of the solution that undermined the formation of iron carbgfate
94].

3.2.MonoEthylene Glycol (MEG) in the oil industry

The search of oil and gas isoving to offshoreand deeper reservoite produe

more products. This extreme environmentourage$dcilitates hydrate formation,

scaling and corrosion of oil and gas facilities/structures and hence requires the
adequate measures. In order to prevent the above, series of measures are applied
such as the use of corrosion inhibitors, scale inhibitors, hydrates inhibitors or
combinationof one or twoof the measures. In this stuMEG which is useds a

hydrateinhibitor in the oil and gas industig considered
3.2.1. An overview of MEG properties and gplications

MEG is ane of the chemicalused asa hydrateinhibitor owing to some of its
properties[95, 96]. The specifigproperties that maklEG a good hydrate inhibitor

will be discusedlater.
The properties inclugg 97):
Chemical formula = OHCH,-CH,-OH

Melting temperature -13.0°C
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Boiling temperature =198°C
Molar mass = 62.07gmol
Densityat 20°C= 1.1135g/cm
Solubility in H;0 = highly soluble.

Vapour Density= 2.14

OH
HN

Figure3-5: Chemical structure of MEG showing two hydroxyl groups at botls.end

In the oil and gas industrynultiphase transportation through carbon steel pipeline
is commonly applyto reduce cost especially from offshore oil s@J&@5]. This has
led to transportation of corrosive iitls and wet gass throughpipeline. The water
from the natural gais not entiely removed due to the cosafetyand difficulties of
doing it at the production sit®esideswaterexistsfrom gas condensan due to

thetemperature dragalong the line.

Experiment and field observations hahe®wn that hydrates can begin to form from
temperature below 20°C depending on the pressure of the gas mostly from 30 bar
and abovg98-10(. The hydratethenselesare stablat a much lower temperature
that can be higher than the freezitgmperature of watefi.e. 0°C).This hydrates

are formed from water and low hydrocarb@@sto C;) or/and CQ, H2S[101-104).

There are three types of hydrates that can easily be formed of which two types are
common in the oil and gas induss. Thefirst of thecommon ones invohsewater
molecules with methane or ethane and the second one involves thgpkrstith
addition of propane and idmutane. This hydrate can form plugs which stop the flow
of fluid and are difficult to remov§105. To avoid this and shutdowaf the flow

line, the usehydrate inhibitors are employed. MethanoMEG and DiEthylene
Glycol (DEG)has been applied for a long time in theastd gas industry to prevent
hydrate formatior{106]. Figure 36 showsa typical hydrate that waermed ona

subsea pipeline
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Figure3-6 : A typical subsea pipeline plug by hydrate formafib@5

Other type of inhibitors like Low Dose Hydrate Inhibitors LDiHat requires lower
dosage isalso considerefl101, 102 107]. Health and safety reason has led to the
less use of methanol because tsf toxic nature. Methanol also cause more salt
precipitation than MEG which can lead to scaling, for this reason MEG is generally
preferred to Methandl2]. MEG is a thermodynamic hydrate inhibitor. Itefoso
because of its solubility/miscibility with water at all ratios and its synergist reduction
effect on the freezing point of MEG/Water mixture. The freezing temperature of
MEG is less than that of water (i-4.3°C for MEG compare to 0°C for wate) ard

when mixed with water the freezing temperature is even lowered. This is why MEG
is used as anfreeze not just in the oil industries but at other industry like the
automobile industry. MEG reduces the formation and stability of hydrate by
occupying thdattice space in water and reducing the freezing temperature. Since it
is highly miscible with water, it displaces other hydrate formiryglrocarbon and
molecules likeCO, and HS. Application of MEG is also favourable because it can
easily be recycled byegenerating at the process plant during produg@@n10g.

This is done by the use of boilers and storage tank at the process plant usually on

shore to heat uphé water/MEG mixture and then itssored and r@umped into the
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system. MEG, though toxic does not evaporate easily so can be worked with less or

no ham to the body unless ingestd].

MEG is normally introduced at the upper end (inlet) of the multiphase natural gas
pipeline at high temperature of 80°C to 90°C. The concentration of MEG at this
point is very high and can be in the region of 80% to 90% mass concentration
referred to as LeaNEG [3]. It is called lean MEG because the amount of water it

contains at this high concentration of 80% and 90% MEG is very small compared to
the MEG. The temperature gradient along the pipeline leads to condensation of

water which can cause corrosion and hydiateation.

Table 35 shows the synergistic effect of MEG as antifreeze in water.

Table3-5: Synergistic effect of MEG as antifreeze in watdEG freezing point vs

concentration in watg©6, 109

MassPercentMEG (%) [Freezing Point (deg’F) [Freezing Point (deg’C)

0 32 0
10 25 -4
20 20 -7
30 5 -15
40 -10 -23
50 -30 -34
60 -55 -48
70 -60 -51
80 -50 -45
90 -20 -29

100 10 -12

Normally the additional condensation also reduces the concentration of MEG to
about 50% MEG mass at the lower end (outlet). Though hydrates are unlikely to
72



form at the upper end (inlet) due to the high temperature, it is necessary to consider

corrosion eféct at the upper end (inlet) since the production sourceeamgerature

of MEG are usually high at that point. High corrosion rate may be obtained at this

point due to the high temperature.

3.2.2. Effect of MEG on Corrosion of Carbon Seel

MEG has aneffect on he corrostn of carbon steel. Generallyarbon steel

corrosion (uniform corrosion) is reduced by MEG abb#g&ent temperature and
pressurg77,87,110112. The effect of MEG in combination of other materials and

condition can be classified below.

1

Concentration: The concentration of MEG@#er affects the corrosion of
carbon steel. High concentration of MEG up to 50% and rlice®0% -
90%) has an effective inhibiting effect on corrosion of carbon steel. The
higher the mass% the more the uniform corrosion will be ext{&S, 87].
Temperature: Temperature condigowith MEG affect the corrosion of
carbon steel. The lower the tempearatthe more corrosion is reducetihe
effectiveness of MEG reducing corrosioas temperature changes netal
be studiedsince most of the test were carried @awvér temperature below
40°C or in the presence of pH stabilizers for higher temperaft&s37,
113.
Pressure (Cg): The partial pressure of G@t ambient conditionféects the
corrosion of mild steel. AtCO, partial pressure of).lbar to lbarthe
corrosion rate of carbon steel is reduced in the presence of MEG. At high
partial pressure of C{he corrosion rate may not redydd (.
Pressure (bB): partial pressure ofJ 3 between 0.1b&h.2bar with MEGand
partial pressure of C{D.1barl.Obar will reduce the corrosion rate and may
also induce pittindocalizedcorrosion at a long period of time. Higher partial
pressure of H2S and CO2 with MEG will cause more pitieglized
corrosion[108 110 114).
pH stabilizers: The use ofpstabilizer in the presence of partial pressure of
CO, (0.1-1bar) reduces theoorosion rate of carbon steeHystabilizers like
MonoEthanolAnine (MEA) andNaOH has been found useful in this aspect
[10€]. But for higher partial pressure BkS and partial pressure of Ge
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mild steel is prone ttocalizedcorrosion and in some case the reduction in
the uniform corrosion experience before might not be any relevant [@Fain
108 110,114, 115.

1 Iron and ron carbonate: MEG generally reduces the solubility of iron
carbonates anthcreasests precipitation Watterud et al[116 were able to
determine the effect of MEG on the solubility of iron carbon@itee went
further to estimate the possible growth rate for icarbonatan the present
of MEG and concluded that increase in temperature increase the growth rate
of iron carbonateTher values are presented in Figur& and Figure 3. At
high pH, the iron carbonate is precipitated and forms as protective cover for
the mild steel[77, 117, 118. The formation of protective iron carbonate at

very low temperatre of 20C may not occur unless the pH of the solution is

increase upo 7.4[86, 10q].

-10 4

-10.5

log Ksp (/{mol/kg sol)z)

0 20 40 60 80 100
Weight % MEG

Figure 3-7 : The solubility product (k) of iron carbonate in the presence of
different MEG concentration and at different temperafii€)
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Figure3-8 : Calculated growth rate for ME@ater mixtureg116

1 pH value: Low pH has a drastic effect on the carbon steel. A higher pH with
MEG reduces uniform corrosion in mild steel. It has been observed that
measured pH in the presence of MEG is about 0.2 higher than in the
presence of only water/brine electrolyte. This shows that MEG increases the
pH of the solvent and electrolyte slighfi15 119.

1 Flow velocity: The flow velocity with MEG in some case can affect the
corrosion of mild steel. Studies show that stagnant flow in the presence of
high partial pressure of ¥ and CQcan actually induckcalizedcorrosion
(pitting). Though more studies is needed to prove[iti§).

1 Inhibitors: Depending on the type of organic inhibitor though, most uniform
corrosion of mild steel are reduce in the presence of inhibitor and MEG. In
high sou condition the MEG may reduce the effect of some inhibitors. More

studies are required in the area of MEG with organic inhibj&#s110.

MEG also hassome effect on corrosion of mild steel blganging thewater
chemistry of solution. Lower brine concentration in the presence of MEG

reduces corrosion. The viscosity of the solvent are generally increased by MEG
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[87]. Experimens havealso shown that the GQliffusivity is reduced in the
presence of MEG. The solubility of G@nd HSis slightly increased and this is
shown in the slight i ncrease in the
Other salts solubility is reduced by MBE Though there is a slight increase in the
solubility of CG, and HS, its effect is annulled by the reduction of the first
dissociation constant of the formed carbonic and sulphide acid. This effect
reduces the amount ofdravailable for the cathodic remn and hence reduces

the corrosion rate of the carbon steel in the presence of MigGres 39 shows
Henr yos c¢OCO;and it MEG il DEG at different concentration
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Figure3-9: H e n rcgnétant for CQand HS vs MEG and (DiEthylen&lycol)

DEG concentration in a solvent at’25and ionic strength =[119]

Figure 310 shows the first dissociation constant for C&hd HS in different
concentration of MEG while Figure-BL shows CQ diffusivity in MEG and the

solution viscosity of MEG and DEG at different concentration.
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Figure 3-10 : First dissociation constarfkg) for COF and HS Vs MEG mol
fraction at 25°C aghionic strength =1 [19]
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Figure 3-11 : COF diffusivity (left) and solution viscosity(right) vs MEG

concentration and DEG concentration at 25°C [52]

The reduction in th€O, diffusivity and the increase in the viscosity of MEG with
increase in MEG concentratigalay a role in reducing the corrosion rate of carbon
steel in MEG solution. More so, the reduction in the first dissociation constgnt (K
for CO, in MEG solution als@educes corrosion bgducing the amount of 'H
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3.2.2.1. Corrosion reactions for COFcorrosion in MEG

The corrosionreactions in the presence of MEG asmnilar to the corrosion
reactiors in the presence of a simple brine solution. The corrosion reaction fpr CO

corrosion in MEG can be describas follows

Fe =Fed + 2ew 3-43
Fe®+ COr2m= FeCG (anodic) 3-44
COF+ HFO = HRCOF (Ky) 3-45
HFCOF =H¢ + HCOF oK 1) 3-46
2HFCOF + 2a0= HF + 2HCGr w(cathodic) 3-47

The reaction in the presence of £l@ads to the formation of iron carbonate at the
anode and the liberation of hydrogen at the cathode.

3.2.3. Improving the corrosion of carbon geel in the presence oMEG

The corrosion rate in the presence of ME@y be more than 1mm/y and in some
case up to 2mm/yThis corrosion ratein the presence of ME@Iloneis mostly
unacceptable in the oil and gas indusay the maximum allowablecorrosin
tolerance oD.1mm/yare often allowed for oil and gas pipelifi0. There is need

to improve thecorrosion

The use of pH stabilization in improving the corrosion rate of multiphase natural gas
carbon steel pipeline in the presemae MEG has been successful under some
conditions. PH stabilization is a method that uses addition of organic or inorganic
base to increase the pH of the multiphase gas pipeline with MEG to pH of 6.5to 7.5
and encourage the formation of protective irorboaate film on the carbon steel
surface[77, 108 110 115 121-123. Possible organic base which has been tmed

pH stabilization method are mercaptobezothiazole salt (MBTNa) and
Methlydiethanolamine (MDEA). Inorganic base of NaOH and NakI€&» also be

used to raise the pH of the gas pipeline to the desirable high pH. Troll gas pipeline
project in the Norwegianil and gas sector has used the NaH@®pH stabilization

base[77]. In most sweet environment the uskthe pH stabilization has been
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successful in reducing corrosion but still may develop problems under certain
condition. High sourenvironment (i.e. k5 and CQ environment)may not find
effective solution from pH stabilization method as this has leddalised attack on

the surface of carbon stefl10 114.

The used of pH stabilizerss mostly seen on the formation of bisulfide and
bicarbonate with thecompounds[11]]. This increases the pH and thereby
encourages the formation of protective iron carbonate and iron sulphideTese
protective films are attached on the surface of the carbon steel and serve as a

diffusion barrier thereby reduces the general corrosion.

The equation below describes the formation of bisulphide and bicarbonate on
addition of pH stabilizers (NaOH, MEAnd MDEA).The NaOH reacts with Cor

HFS to form bicarbonate or bisulphide as follows

COF+HFO + Na OfNaOW +HCG @ 3-48

HFS + Na QNaOM + HiSo 3-49

For the use of MEA or MDEA the reaction also give bicarbonate or bisulphide for

COFor HFS respectively.

COF+HFO + MD E éMDFA HHCGrF @ 3-50

HFS + MD E¢DFA +HiSwm 3-51

This reaction encourages the formation of protective film of iron carbonate and iron
sulphideat low tempeature and partial pressure of lbar Fc&hd less than 0.2bar
HFS[114 115 124.

The pH increases reduce the corrosion rate butckizce of the formation of
uncontrollable iron carbonate scale and other mineral scale in cases where high
formation water are presence may occur. This may also lead to reduces flow
pressure in the presence of iron mineral scdliifg11g. Likewise the condensation

of the water along the pipeline which cause more corrosion will lead to the reduction
of the high MEG concentratedsolution refer to as lean MEG tower MEG
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concentratedolution refer to as rich MEG at the lower end (outlet) of the pipeline.
This rich MEG usually contains dissolve corrosion products and iron concentration
close to saturation. This dissolve corrosion product mainly iron saturatéd wit
respect to carbonate may precipitate at the high temperature reboiler section of MEG
loop system to causes problefi4d. If the dissolve corrosion products on the hand
find their way back into the MEG injection point, this will cause additional mineral

scaling that will reduce the flow assurance in the pipeline.

A typical MEG recyclingsystemis shown in Figure -32. It shows the basic units
requires for a successful MEG application. In some situation reclaimer are used on
the separation facility to remove the excess corrosion product before reclaiming
back the MEG at the reboiler sexti Formation of scaling may become detrimental

in some situation with the use of pH stabilization that often reduces the solubility of
most corrosion product. It may then become necessary to employ additional or
alternative method to reduce corrosionljpjeon and other corrosion related problem

encountered by using pH stabilization methbd3 117, 123.
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The use of organic corrosion inhibitors can help to reduce the corrosion rate of the
carbon steel pipeline with and without pH stabilizatj8@, 117, 123. The use of
corrosion inhibitors should be tested against the conditions where it is to be applied.
Such conditions as in the presence of MEG and at different temmenated then to

be considered if effective improvement in the corrosion rate of carbon steel pipe are
to be obtained. One research has given an idea that the presence of MEG has
reduced the effectiveness of a certain corrosion inhilpit®i]. This may become
significant in case where the reduction is more. It may also be that corrosion
efficiency of inhibitor is affected insignificantly but the formation of localised
corrosion may then occur in the presence of the MEG. This questions need to be
examined and answered inordeseféectively use a corrosion inhibitor in improving

the corrosion rate of carhesteel in the presence of MEG

3.3 Corrosion inhibitors

3.3.1. Type ofinhibitors

Corrosion inhibitors can be defined as any chemical substances or chemical
compound that can be addedninute quantity or concentration (typically part per
million) to a corroding environment with sole purpose of decreasing the corrosion
rate effectively[4]. Other definition has it that inhibitors are chemical substances
/combination of substances when addedhe adequatstate ancconcentration in
the environment, prevent corrosion of the metal without significantly changing the
concentration of any other corrosive agghf, 61]. Inhibitors can conveniently be
classified into three types nam¢#y 125

1. Passivators,

2. Vapour inhibitors and

3. Organic nhibitors

In this study more focus will be directed to the organic inbibitvhich are mostly
applied in the oil and industrnBut first the othertype of inhibitors isdescribed
below together with organic inhibitors.
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Passivators The well-known passivators are inorganic substances tmate an
oxidising power. They g@ssivatos in most cases increase the potential of the metal

to a more stable state. The increase to a more stable state can be in the range of
tentts of volts. Common examples oégsivators are chromates, molybdaiasd

nitrates. The mechanism of inhibition pgssivatoron metals isn their ability to

act as depolarizers on the surface of the metal. The initiate high current density
which normally exceeds the critical current densify.4 for the passivation on the
anodic site$4].

Some other substances whiokduce the corrosion rate but do not increase the
potential of the metal to a more noble state more than a few milli or centivolts are
not classifiel as passivator. Passivatdrave oxidising powerand they are also
readily reducedh the processSubstanes which has only oxidising power and itself

not easy reduces are not acceptablasgivators e.g. CIQ

More sa the concentration of the passivator must reach a minimum critical level in
order to effectively protect the metal by passivation. A cotraéon below the
critical level will make the passivator act as an active site for corrosion rate to

increase at local site e.g. pit Sitg.

The major problem in applying the Passivators is the new law impose by a lot of
state on the environment and heaRlassivator of chromiunvi) has been found to
form cancer on the human body. This has led to the reduction in the application of

this type of passivator in some areas.

Vapour inhibitors : The vapour inhibitors are generally inhibitors with low but
apprecidle vapour pressure which can be release gradually inorder to prevent
corrosion of some sensitive pati2q. It can easily be applied and are used for the
prevention of corrosion at places like the critical machine parts. Itheae a
disadvantage of dis colouring some of the plastics part near the machine part. The
mechanism of vapour has been assumed to be of film forming type on the metal
surface. The film forms a protective cover for water and oxygen which act corrosion

agent

Dicyclohexylammonium nitrile, cyclohexylaminend ethanolamine carbonate are

examples of vapour inhibitor¥he worked by slowly releasing their vapour onto the
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metal part which needed to be protected. The release product saturates the air around

it andmakes it non corrosive.

Organic inhibitors: Organic inhibitors are film forming substance which adsorbed
on the surface of the metal. This type of corrosion inhibitors is mostly applied in the
oil andgasindustry to prevent thaternalcorrosion of carbo steel pipelind127].

The film form on the surface of the metal whishmostly monolayer in thickness
prevents the dissolution of the metal in the soluon also the hydrogen ions
discharge. Some of the organic inhibitors acts on the cathodic process and in general
reduce the corrosion rate while some organic inhibitors act on the anodic process
and effectively reduces the corrosion process. There aresaise inhibitors which

act on both the anodic and cathodic process to reduce the corrosipi?6a130 .
Commercial inhibitors for the oil and gas industries are alveaysplex mixture of
different inhibitors and other additives. Some of the organic structurgtituents of

commercially available inhibitors ashownin Figure3-13

In general most organic inhibitors does not drastically increase the free corrosion
potertial of the metal by more than 0.1Xt31, 132]. Organic inhibitors are made of

two parts the nopolar part (hydrophobipart) and the polar part (hydrophilic part).

The polar part is used to attach to the surface of the metal by adsorption process.
Examples of the polar part include amine and OH group. In some situation the
hydrophobic part of the adsorbed inhibitor witlcatogether with the other free
hydrophobic part in the solution to form micelles. This helps to improve the
efficiency of the inhibitor too. The corrosion efficiency of the corrosion inhibitors
depends a lot on many factors such as the chemisorption, eftisorption of the
organic molecule on the metal surface and the size, shape, orientation and electric
charge on the inhibitor molecul&32, 133.

Some inhibitors function more efficiently at high temperature while soare
function better at low temperature. This is sometimes assumed to be an increase in
the adsorption rate at high temperature or stabilization of the film on the surface of

the metal at the said temperat{#g.
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Figure3-13: Organic structure of some commercially available inhibitors
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Some organic inhibitors for steel are formaldehyde, quinolinethiodidand p-
tolylthiourea, proply sulphide, diamyly amine, oleic imidalzoline, imidatmoli
group, phosphate ester, ethoxylated amines, quaternary amines, amine/amide salts,
propyl sulphide, formaldehyde apethiocresol, pyridines and propiongt34-134.

Most organiccorrosioninhibitor adsorbsto the metallic surface by displacing the
water molecules on the surfald87). For uniform corrosion of metallic surface, the
surface coverage by the adsorbed organic inhibitor is given as the difference
between active conding site and passive sites covered by the inhibitor. In general

the surface coveragin the presence of @rrosion inhibitorcan beexpressed as

[138

— 3-52

Where,—is the surface coverag€® & & ¢ &s'e corrosion rate of the blank and

"N "QEQ® "Qds@i@ corrosion rate in the presence of inhibitor.

The use of adsorption isotherms in the study of adsorption of organic corrosion
inhibitor on the metal surface can help to determine the mechanism of the organic
corrosion inhibitor.Adsorptionisothermsfor organic corrosionnhibitors include
Langmuir sotherm, Terkin isotherm Frumkin isothermand Freundlich sotherm

[4, 137, 139-142].

Langmuir described the relationship between the amounts of piilsoron the
surface of the metal with concentratiarf the inhibitor adsorbate. Langmuir
developed amatrematical relationbetween the concentration of the adsorbed
spetes and the surface coveragéhe equationfor the relationship in corrosion

terms can bevrittento include surface coverage- as[137, 13§

o 6 — 3-53

WhereK,qis the adsorption equilibrium constant, C is the analytical concentiation

the inhibitor, and f is the molecular interaction constant.
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A plotof Log— againstLog Cwill give a straight line graph if thedsorption of
the inhibitor obeys the Langmuir isothefrh32 141].

The Temkinisotherm is described by the equatjaB7]

L 6 Q 3-54

A plot of —against € is used to test for fitting of an inhibitor to Temkins

adsorption isotherm.

The Freundlichsothermequation is given bj132]

R0 —n0 &N 3-55

A plot of Qagainst log gs used to test for ting of an inhibitor toFreundlich

adsorption isothermEFor corrosion purpose the equation iswéten a$137, 13§

v 6- — 3-56

0 6 —0Q 3-57

Adsorption isotherm fits can be wermportant since it will help to derive the
thermodynamics properties of the inhibitor during adsorption. Durnie ¢33,

142 were able to use the Temkin adsorption isotherm to derive thraddgnamics
properties of some commerciakganic corrosioninhibitors. They were able to
derive thechanges inenthalpy of adsorptionnH,g) and other thermodynamic
properties that helped to classify the inhibitors adsorption to the metal reasonably

Other authord§139-141] were also able to use different adsorption isotherms to

86



derive the mechanism and thermodynamics properties of sogamic corrosion

inhibitors.

The physical or electrostatic adsorpti@ire. physisorption)processinvolves the
inhibitor electrostat force acting on the metal surface to adhere to the metal. The
ions or dipoles of the inhibitors are attracted to the charge on the surface of the
metal. The surfaceharge on the metal surface defined by its open circuit
potentialwith respect tats potential of zero charge PZThe PZC is equal to zero
because the net charge on the surface is zero. When the potential is negative, the
electrode is negatively charge while a positive charge on the electrode means that
the potential is positive to ¢hPZC.This force is generally weak and has a layer of
watermoleculeseparating it from direct contact with the mdtaf]. The formation

of electrostatic form of adsorption is very fast because the activation gfgyéyr

the process is low. Phigorption adsorption process will occur witlitle
dependence on temperatumereaseunlike the chemisorption process that depends
heavily on temperature increas&/hen the enthalpy of adsorptiofhHag is
determined to be negative, this often intkcaxothermic reaction that is common

for physisorption mechanisii4?.

For a more effective inhibition by organic corrosion inhibitors, a more reliable and
stronger force is required between the metal and the inhibitor. The chemisorption
process is moreeliable and effective mode of adsorptid2 143. The process
requires high activation energy and as such does not occur easily and fast like the
electrostatic adsorption. In chemisorption process there is an actual interaction
between the inhibitor motelles and the surface of the electrode or metal. Some
literature has it that there is an actual coordinated bond type where electron are
transfer to the metal by inhibitor while some few like BocK&9, 31] does not
agreedhat there exist a chemical bond between the metal and inhiMiboe. recent
studies by De Marc®., et al [13§ has shown that persistence of most inhibitors

are dugo chemisorption.

The chemisorption is temperature dependent and can occur more in higher
temperature than lower temperature. This is because the activation energy is very
high. In most case, the chemisorption process is specific to a particular metal and

might not occur fo other metal[127]. The nature of the inhibitor affects the
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formation of chemisorption. The presence of unshared lone pair of electron on the
donor atom oftie inhibitor also facilitates the transfarelectron. It has been shown

t hat the availability of ’ el ectrons al
Hackerman et a[144] also showed how the existenceunfsharedoair electron of

its nitrogen in the test with polymethyleneimines on the corrosion of iroa in
hydrochloric acid solution improved the efficiency of the chemivéhng et al

[149 work with imidazolinederivativesalso showed that the existence oNEC

bond is due to the existence dafyptehef  beol

The organic inhibitors used for the prevention of corrosion always have a reactive
functional group which makes tlehemisorptio. The strength of the bond depends
mostly on the polarizability of the functional group and also on the electron density.
The efficiency of the organic inhibitors are based on the functional group
accordingly a$4, 132.

Se>S > N>0.

The sequence is based on the poé&bility and electronegativity of the elements.
The only problem for S (sulphide) is that it might also introduce other problem to
the metal through hydgen that causes hydrogen entlaihent and hydrogen

induce cracking4].

Molecular structure also plays arpin the adsorption on the metal surface. It has
been found that the corrosion inhibition of the cyclic amines is raffeetive than
that of their counterpart aliphatic amines. This is due to more electrons available for
the electron transfer since tlogclic amine structure has more lone pair electron
available for the chemisorptioAramaki and Hackermai46q presented their work
on the effect of molecular size on inhibition of dimetlmpethylene ammonium
chloride which showed that high molecular weight of the same chemical improves
the effectiveness of the inhibito©ther process that can influence the adsorption
process is the introduction of electron donating substituents on aromatic amines and
nitriles which helps to increase the efficiency. Molecular weight area and
configuration also affects the adsorption ohibitors. Mostly an increase in the
molecular chain and molecular weight increase the adsorption on the metal except
for case where steric effect can reduces the inhibition as seen in the inhibition of
iron in sulphuricacid wherethe tbutyl derivatives gve a poor result. Other case
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where vander Waals forces are involve within the adsorption process can also

increase the efficiency of the inhibitie.
3.3.2. Stability and behaviour of organic nhibitors

The stability of organic inhibitor can be very important atedtminng the efficiency

of the inhibitor. In an acidic solution, the addition of an inhibitor can give rise to
another product if the inhibitor is unstable. In some situation, the new product from
the unstable inhibitor will then either improve the intidn efficiency or may
reduce it[4]. The inhibition which occurs due to the initial addition of the inhibitor

is known as the primary inhibition while that which occurs because of the reaction
from the unstable inhibitor is known as the secondary inhibifitwe. nature of the
product from the unstable inhibitor will determine the efficiency of the inhibitor. In
the use of thiourea for inhibition of iron, bisulfide is usually produces from the
unstable reaction and this will give rise to more corrosion sireditulfide is an
active agent in sour corrosion process. A beneficial effect of unstable reaction of the
inhibitor is seen in the use of dibenzoyl sulfoxide which gives a more stable and
efficient sulfide inhibitor as the secondary prod#jt Other effect isseen in the
polymerization effect as seen with acetylene compounds. The polymer film form

helps in preventing corrosion on the metal surface.

In acid environment, the inhibitor can either work through the reduction of metal
activity, changing of the ela@t double layer, acting as a barrier to the
electrochemical active species or by joining as a partial electrode reaction. The
inhibitor might not cover the whole metal surface but can be seen at active anodic
site where it reduces the anodic react|dd]. In some case the inhibitor when
absorbed on the surface of the metal can change the reaction mechanism and
increase the anodic Tafel slope .On the other hand the corrosion inhibitor can
increase theover potentialof hydrogen ion discharge at tleathodic site thereby
reducingthe corrosion rate.

3.3.3. Corrosion inhibitors in oil and gas industry

Control oflong carbon steepipeline corrosion in the oil and gas industig/ very
necessary due to the aggressive and corrosive nature of the oil and gas production

environment The use of organic corrosion inhibitors is common in the industry to
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prevent and reduce corrosion rate to the minimal because of the ease andtylexibili

of their applicatior{82].

Some oil and gas pipeline are protected from corrosion using complex organic
inhibitor which may be harmful to the environment and the operaResent
developments and legislation requires many oil and gas operators to use green
inhibitors  Noni green inhibitors are toxic, ndnodegradable and nen
bioaccumulatio{147-149. These conditions pose a lot of problem to life and the
environment if there is improper disposal of the 1goeen inhibitors. Waste and
leakage of these chemicals may cause devastating problems to the environment.
With more restriction on negreen inhbitor use, there is also an additional task to
produce green inhibitors which will be effective at this high temperature. Green
inhibitors are mostly notoxic, bioaccumulatiorand biodegradable but the use is
limited when it comes to high temperature a&mdion. In the UK, guidelines from

Paris commission (PARCOM) are followed to protect therth Seamarine
environment. Other countries like Norway (OSPARCOM), and the USA also have
their own guideline$6].A typical acceptance criteria for the tlosea is described

in Table 36.

Table3-6 : Acceptance criteria for inhibitors for North Sea application. wherg EC
is the effective concentration of chemical required to adversely affect 50% of the
species and L& is the concentration of chemical required to kill 50% of the species

and Log(Po/w) is the log of the octanol/water partition coeffidieht

Toxicity ECsp and LGo> 10mg/L to North Sea specis

Biodegradability| Greater than 60% in 28 days

Bioaccumulation Log(Po/w) is less than 3

Most organic corrosion inhibitoin the oil and gas industry camdergo either
anodic or cathodic or mixed reaction in order to protect the steel syd&te
Riggs L.0O.[137 described this type of inhibitors and gave a list of possible organic
inhibitor compounds. For oil and gas industry applicatiaiditeon formulating
agentgadditivesare added tthe organidnhibitor to makeit work effectivdy. Such
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additives like surfactants, solvents, hydrate inhibitor and denerlsifay be added

to the main organic inhibitor to improve its efficiengds1, 152. Theseorganic
corrosion inhibitors are mostly film forming inhibitors. They work by forming a thin
film on the surface of the carbon steel which helps to form a barrier between the
metal and the corrosiospecies Most of the organic corrosion inhibitors are igas

to have structures like those of surfactant molecule. They organic inhibitors are
made of two parts, the hydrophilic (polar end) and the hydrophobic-poian
end]153. The polarend of the inhibitor isalways attached to the surface of the
carbon steel forming a bond between them. The other end which is the hydrophobic
end tends to be attracted to the oil and this helps to form an oil barrier on the
surface. Thisonditionmakes an inhibitor to form aogd and effetive film against
corrosion. A descrption of the process oforganic corrosioninhibitor and its

adsorption tdhe surfacef thecarbon steel is shown in Figurel3

d__dunsd_addy < <

Inhibitor film formed at cathodic site Inhibitor film formed at anodic site of

of the metal surface the metal surface

Figure 3-14 : Corrosion nhibitor preventing attack by formation attaching to the
metal cathodic or anodic site to form a barrier on the metal s{8face

There are manyiewson the mechanism of organic corrosion used in the oil and gas
industry. A simple view describeghe inhibition process as a tailored process of
precipitation of the inhibitor on to the carbon steel surface from the water and
hydrocarbons environment. &hprocess normally ¢k to the adsorptionof the
inhibitor onto the surface charge of the metaitinqueougnvironment. The process

of adsorptionis said to be fast and reversible and normally lead to the reduction of
the caocentration of the inhibitor.

Mansfield et al [154 suggested that there is a strong interaction between the

inhibitor and the metal corroding surface. This makes the thinfGhmed by the
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inhibitor to persist on the surface of the metal andoiyec more resiance to

electron and ions flow

On the other hand Akb&t55 in his work obsered that some organic inhibitor may
not be able to form protective film e presence of iron carbonate scale at some
stated condition. Thoughwasobserved that these inhibitors may be able to protect
the carbon steel in the presence iafn carbonate in a jet impingement test

condition.

HoweverWong et al[156-158 studiedthe effect diron ions and iron carbonate on
the functions of some inhibitors. They were able to show that some inhibitors like
the quaternary ammonium chloride performed very well in the presdnzeno
carbonate while imidazolinand phosphate ester type of inkdbimay prevent the
formation of iron carbonate scaded do nohave any synergy effect with the iron

carbonate scale.
3.3.4. Application of corrosion inhibitors in oil and gas industry

The application of corrosion in oil and gas industry is also necelssaring in mind
the different type of inhibitorscost and environmental conditions that exist within
the system. Thredype of application method are normally employed in the
application ofinhibitor in oil and gas system. They three dratch application
method Squeeze application methadd Continuouspplicationmethod[6]. Table

3-7 shows the application method for different types of corrosion inhibitors.

The method to be used is determined by the type of inhibitor used. Persistence and

high performance may be the major reason for the use of a choice method.

Batch application method are often used for organic corrosion inhibitor that are very
persistence and can withstand being detached from the surface of the steel for a very
long period[12§. This means that the corrosion inhibitor will be able to protect the

surface of the steel from corrosion until another batch of inhibitor is introduced.

The squeeze application methodsisnilar to the batch method. It involves the

squeezing of the inhibitor in a carrier fluid into the formation. Normally the well is

shut down for at least 24 hours to enable the inhibitor flow into the formation.

During operation the inhibitor will graduglcome out from the formation water

along with the oil. This process can be perform between 2 week and 6 months period
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[6]. In Continuous application method, the inhibitor is continuously applied at a

measured concentration to maintain the integrity of the pipeline.

Table3-7: Types of orrosion nhibitors for various application$]

Application Mode of Inhibitor | Typical type of Corrosion
Application Inhibitor
Oil wells Continuous inhibition Oil solublewater dispersible

(capillary injection) Water solubleoil dispersible(if

water content is high)
Continuous  (througl Oil soluble
annular space) Water solubleoil dispersible(if
water content is high)

Squeeze Oil dispersiblewater dispersible

Batch Oil solublewater dispersible

Oil wells(lifted by | Continuous injectior] Oil solublewaterdispersible

gas) (capillary injection)

Gas wells and ga Batch Oil solublewater dispersible

condensate wells Continuous Oil  solublewater dispersible

Water solubleoil dispersible

Gas pipeline Batch Oil soluble

Oil pipeline Batch Oil soluble

Multiphase Continuous Watersolubleoil dispersible
Refinery Continuous

In practices most corrosion inhibition programme involve the use of batch method in
large amount of inhibitor concentration with a short period of time. This will allow
the inhibitor film to adsorb effectivglof the metal surface. After the said period, the

use of medium concentration of inhibitor is applied continuously to ensure the
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integrity of the film on the metal surface. Further continuous application of the
inhibitor will then be apply to maintain thiategrity of the inhibitor film on the

metal surfacg6].

3.4.Summary of literature review

In this literature review chapter, several aspects of Gfdrosionwere reviewed.
The first section dealt with

1 Carbon dioxide and how it contributes to the corrosion of carbonisteé|
and gas indstry. It also reviews the anodic and cathodic reactions of CO
corrosion of carbon steel. The rate determining factor for the dd@osion
was also discussed.

1 Further review was also made on the,@0rrosion models which include
the mechanistic modelemiempirical models and the empirical modeDe
Waard semempirical model using nomogram was also reviewed. Some of
the models were discussed and possible advantages and disadvantages in
applying any of the model was highlighted

1 Factors that affect COcorrosion were reported. These factors include
solution chemistry, effect of pH, effect of temperature, effect of corrosion
product of iron carbonatend otherspH of 6 and above was revealed to
reduce the solubility of iron carbonate and encouragespetion of iron
carbonatelt was reported that the formation of protective iron carbonate

occurs at high pH and high temperature and helps to reduce corrosion rate.

The second section reviewtte following
1 The properties of MEG and hathis influenceghe use of MEG as a hydrate
inhibitor. The application of MEG as a hydrate inhibitor in a MEG
containing system was also reported.
1 The effect of MEG on corrosion of carbon steel was also reviewed. There
was hardly a comprehensive study of the effect &G@Wwithout addition of

pH stabilization at high temperature. Nonetheless the effect of MEG on
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corrosion of carbon steel based on de Waard model was review and this
showed that the correction factor was based on low temperature te¥t at 40

1 The completemechanismof MEG in reducing corrosion is not fully
understood. However it was revedlthat higher concentrations of MEG
have more positive effect on reducing corrosion.

1 pH stabilizationn MEG-containing systemseduces corrosion rate of carbon
steel. Hbwever formation of undesirable scale like calcium carbonates may
make it unsuitable for the prevention of corrosion

9 Organic corrosion inhibitors can be applied to a M&&taining system as
an alternative to pH stabilization as long as there is no wegatieraction
with the olil field chemicals. This area needs to be further researched.

The finalsection of this chapter 3 dealt with the review on inhibitors as follows

1 There are different types of inhibitors of which organic corrosion inhibitors
are onetype applied in the oil and gas industry. The organic corrosion
inhibitors are film forming inhibitors and usually adsorbed on the surface of
the metal through physical or chemical process.

1 Determination of the adsorption properties of organic corrosibibitors
can be used to determine the mechanism of adsorption of most corrosion
inhibitor.

1 The interaction of organic corrosion inhibitors with iron carbonate was also
discussed with some inhibitors having a complementary effect with iron
carbonate scale hile others have little or negative effect on iron carbonate
scale.

1 Lastly the application of corrosion inhibitors in the oil and gas industry was
reviewed. Three application methods were revealed and suitable inhibitors
for each method was also highligtite
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Chapter 4. EXPERIMENTAL S ET-UP

The tess for all the experiments carried itis studycan be grouped intthe

following major groujngsnamely

T

1
1
il

Corrosion testin the presence of MEG only

Corrosion testin the presence ohhibitor alone

Corrosion testin the presence dlEG and nhibitor

Precorrosion test of the carbon steel in thexcess of Fé from iron (ii)
chloride tetrahydrate(supersaturated conditions)

Corrosion test for precorroded sampgan the presence of MEG

Corrosion test for precorrodel sampls in the presence of MEG and
inhibitor

Post and prsurface analysis procedgreising SEM, EDX,FTIR and
Profilometer

Two types of electrochemical techniques that were applied in the corrosion test for

the samples are

1.

DC measurements include potentiostatic measurements and
potentiodynamic measurement of linear polarization resistance (LPR)
method and Tafel plot method.

AC measurement;include EIS test and plots.

The electrochemical testvere conducted using reference electrode (RE)ade of
Ag/AgCI Electrode £0.197V vs SHE) while the counter electrode was made of

platinum with cylindrical surface. Both the reference electrode and the counter

electrode were aobined together as ona typical set up for the test conducted in

this wok is shown in Figure4
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Figure4-1: A typical set up for the test conducted in this work i, @avironment

4.1 Test material

4.1.1. Testsamples

The test samples were made of X65 carbon steel typically used matinal gas
pipeline. The samples were cut to 1cm by 1cm by 0.4cm. The samples were the
embedded into a plastic resin with a conducting coated wire attached to one side of
the covered stace. The general composition of the X65 carbon steel used for the
entire test is given in the Table 4.1

The test surface measuring Tcmas left bare and serve as the corrosion test
surface. The samples were ground with 240, 600 and 800 SiC grit papfanadiyd
finished with a 1200 grit SiC paper. The samples were cleaned with acetone to
remove any dirt on the surface and later rinsed with distilled water. The samples

were dried with pressurized air to eliminate any trace of water that can lead to the
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carrosion of the surface before the test in the vessel. The samples were always
prepared just before using them for the test. In some situation the samples were
polished and kept in a desiccator until the test time. In this case the samples were
also repolished again using the final finishing grade of paper (i.e.1200 grit paper).

This is to make sure that all corrosion on the surface occur due to the test in the test

solution and not from outside the test.

Table4-1: Chemical Composition of carbotesl X& in percentage. The balance is

made p of Fe

C 0.12
Si 0.19

P 0.01
Cr 0.12
Mn 1.35
Mo 0.17
Ni 0.06

S 0.0014
Cu 0.05
Sn 0.05
Al 0.05

B 0.0005
Nb 0.033
Ti 0.0003
V 0.059
@) 0.0006
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4.1.2. Posttestsample preparation

In this study most of the experimesiperformed using the tesample wadater
prepared for surface analysis. Some of them redspecial preparation. For the
generalsamples used for surfaces analydie samples were rinse withstlled
water, dry and kept in a desiccator. For SEM test, most of thelesmere removed
from the plastiaesinand part of it was coated with graphite unto the SEM sample
holder. This igo allow for more conductivity of the sample and also to allowyna

of the samples to fit into the SEM at once. t)m& special requirement where the
plasticis left with sample, the surface of the sample was coated with carbon in

special coating machine.

Samples from the preorrosion test which were used for the povheter were all
prepare by cleaning the surface withlatke solution. This was done to get the
actual carbon steel surface. Most of the samples were also remove frptastie

resin before testing them on the profilometer.
4.1.3. Testedchemicals

In this stidy Monoethylene glycol (MG) of 99%purity or morewas usd for all
the experimerstinvolving MEG.

Two types of organic corrosion inhibrs were employed in this studyfhe
inhibitors are commercially available complex mixtudme of the inhibitoused is

a nongreen inhibitor while the other inhibitor used was a newly fdated geen
inhibitor. Thegreen inhibitolis based on aminoxgthylester with addition of other
additives which are generally available in most corrosion inhibitor. nbmegreen
inhibitor is based orbenzyl alkyl pyridinyl quaternary ammonium chloriddhe
nortgreen inhibitor also contairesdditives to improve their performancehe non
green inhibitor is denoted as inhibitérwhile the green inhibitor is denoted as

inhibitor 2 throughout this study
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4.2 Composition of test solution

4.2.1. Blank solution

The blanksolution was made up of 1@j NaCl solution in litre of distilled water

(i.,e. 1% NaCl). This is to simulate a simple condensate solution from a gas
condensate system witho formation water in it. In most condensate system, the
amount of NaCl content may be less than 1% N&dQl. The blank solutions used

were freshly prepared frodistilled water and AR grade of NaCl.

In the experiment with blank solution, the entire test wasechout atatmospleric
pressure. Before the test svatarted, the blank solution was bubble vii®, for a
minimum of 6 hours to remove all the oxygen in the blank solution with other
gaseous impurities such as nitrogen. At the sfatieexperiment, the solution wa
attached to a supply of G&om a gas cylinder. This wased topurgeCO, throuch

to the blank solution at a slow rate during the experiment to keep the test vessel
saturated with C@ After saturation of the blank solution with G@he fH of the
solution was3.94.0 for low temperature of 20°C and pH of 4.2 for high
temperatureof 80°C. The low pH is due to the high solubility of €@ the blank
solution with oy NaCl. The blank solution wasostly usedor controltestinorder

to understanthe effect ofother testchemicals

4.2.2. MEG solution

The test solutn for the experiment th MEG was prepared using part of the blank
solution and the required amount of MEG foly@iven concentrationThe required
amount of MEG solution was méxl with blank solution which hgareviously been
saturated with C® For thel litre test vessel,.B litres of MEG was mixed with 0.5
litres of blank solutiorto make 50% MEGolution The resultant solution was then
purgedagain for 2 hours to remowany trace ofoxygen. For the 80/MEG, 0.8
litres of MEG was mixed with 0.2 litres of blank solution. Thsultantsolution was
againpurgedfor 2 hours to remove the oxygen in the solution. The pH atténea$
the test for 50% MEG solutionas 4.2at 20C while for higher temperature 0D3C
the pHwas 4.4. For the 80% MEG solution the pH for the solution at the start of the
test was 8 at20°C whilefor higher temperature of 809€Cwas 4.6.
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The soution for other concentratioof the MEG solution was also prepared with the
blank soluton according tohte required percentage. F9% MEG solution in 1
litre, 0.4 litre of MEG was mixed with 0.6 litre of blank solution. For the 30% MEG
solution in 1 litre, 0.3 litre of MEG was mixed with 0.7 litre of tasolution. For
the 20% MEGsolution in 1 litre, 0.2 litre of MEG was mixed with 0.8 litre of blank
solutionand so on. The solutions were all purgedtinuously with C@before and

during the test to remove the oxygen and satdtate solution with CQ
4.2.3. Inhibitor solution

The nhibitorsused here are commerciahibitors as described earlier in the tested
chemical sectionThe amount of inhibitor used waseasured out using thmicro-
pipette with high accuracy of 0.lpmand then introduce in to the solution
immediately the carbon steedraple was inserted in the solution. Different amount
of the inhibitor wee used ranging from 10ppBOpppm and 100ppm. The required
amount dependsn the type of test carried out. For the solution with blank and
inhibitor only, the inhibitor was introducachmediately after the carbon steelsva

inserted inside the solution without prerrosion.
4.2.4. Pre-corrosion solution

The formation of iron carbonate on the surface of the carbon steeparésmed
using precorrosion solution. The preorrosion solution was made up of blank
solution asdescribed previouslyThe solution wa then adjusted for prorrosion
by introducing iron in the form of iron (ii) chloride tetra hydréffeCbL.4H,0). 0.8
grams of FeCh.4H,O was used for 0.9 lite of blank soltion. This gave
approximately250ppm of iron irthe solution. The solution pH walso adjusted to
required pH of 6.87 by introducing 3 grams of sodium bicarbonate (NaH)C®his
solution make uphe precorroded solution which vgaused for the formationf
protective iron carbonatecaleon the surface of the carbon stddultiScale (7.1)
was used to predict possible precipitation of Fe®@se on the supsaturation

ratio calculations
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4.3.Testprocedure for the electrochemical est

The test procedurfor the electrochemical test performed in this study is described
below. Most of the test has the same procedure with few variations in the
electrochemical technique used or the test solutisih. electrochemical test
conducted here were repeated at |¢astetimes and thenean of the results were
taken. Error bars were used to show diféerence of other results from the mean

result.
4.3.1. Test procedure for MEG

These tests were conducted in a litre glass culture vessel with lid made of acetal
plastic. Thevessel wagquipped with C@inlet supply and the lid had a position for

the electrodes, pH meter and temperature probe. The vessel was placed on a heating
device and stirred consistently at a speed of 250 rpm using a magnetic stirrer. The
experiment involes the use of multichannel electrochemical equipment capable of
performing both DC corrosion test and AC impedance test was used for the
corrosion measurement. This multichannel electrochemical equipment allows for
three experiments to be performed at $hene. This made it easier to do repetitive
test on each experiment conducted .The test utilized a combined reference electrode
and counter electrode which was made of Ag/AgCI as the reference electrode and
cylindrical platinum as the counter electrode. T cylinder was connected to the

test vessel for a continuous supply of 4@ saturate the vessel and keep the whole
vessel at atmospheric pressure. A pressure gauge and \edattached to the CO

supply system and used to monitor and control thespre during the test. The

entire pressure of the vessel was regulated at atmospheric pressure.

At the start of the test, the carbon steel sample of Ieas inserted into the test
vessel containing the test solution (i.e. MEG solution) for the MEG teseakFor

the 50% MEG test, the samples were inserted in a 50% MEG solution while for the
80% MEG solution, the samples were insertec&mB80% MEG solutio. For all

other concentratiorof MEG, the carbon steel sample was inserted in ridlet
solutionfor the test. The pH of the solution was taken and the open circuit potential
(OCP) recorded too. The corrosion rate was measured using the Linear Polarization

Resistance (LPR) technique. A slow scan rate of 0.167mV/s was used to scan from
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0.02V to OCP andhiento 0.02V for the linear polarization to give adequate time for
measurement to slow changes during scanning. In order to measure the corrosion
resistance and solution resistance, the AC impeglava also used. The AC
impedance used frequencies randmogn 10kHz to 0.1 Hz withRMS amplitude of

10 mV. At the end of each test, the AC med@ance value vgaused taderive the
solution resistance which is used to compensate for the resistance from the linear
polarisation method. This was performedonder toget the actual resistance since

the MEG solution has low conductivity and will give erroneous high value for the
resistance and hence a lower corrosion rate to the actual corrosion rate. After the
test, the samples were removed carefully andedton a @siccator for further
surface analysis. Aypical equivalent circuit (ECjor fitting the AC impedance
measurerant datas represented in Figure 4.2

I ICedl
R. | |

~\/:

Figure 4-2. Equivalent Circuit EC) Used in Representinthe AC impedance
measuremendata for bank, 50% MEGand 80%MEG

ct

The Cgq is the capatance due to the double layés is the solution resistance, and

Rctis the resistance due to charge transfer.

Usingthe equation

Where R, is the polarization resistance measured by the linear polarization
techniques, the actual resistance due to charge transfer (i.e. corrosion of the carbon
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stee) can then be derivegindused in the calculation of the corrosion rate from the
LPR result.

Table 42 shows the summary of test condition for the MEG test.

Table 4-2 : Summary of the experimental conditions of the electrochaltiest

performed in the presence dEG

Experiment | MEG (%) [T e mp ( | pH Flow Time (hrs)

MEG Test 50 20 4.2 Consistent 4
Stirring

MEG Test 50 80 4.4 Consistent 4
stirring

MEG Test 80 20 4.3 Consistent 4
Stirring

MEG Test 80 80 4.6 Consistent 4
Stirring

4.3.2. Testprocedure for organic corrosion inhibitor s

These tests were conducted iditie glass culture vessel with lid made of acetal
plastc as was used for the MEG tefhe vessel wsalso equipped with CQOnlet

supply and the lid ltha position fothe electrodegpH meter and temperature probe.

The vessel was placed on a heating device and stirred consistently at a speed of 250
rpm using a magnetic stimeThe testinvolves theuse of multichanngbotentiostat
capable of performing both D€lectrochemical measurememsd AC impedance
measurement. This multichanngbtentiostatallows for three experiments to be
performed at the sam@gme. This made it easier to do repetitivestteon each

experiment conducted

At the start of the test, thearbon steel sample of 1émvas inserted into the test
vessel containing the test solution usually the blank solution. The required
concentration ofinhibitor was measured using a micpipette The measured

guantity of inhibitor wa then inserted into ¢hblank solution with the carbon steel
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samplethrough an opening on the lidhe pH of the solution was taken and the
open circuit potential (OCP) recorded too. The corrosion rate was measured using
the Linear Polarization Resistance (LPR) technique. % slcan rate of 0.167mV/s

was also used to scan from0.02V to OCP and theto 0.02V for the linear
polarization to give adequate time for measurement to slow changes during
scanning. In order to measure the corrosion resistance and salesistance, the

AC impedance waalso used. The AC impedanceed frequencies ranging from 10
kHz to 0.01 Hz witPRMS amplitude of 10 mV. The AC impedance was also used
to determine the resistance due to the formation of film on the surface of the carbon
steel by the ihibitor. At the end of some of the test, the Tafel constant were derived
for the two differentconcentrations of botlnhibitors used. This was done by
scaming from 0 t0-0.25V to get the cathodic slope while a scan of 0 to 0.25V was
used to gethe anoit slope separatehAfter the test, the samples were removed
carefully and stored in a desiccator for surface analysis. A typical equivalent circuit
(EC) of the measurement by the AC impedance measuremeritefontiibitor is
represented in Figure -3 Summary of the experimental conditions of the
electrochemical test performed in the presence of corrosion inhibit®rshown in
Table 43

Table 4-3: Summary of the experimental conditions of tekectrochemical test
performed in the presence of corrosion inhibitors

Experiment NacCl Temp pH Flow Time

(%) (eC) (hrs)

Inhibitor 1 test (10,50 & 1 20 4.0 | Consistent 4
100ppm) stirring

Inhibitor 1 test (10,50 & 1 80 4.2 Consistent 4
100ppm) Stirring

Inhibitor 2 test (10,50 & 1 20 4.0 | Consistent 4
100ppm) stirring

Inhibitor 2 test 1 80 4.2 Consistent 4
(10,5100ppm) Stirring
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Figure 4-3 : Equivalent circuit (EC) used in representing the AC impedance
measurement. Here the GlREand CPE, representsConstant phase element due
to the inhibitor film and corrosion, RRsim and R representssolution resistance,
resistance due to film and corrosion resistance respectively.

4.3.3. Testprocedure for MEG and organic corrosion inhibitor

These tests wer@soconducted in a litre glass culture vessel with lid made of acetal
plastic. Thevessel wagquipped with CQinlet supply and the lid fiba position for
the electrodespH meter and temperature prob&eTvessel was placed on a heating

device and stirred consistently at a speed of 250 rpm using a magnetic stirrer.

At the start of the test, the carbon steel sample of Ieas inserted into the test
vessel containing the test sbduin of MEG. The requiredoncentratiorof inhibitor

was measured using a nocpipette. The measured concentratodrinhibitor was

then insertedmmediatelyinto the MEG solution with the carbon steel sample. The

pH of the solution was taken and the open circuit potential (OCP) recorded too. The
corrosion rate was measured using the Linear Polarization Resistance (LPR)
technique. A slow scan rate of 0.167mMas used to scan frord.02V to OCP and
thento 0.02V for the linear polarization to give adequate time for measurement to
slow changes during scanning. In order to measure the corrosion resistance and
solution resistance, the AC impedaneses also usedThe AC impedance esl
frequencies ranging from 1(Hg to 0.01 Hz with RMSmplitude of 10 mV. The

AC impedance was also used to determine the resistance due to the formation of
film on the surface of the carbon steel by the inhibitor for some selectedftes

the test, the samples were removed carefully and stored in a desiccator for surface

analysis.Table 44 gives a summary of the test conditions.
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Table 4-4 : Summary of the experimental conditions thie electrochemical test

performed irthe presence of MEG and organic corrosion inhibitors

Experiment MEG Temp pH Flow Time

(%) (eC) (hrs)

MEG & inhibitor 1 test 50 20 4.2 | Consistent 4
(10,50&100 ppm) Stirring

MEG & inhibitor 1 80 80 4.4 | Consistent 4
test(10,50&10Qpm) stirring

MEG & inhibitor 2 test (10, 50 80 4.3 | Consistent 4
50 and 100 ppm) Stirring

MEG & inhibitor 2 test (10,50 80 80 4.6 | Consistent 4
and 100 ppm) stirring

4.3.4. Test procedurefor pre-corrosion test

These tests wereonducted in a litre glass culture vessel with lid made of acetal
plastic as previously described’he solution was daerated as usuand heated

required temperature of 8D.

At the start of the test, the carbon steel sample of Ieas inserted into theest
vessel containing.9 litre ofthe blank solution in the 1 litre test vesselgrams of
NaHCGQ; was added to the blank solution to raise the pH to near neutral point. 0.8
grams of FeGl4H,O was added to the solution to increase the amount of aos i

in the solutionto 250ppm.The pH of the solution was taken and the open circuit
potential (OCP) recorded too. The corrosion rate was measured using the Linear
Polarization Resistance (LPR) technique. A slow scan rate of 0.167mV/s was used
to scan from0.02V to OCP and theto 0.02V for the linear polarization to give
adequate time for measurement to slow changes during scanning. Theasest
performed for short time of 4 hours and lentime of 24hrs to determine the rate of
growth of the iron carbate. After the test, the samples were removed carefntly

cleaned first with ethanol to avoid oxygen reacting with the tested samples surface.
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They were thenstored in a desiccator for surface analyJiable 45 gives a

summary of the test conditions.

Table 4-5 : Summary of the experimental conditions of the electrochemical test
performed for precorrosion of the carbon steel

Experiment NaCl (%) | Temp( e ¢ pH Flow Time (hrs)
Precorrosion Tes| 1 80 6.8 7| Consistent 4,24
stirring

4.3.5. Test procedure for gre-corrosion test and MEG

These tests were conducted in a litre glass culture vessel with lid made of acetal

plasticas previouslyescribedThe solution wasontinuously purged with CO

At the start othe test4hrs or 24hrpre-corroded carbn steel wa transfered to the
vessel containing the required concentration of MEG solufityis precorroded
sampleserval as the test sample in the MEG solution. Pphtof the MEG solution
wasnever raisd as duing the precorrosion and the wasno addition ofiron from
FeCb.4H,0O. This allows the test to be done at the prevailing low pH. The pH of the
solution was taken and the open circuit potential (OCP) recorded too. The corrosion
rate was measured usingettinear Polarization Resistance (LPR) techniqse
previously describedAt the end ofsometest, the AC impedanaeeasurement was
performed andhe solution resistanogas derived andised to compensate for the
resistance from the linear polarisation hwoat. This was performed inorder to get the
actual resistance since the MEG solution has low conductivity and will give
erroneous high value for the resistance and hence a lower corrosicomgareto

the actual corrosion rate. After the test, the sasplere removed carefully and

stored in a desiccator for surface analysis.

Table 46 gives a summary of the test conditions.
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4.3.6. Test procedure for pre-corrosion test, MEG andorganic corrosion
inhibitor
The testprocedure for pe-corrosiontest, MEG andrganc corrosion nhibitor was

similar to test procedure forgscorrosiontest and MEG.

Table 4-6 : Summary of the experimental conditions of the electrochemical test
performed on preorroded samples in the presenc®&G only

Experiment MEG (%) | Temp( e C| pH Flow Time (hrs)
4hrs Pre 50 20 4.2 Consistent 4
corrosion & Stirring
MEG Test
4hrsPre 50 80 4.4 Consistent 4
corrosion & Stirring
MEG Test
4hrs Pre 80 20 4.3 Consistent 4
corrosion & Stirring
MEG Test
4hrs Pre 80 80 4.6 Consistent 4
corrosion & Stirring
MEG Test
24hrs Pre 50 80 4.4 Consistent 4
corrosion & stirring
MEG Test
24hrsPre 80 80 4.6 Consistent 4
corrosion & Stirring
MEG Test

The difference is the addition of the inhibitors an&®at the same time after 4hrs
or 24hrs precorrodedcarbon steesamples was added. The required concentration

of the inhibitor were introduce using micro pipette in a solution containing the
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require concentration of MEGand the precorroded carbon steekample
Electrochemical test were performed on the samples for 4 hours period as described
for the test of preorrosion and MEG only. At the end of the tabe samplavas

removedcarefully and stored in a desiccator for surface analysis.

Table 47 gives a summary of the test conditions.

Table 4-7 : Summary of the experimental conditions of the electrochemical test
performed on preorrode sample in the presenceMEG and organic corrosion
inhibitors

Experiment MEG Temp( e C| pH Flow Time (hrs)
(%)

4hrs & 24hrs 50 20,80 4.24.4 | Consistent |4

Precorrosion Stirring

MEG &

inhibitor 1 test

4hrs & 24hrs 80 20,80 4.3,4.6 | Consistent |4
Precorrosion Stirring
MEG &

inhibitor 1 test

4hrs & 24hrs 50 2080 4.24.4 | Consistent |4
Precorrosion stirring
MEG &

inhibitor 2 test

4hrs & 24hrs| 80 2080 4.64.6 | Consistent |4
Precorrosion Stirring
MEG &

inhibitor 2 Test

4.4 Surface analysis

The samples from the electrochemical test can be analyses using different surface

analysis. In this study the Scanning electron microscopy/Eledtfioactive X-ray

110



analysis (SEM/EDX) Fourier transform Infrared (FTIR) and Interferometer
techniques were used in the pasalysis of the testesamples The postanalysis

test on the electrochemical tested samples are crucial in the whole reseaah sinc
will give an indepth understanding of the electrochemical damage done on the
sample both in the presences and -pmesence of MEG, inhibitors and pre
corrosion. Damages like the general corrosion and localised corrosion in the form of
pitting. It will also give an understanding of the type of and amount of scale formed
on the surface of the electrochemically tested samples.

4.4.1. Scanning Electron Microscopy/ Energy Dispersive Xay Analysis
(SEM/EDX)

The SEM was used to analysis the electrochemicallydestmple to have a good
picture of the damage on the samples. They samples were analysis at different
magnification to identify any general or localise corrosion on the surface. Iron
carbonate scale formations were also observed for using the SEM. Thev&&EM

also used to derive the thickness of the iron carbonate scale formed on the surface of
the electrochemically preorroded sample.

EDX was used fosome sample to identify the elemental composition of the sample
surface. This was especially important foe precorroded tested sample as it helps

to identify the type of scale formed on the surface where necessary.

In preparing the samples for the SEM and EDX analysis, the samples are normally
coated with carbon on the naonductive part (i.e. epoxyesin) to make it
electrically conductive. In the determination of the thickness of the film/scale
formed on the surface of a pcerroded tested sample, graphssrboncoating was
specially coated on the cressctional area of the sample to make it comtide. The

SEM prepared sampeare inserted into the Carl Zeiss EVO MAWgh a high
resolution secondary electron and primary electron used for imaging of the sample.
The area where the samples are kept was pumped to remove any tracerof air
nitrogen gas Then the surface was scan with an electron beam which is then
reflected back onto a cathode tube to show surface image of the sample area. For
EDX, back scattered electron (BSE) wased to identify the atomic number of the
element present in the sced surface area. This test is mostly qualitative and may

need further test such as the FTIR to identify the actual element presence. A high

111



level of carbon and low level iron on the sample surface may be an indication of the
formation of scales containingon carbonateFigure 44 and Figure 46 shows the

SEM and carbon coating machine used for the studies.

i ; \j’f“‘._‘ - 3
Figure4-4: The Carl Zeiss EVO MA15 used for SEM and EDX surface analysis.

Figure4-5 : The Emscope graphite carbon coating machine used for carbon coating

of some of the SEM sample.
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4.4.2. Fourier Transform Infrared Spectrometry (FTIR)

FTIR was used on the surfaces of the electrochemicallgdestmple to determine

the type of bonding that exist on the surface. This bonding is normally formed when
there is a formation of scale or film on the surface by an inhibitor or other film
forming compound/reaction. The adsorption of inhibitor on theasarfof the
electrochemically tested sample can be identified using the FTIR method. This will
give an idea of the possible inhibitor mechanism for most of the inhibitor.

The FTIR uses a liquid nitrogen gas to cool the detector system. It has an optical
system, spectrometer dra stage controller. The spectrometer in this case uses a
Helium Neon laser to produce wave radiation at 633nano meter wavelength. Using
the optical system, a wide range of data ranging from (500 to 400) can be
collected. Eachange of wavelength normally corresponds to a particular type of
bonding or ion on the surface of the tested sample. The?{C®ave number range

on the FTIR corresponds to 8800 cm’ [134. The FTIR used for this test is
shown in Figure 6.

The ATR which also uses infired beam for identification of the bonding or ions
presences on a sample or solution were used for some part of the test. This gave a

satisfactory result for most of the liquid sample e.g. MEG and inhibitors.

Figure4-6 : The Perkin Elmer Spectrum 108TIR machine used for FTIR surface
analysis of electrochemically tested sample.
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4.4.3. Interferometry

The interferometer was used to analysis the formation of localised corrosion, pit and
variations on the surfaces of the sample. ThekMgnd Brukerprofilometer was

used for most of the prtihg test on the sample. ltses beam of light in imaging

and profiling the surface of the sample. The sample was placed on the stage and the
required objective lens is place on top of the surface with a lighiséd on the
surface of the sample. The focus of light is done using a fringe system which allows
for optimal focus and level to be attained on the surface sample. The interferometer
was c@able of producing high levé8D image. The profilometer can give3®

image of the electrochemically tested sample and quantify valleys and peaks.

Analysis of the images from the profilometer will give various results including
maximum pit depth and classification of general and localised corrosion when a
threshold is usd. The volume of the sample removed by the electrochemical can be
obtained using the profilometer analysis software. Further analysis and result may be
obtained using the profilometdfigure 47 showsone of the profilorater machine

used for this study

Figure 4-7 . The Bruker Profilometer machine used for interferometer surface

analysis.
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4.5.Summary of experimental set-up

This chapter described all the experimental methodology and set up applied in the
studies. The different type of test performed with the carbon steel X65 test material
was described. The chemical materials used and operation conditions and
procedures were all described. It also described the different surface analysis which

was performd on the tested sample to further support the electrochemical test
result.
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Chapter 5. CORROSION ASSESSMENTIN THE PRESENCE OF
MONOETHYLENE GLYCOL

5.1.Introduction

MonoEthylene @/col (MEG) is used in multiphase gas pipeline transportation as a
thermodynamic hydrate inhibit¢®2, 77, 99, 100 113 159. The corrosion rates and
mechanisms occurring at thgection pointof the MEGand along the pipeline a
MEG loop systenare of interest for corrosion manageméitte effect of MEG on

the corrosion of carbon steel at various temperatisgresnsiderechere The low
temperatureestis relevant forcorrosionalong the pipeline as the temperature of the
pipeline decreasawith time while the high temperature test will be relevant at the
injection point of MEG. The&oncentration of the MEG wa&ried from 50¥MEG

to 80%MEG to give an insight of the effect of concentration on the corrosion of the
carbon steel. As described bygstadet al [77] the 50% MEG is therich glycol
while theleanglycol is the80% MEG. The lean glycol is normally injected at the
inlet of the pipe ahigh temperature of about 80hile the rich glycol is received

mostly along the pipeline aratthe outletat lower temperature around 20°C

Open Circuit Potential (OCP) and Linear Polarisation Resistace (LPR)
measurements were employeddetermine how effectivelylEG inhibits corrosion
of carbon steel. A@mpedanceneasurementsere usedo determine thenpedance
and theresistancedue tolow conductivity of MEG solution Blank test were
conducted to compare with resutibtestsin the presence of MEG. The inhibition
mechanisnin the pesence of MEG was also investigated by ugiosi test surface

analysisas described in chapter 4

5.2.0pen Circuit Potential (OCP) measurement

The OCPcan be used to describe the way in which a corroding system betgaves
described irchapter 21In a test, lte OCP of the blank solution at a set temperature
indicates point opseudeequilibrium when the neanodic and cathodicurrent in

the system is zero. This measured value indicates how the surface of the metal
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naturally corrodes in theolution in whicht is immersed. In this test the OCP of the
blank solution without MEG and the solutiand with MEG was observed at
different immersion time during the test. The OCP valued 20°Care show in

Figure 51. The OCP value for ghblank solution at 20°C wasound-673mV for

the 4hour period tested. A change in the value of the OCP was seen immediately for
50% MEG solution test and 80MEG solution tes The value of the OCP for the
50% MEG is -640mV compared to673mV for theblank solution At 80% MEG

there was further ennoblemeitthe OCRo values arouneb90mV.

—o—Blank —#—-50% MEG 80% MEG
-560 -
-580 -
-600 - _
-620 -

a0 |g A

-660 -

-680 - =3

-700 ¢ 0.5 1 15 2 25 3 35 4
Time (hrs)

OCP (mV) vs Ag/AgCI

Figure5-1: OCP values againsme for Hdank, 50%MEG, and 80%MEG at 20°C

As the concentratiorof MEG increasesthe coverage ofthe active anodic sits
increass. This is seen in thmore noblevalue of the OCP whe®0% MEG solution
is used.The reduction in the anodic sitkeads toreductionin the anodic corrosion
reaction. Theeduction in anodic corrosion reaction leadsan ennblement in the
OCP.

The resuk of the OCPat high temperature were also in line with thosdoat
temperature but with a slight reduction in the value of OCP with ME@ure 52
shows the OCP value fdine blanktestandwith different concentratiosof MEG at
80°C. At 80°C the Iank solution did not have a considerable change in OCP as
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compared to the value at 20°C. The OCP value for the blank solution atv28°Gh
average673mV for the 4hour period tested-or the 50% MEGsolution theOCP
was-649mV for the tested period ofiburs. This is slight reduction in the average
value of the OCP at 20°C (i.e639mV). This reduction in the OCP value in the
presence of MEG was seen also for the 80% MEG which aves28enV at 80°C

as compared to th&90mV at 20°C.This may mean a reduction in the corrosion
inhibition efficiency of MEGat high temperature of 80°C as compared to the low
temperature of 20°C. Further resulill give an insight of what may cause the

different OCP at high temperaturengpared tdowertemperature.
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Figure5-2 : OCPvalues against Time foldnk, 50%MEG, and 80%MEG at 80°C

5.3AC Impedance

The use othe AC Impedance method hasmeadvantage over DC measurement
techniques. In the use of AC impedance the corrosion resistance of the carbon steel
can be derived together with the solution resistambe. solution resistanogives

the resistance due non-conductiveor less conductive electrdag/solution. MEG
increases the solution resistance of the blank solution by making it lesg§@lar

The Nyquist plotfor solutiors with very high solution resistan@owsan unusual

time constantvhich is attributedo the solution resistanc&his normally manifest
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at the verybeginning of the measurement for higequency angeof 1 kHz to 100
kHz. Calculations whth compensate fahe solution resistance will then give the
actualresistance to corrosioAC impedance measuremstiiave been used here to
derive this solution resistance for gesbnducted in the presemof MEG. This will
make the calculated corrosion raséecuratewhen MEG slution resistance is

compensated for ioorrosion rate calculation.

The AC impedance method can also be used to determine other characteristics of the
corrosion reaction such #ise formation and behaviour of afiims on the surface

of the carbon steelln this result the behaviour of the carlbsteel in the presee

and absence of ME@as monitored. The resalfor AC impedance for our

periodat 20°Cfor frequencies from 1RHz to 0.1 kHz areshown in kgure5-3.
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Figure5-3 : Comparison of théC impedance masurement (Nyquistiq) for test
with blank solution50%MEG and 80% MEG at ZC.

Theresult for the blank solution doest exhibit any of this usudime constandue

to high solution resistancéctually the blanksolution resistance is so small that it
can be neglectedThe blank solution has a very small impedavedue when
compared with the test with MEG solution. This is an indication of very low
resistance of the carbon steel in the blank solufitwe resultsobservation showed

that the solution resistance BIEG increases withncrease in MEG&oncentration
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The 50% MEG shows high solution resistance while the 80% MEG show even a
higher solution resistancas expectedThe blank solution impedance value is so
small compared to the 50% MEG and 80% M&f&l is neglected in the calculation

of the actual corrosion rafer the test in blank solutionA comparison plot of the
solution resistance grwith MEG and blank solution is shown later.

The 80% MEG has the dinest impedance value. This is an indication that the
corrosion esistance of the carbon steel8% MEG is higher than that at 50%
MEG ard also the blank solutionTo determine the solution resistance and the
corrosion resistance, an equivalent circlC] is usedThe equivalent circuit (EC)
used in representing the corrosion reaction in the presence and absendd®B6the
solution is represented indtre 5-4, whereCq is the capacitance due to the electric
double layerRs is the solution resistance of the electrolyte agdsRthe resistance

to charge transfer by the corroding surface.

From the EE modelling and calculationthe average solution resistance for the 50%
MEG is 250 Gimscn? while that of the 80% MEG shows @va higher average
value of 1200 @mscn?. In all test conducted here using LPR method, the solution
resistance was accounted for and used to compensate the polarisation resistance

results.

ct
Figure 5-4: Equivalent Circuit (EC) used in representing the AC impedance
measurement forlénk, 50% MEG and 80%M&

At high temperature of 80°Ghe results of the Nyquist plot for the AC impedance
test showsa smalér impedance value compared to that of the MEGtgm at
20°C. The highest impedance vakigvere seen for the 80% MEG solution as

expected. It should be noted that there is a total drop in the w&the impedance
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which indicatesan increase in corrosion rasg this high temperature. This is true fo
high temperature corrosion where there is no formation of protective iron carbonate
scale[39, 16Q. Figure 55 shows the comparison of the Nyquist plot for the AC
impedance measurement for the blank, 50% MEG and 80% MEG test.
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Figure5-5 : Comparson of theAC impedance measurement (Nyquikitpfor test
with blank solution50%MEG and 80% MEG at@C.

The solution resistance for testith MEG at this high temperaturalso reduced.
The solution resistancat 80°C for 80% MEG was reduced to 250 Okomt from
1200 Ohnscn? at 20°C while that at 8C for 50% MEG reduced to 50 Otsnn?

from 250 Ohns.cn? at 20°C. The blank solution resistance is also negligible at this
temperature compared to that of the MEG solutidie reduction in the solution
resistance value at high temperature oiC8ihdicates that the conductivity of the
solution increased with temperatufiénis is expected as increase in the temperature
of electrolyte increases the mobility of the ions in #wdution which affects the
conductivity positively{161, 1627. This will be compared with the results from the

conductivity test in the next section.

Figure 56 shows a comparison of tle®rrosioncharge transfer resistande.f of
the blank, 50% MEG and 80% MEG at b@®rC and 80°C while Figure-Bshows
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a comparison of the solution resistance of the blank, 50% MEG and 80% MEG at
both 20°C and 80°C.

m20°C m80°C
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Figure 5-6 : Comparison of theorrosion charge transfer resistariRRg of test for
blank, 50% MEG and 80% MEG at 2« and 80C (AC impedance masurement)
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Figure5-7 : Comparison of theolution resistanc&s of test forblank, 50% MEG
and 80% MEG at 2@—and 80C (AC impedance masurement)
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5.3.1. Solution conductivity:

In other to veify the autheticity of the solution resistance vakieom this result, a
conductivity test was performed for the solutidie solution conductivity of the
test solution gives an insight into the conduction of electrons in the electrolyte
solution. The conductivity othe solution can be said to be the inverse of the
resistivity. The solution conductivity is agtted by the ammt of total dissolved

inorganic solidsn the solution

In corrosion measurement the test solution needs to be conductive to enable the
accurate measurement of the polarization resistance. A measure of the conductivity
is required to understand the sadutiresistance of an electrolyfehe measurements

were made with MEG solutionof different concentrationusing Meterold
conductivity machineThe solutions were stir in a closed beaker and heated to the
required temperature before measurements were takere the results of the
solution resistance were measured for N&ZCI, 50%MEG solution and 80%MEG
solution. Figure 8 shows that conductiwtof the 1%NacCl is the highesand up to
16,000uScmi* while that ofthe 50% MEG is as low as 2,35@&cm’ at 20°C. The

80% MEG has the lowest valuwéth conductivity value of 41QScm’ at 20°C. The

result is in agreement with the AC impedance result for the 50% MEG and 80%
MEG solution which shows that solution resistance is highest for the 80% MEG and
high for 50% MEG as compared to value of té NaCl that was negligible. These
values shows that a test of corrosion aftearbon steel in a solution of MEGing

LPRtechnique will not give a reliable result if not compensated.

The value of the conductivitis affected by temperatuf@63 164]. The graph of
Figure 58 shows an increase in the conductivity of the solutions as the temperature
increases. The increase is very rapid for the 1% NaCl. The value for tidaC%

was increase from 16,000puScmi® to around 39,70Scmi®. There was also an
increase for both MEG solution. At high temperature ¢iC3the value of the 50%
MEG and 80% MEG are 8,3Q5cni* and 1,726uScm’ respectively. This increase
indicates a reduction in the solution resistanceghef MEG solution This is so
because the solution resistance is inversely proportional to the conduchsity

temperature increase the solution resistance for MEG solution reduce
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Figure5-8 : Conductivitymeasurements for 1% Na@ilank), 50% MEG and 80%
MEG at different temperature.

5.4 Linear Polarization Resistance (LPR)Jmeasurement

OCP measurement is a quick and easy way to observe the corrosion reeantisn

of carbon steel. This method can give limigetl semiquantitativeinformation on

the corrosion reaction of the carbon steel. In order to get more information, the
linear polarization measurement of the carbon steel was taken for blank solution and
also n the presence of MEG. The fRalues of the blank solution were ds#irectly

to calculate the corrosion rate because the solution resistance was negligible. For the
Ry, value of solution with MEG (i.e50% MEG and 80% MEG), the solution
resisance was higland so wasot neglectedThe solution resistanoeslueswere
calculated using the @ impedance method as describedthe previous section.
These values of solution resistance were compensated for each reading before using

them to calculate the corrosioate.

The corrosion rate from LPR was calculated using the &eary equation
presented previouslnd using §B) value of 26 The (B) was used as it is the value

generated from the potentiostat software and commonly used in the industry.

The resul of linear polarization test for the blank solution with no MEG shows a

final corrosion rate of 25mm/y for the period of 4ours. This level of corrosion
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rate is still high for the low temperature of 20°C. The use of ME& reduces the
corrosion rate t@a final corrosion rate of 04nm/y. The result of 80% MEG shows

a further reduction in the final corrosion rate to be 0.14mm/y.
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Figure5-9 : Conparison of the corrosion rate for blarfdQ% MEG and 80% MEG

at 20°C (compensatetlPR measurement)

The result for the 80°C shows high vadud corrosion rate for the blank tesiThe
averagefinal corrosion rate is 5.6mm/gt the end of the 4our test for Tafel
constani{B) of 26. This is expeetd as the corrosiospecieqi.e. H', H,COs;, HCO3)

are very active at high temperature which increases the corrosion reaction. This is
true as long as there is no formation of protective corrosion product on the surface of
the metal[3, 165. The bulk solution pH was in the region of 4fid was not
favourable for a protective iron carbonate film to fdim, 115. In the presence of

50% MEG, the corrosion rate was also high but muchtless the blank solution.

The value of the averag@aal corrosion rate is 2.34mm/yThis is quite high as
compared to the corrosion rate achievédha end of the 20°C tes80% MEG
reduce the corrosion rate further to an averagelf carosion rate 0f0.48nmly.

The corrosionate is not as low afe corrosion rat@0°C. This is also expected as

the corrosion rate of carbon steel increases with high temperature unless there is a

formation of protective iron carbonate scale at that temperaBré7, 166.
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Figure5-10: Conparison of the corrosion rate for blank, 50% MEG and 80% MEG

at 80°C (compensated LPRemasurement)

5.5.Surface analysis

Electrochemical testgivethe quantitativecorrosion rate but giveo information on
the corrosion mechanisms. As an example the locale®dosion or type of
degradation that may have occurred rsdedbe assessed Iposttest microscopy.

The results of theurface analysis adescribed in this section.
5.5.1. Scanning Electron Microscopy (SEM)

The samples which were used for elechemicaltess were kept in adesiccator
after each experiment. SEM images of the samples were then takdentify
possibletypes of damage on the surface. The restdt the SEM of the carbon steel
sampleat 20°Cafter the electrdiemcal testare shown in Figre 5-11 (a, b, and c)
From the resustof the SEManalysisof the blanksamplesat 20°Cit was seen tha
the surface of the sargphadboth general corrosiomndlocalised corrosionThe
corrosionhasremovedthe ferrite leaving behind the iron carbidee{C). The SEM
image on the surface of the sample with 50% MEG solution show lessalyene
corrosion as compared to that tfe blank sample. This is mainly due to the
protection of the sample in the presence of the MEG. This is in linethatlbower
corrasion ratefrom the LPRresuls which showed thahe general corrosion rate for
50% MEG test was lowarompared to the blartkst The SEM image of the surface
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of the sample with 80% MEGlso showedeven surfacendicating low general

corrosion
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Figure5-11: SEM images oiX-65 carbon steel after 4 hours test for (a) blank (b)

50% MEG (c) 80% MEG at 2€ and (d) blank (e) 50% MEG (f) 80% MEG at
80°C.
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The resuk of the SEM analysisof the carbon steel sample at 80°C after the
electrochemical testare also shown in Figuig11 (d, e, and f)From the result of

the SEM of the blank solution at 80°C it was seen that the surface of the sample had
both high general orrosion and localised corrosion on the surface of the sample.
The ferrite had also being removed by the high corrosion rate leaving behind the
iron carbide (FgC). The high general corrosion ia line with the high corrosion

rate from the LPR resultof the blank sample. The SEM however showed the
mixture of general and localised corrosion on the surface of the blank sample. The
SEM image on the surface of the sample with 50% MG 80% MEGsolution
showed general cmsion and localised corrosion whiakereless compared to the
blank sampleOn the other hand, the SEM image for samples tested in both MEG at
20°C showed less general corrosion that that &€ 8This was evident in the smooth

surface of the SEM images at°@0compared to the rough surfadoe SEM images
at 80°C.

A summary of the average final corrosion of blank, 50% MEG and 80% MEG is
shown in Table 8. The Table also shathe damage mechanism due to corrosion

as observed from the SEM image.

Table5-1 : Summary of the average final corrosion rael damage mechanidor
blank, 50% MEG, and 80% MEGHere G represents general corrosion, G+L
represents generahd localisedorrosion

Blank 50% MEG | 80%MEG
Temperature 20°C 80°C 20°C| 80°C| 20°C| 80°C
Corrosion rate (mml/y) 2.25 5.60 0.44 | 2.34 | 0.14 | 0.50

Type of corrosion damage | HighG+L | High G+L | G G+L | G G+L

5.5.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performedn the surface of the salep in experiments with
MEG. The MEG solution was first scaredto get the FTIR spectrurof a typical
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MEG. This spectrumwas compare to the FTIRspectrum otthe electrochemically
testedMEG sample.Resuls showed that thespectrum of theelectrochemically
tested samplefor both 50% MEG and 80% MEG were different from thataof
typical MEG. FHgure 512 shows the FTIR spectrum for MEG only and 50% MEG
experiment samples at 80 °C. The tested samples from the 50% MEG did not show
the GO stréch between 100 and 200 cm™* wavenumber and the peculiartD
stretch of MEG was not visible at 3230 and 3550' amavenumber. The two @
and GO stretcles were both present for the typical MEG spectrum. Téssilt
indicates that MEG may notdace corosion by forming a strongteractive film
(chemisorled) on the surfaceTo verify the idea that MEG does not form a
tenacioudilm on the surface of the carbon steel, furtherstesre performed in the
next section to determine the type of mechanisntHerreduction of corrosion by
MEG.
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Figure 5-12 : FTIR spectrum for MEG only and 50% MEG experiment samples
done at 80 °C

5.5.2. Interferometry

The results from the profilometer astimmarized together in Talbe2. These were
used to determine the damage and typeoofosion attack on the electrochemically
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tested samplsurfaces. The samples were tested as they were received after the
electrochemical test with no additional surfatean up.In order to determine the
type of corrosion on the suda of the sample, a threshalés assigned to the depth
measurement. 1 um depth was taken as the threshmldrtfy localised corrosion.
Measurements below 1 pum depth were taken to hwserge corrosion while
measurements above 1 um depth waieen to be shallow pit. Any rasurement
above 10 pm depth was classifiedbea deep pit.A schematidiagram describing
the process of benchmarking on the tested sample to identify the typeasiaor
that occurred is shown inidgure 513. The low value for thddenchmark was taken
due to the short period of test as eéhgected localized corrosion for the time taken
for the experiment in this condition will be very loj67]. Interferometrytest
resuls showed that the maximum pit deptfs MEG-only experiments at 2C
were less than 1 um for thehéur durationtest At 80 °C, most of the samples with
MEG had bottshallowpitting and general corrosiomhe maximum pit depghwere

for the blanksamples which wereexpectedwith the consideration of the linear
polarisation resust The pit for the blanksamples were however wida shape

This is due teseveralocalised corrosion coming together to form one pit.

General corrosion  Pitting forrosion

Thrashald

Figure5-13: Schematic representation of a sample after test (a)showing general and

localised corrosion and (b) showing threshold cut off for pit classification.
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Table5-2 : Summary of the results from tpeofilometry tess.

Test Average Temperature | Type of | Maximum | Total
Corrosion of test (°C) corrosion | pit  depth | volume
rate (Lm) loss/mnf
(mmly) by

corrosion
(um®)

Blank 2.25 20 G +P >1

50% MEG | 0.44 20 G <1 2.14*10

80% MEG | 0.14 20 G <1 4.92*10"

Blank 56 80 G+P >1

50% MEG | 2.34 80 G+P >1 3.52*10

80% MEG | 0.50 80 G+P >1 2.48*10

5.6.Determination of the adsorption property and enthalpy of

adsorption of MEG

To determine further the mechansmmvolved in the inhibition of carbon steel
corrosion in the presencef MEG, the adsorption propées of MEG and the
enthalpy of adsorption were predicted. The value of the enthalpy of adsorption gives
thetype of adsorption by MEG on the surface of the carbon. steel

5.6.1. Corrosion rate for different concentrations of MEG

The experiment for the different concentrasoof MEG was performed to
determine the corrosion rate and surface covefagen the carbon steel for 50%
(i.e.—o5) . Tess werecarried out at foudifferent temperatuienamely 20°C, 30°C,
50°C and 70°C. Initial resdtfrom the tess conducted for 50% MEG and 80%
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MEG shows that the inhibitor surface coverdgge was more than 0.&nd so the
concentration needed for MEG to achieweibitor surface overagg—} of 0.5were
below 50% MEG. This was also in agreement with the correctiotorfdor de
Waardpreviously presented in chaptem®ich gave 0.Surface coveragé— to be
below 50% MEG concentratiof53]. For example, the surface coverage for 50%
MEG onblankcorrosion rate of 2.25mm/y at ZDusing de Waard correction factor
will give (= to be 0.67The starting point for the corrosion rate was then chosen to
be 40% MEG as an estimatdsing equatn 3-52 previously presentedhe result

for the 406 MEG shavs that the surface covera@el was more than 0.5 (i.e—>

0.5).

— ——=0.7374 >1

Efficiencyis thesurface coverage§f multiplied by100

Figure 514 through Figure-87 showghe resultdor tess at different temperatuse
and concentrations of MEG. All the LPR results weoenpensated for solution
resistancelt is worth noting thathe solution resistance for the solution reduces with
temperature and increases with the mass content of the MEG in the solution.

—o—Blank ——20% MEG=4—25% MEG
=>e=30% MEG=#=35% MEG-0—~40% MEG

Corrosion rate (mm/y)

Time hrs

Figure 5-14 : Comparison of the corrosion rate for blankand different
concentratios of MEG at 20C (compensated LPReasurement)
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Figure 5-15 : Comparison of the corrosion rate for blank and different

concentratios of MEG at 3°C (compensated LPReasurement)
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Figure 5-16 : Comparison of the corrosion rate for blank and different

concentratios of MEG at 50C (compensated LPReasurement)
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Figure 5-17 : Comparison of the corrosion rate for blankand different

concentratioaof MEG at 70C (compensated LPReasurement)

The corrosion rate for the different concentrasiohnMEG showed similar trend as

the temperature is increased. The increase temperature increases the corrosion rate
of the carbon steel in the presence of MH@ble 53 shows thesummary of the
surface coveragé—) for carbon steel in different MEG concentration and different
tempeature.

Table5-3 : Summary of thewsface coverage-§ for carbon steel in differeMIEG
concentratiorand different temperature

Concentration of MEG in Concentration of Surface coverageP)

percentage(%) MEG (mol/L) soec | 3o | s0°¢ | 7000
20 3.59 0.48| 0.23 | 0.23| 0.14
25 4.49 0.59| 0.40| 0.43| 0.40
30 5.38 0.70 | 0.58 | 0.54 | 0.51
35 6.28 0.76 | 0.60 | 0.57 | 0.55
40 7.18 0.77] 0.75] 0.61 | 0.64
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The results fromthe different concentratienwere fitted into two adsorption
isothermequations for liquidgi.e. Langmuir isotherm and Temkin isotherritial
results showhathigh temperatureesults did not fit well for the Langmuir isotherm
plots. Temkin isotherm plots were then considered for the fittinghefrésults.
Equation 52 wasderived fromequation3-54 previously presenteith chapter 3To
construct the Temkiadsorption isotherm plots, the surface coverageas plotted

against In C for the different concentrations.

— Pad  Pais 5.2

Where0 is the adsorption equilibrium constafit is the analytichconcentration

of the MEG and is the molecular interaction constant.

The slope of the grapbives the inverse of the molecular interaction while the
intercept gives the product of the molecular interaction and the adsorption
equilibrium constan137, 142.

The surface coverageX wasderived from theaverage finakcorrosion rate results
for 20°C, 30°C, 50°C and 70°The plot of tlke graph for temperature of 20°C is
shown in kgure 5-18. This gives a reasonable straight line graph that tbts

Temkins adsorption equatiofihe R value was 95% for the line fitting.

The plot of the graph—vs. In C for the different concentratisrof MEG was also
performed for the 30°C temperature. hle graphgave a good fit o the Temkin
adsorption equation with’Ralueequal to 97%The same result schieved for the
two other temperatures of 50°C and 7@fith the higher temperature having 1&&s
value than the previous lower temperatuiiéhe results are shown Figures5-19

through Figure 21.
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Figure5-18 : Temkin adsorptionsiotherm plots at 20°C for different concentration
of MEG.
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Figure5-19 : Temkin adsorptionsiotherm plots at 30°C for different concentration
of MEG
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Figure5-20 : Temkin adsorptionsiotherm plots at 50°C for different concentration
of MEG
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Figure5-21: Temkin adsorptionsotherm plots at 70°C for differesoncentration
of MEG

TheVanoét hoff p | o the durdace cdi&rdge X =wOIb efar eacht
temperature of 20, 30, 50 and 70 is derivEch e V a ntgpé of égoalori is
described in equation-3 The natural log ofconcentration in mdl is plotted

against thenverse of theaemperature in Elvin scale based aquation5-3 [16§.
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Where Ris the universal gasonstant (8.314JmdK™) and"0é g is equivalent to
the concentration of inhibitor required fer= 0.5 andyH,g’ is theisostericenthalpy

of adsorption.

The slope of the ¥ n 6 t hoff plot oqHV R Thg valueofthdre v a
enthalpyof adsorption will determine the type of adsorption that exists between the
metal suface and the MEGIhe concentration of the inhibite&in mol/L. From the

result of the plot in lgure 5-22, the negativeslope in the graph indicatélsat the

enthalpy of adsorption is negative. The actual calculation for the enthalpy of

adsorption is given as

gHad®/ R=-519.96K 5-4

oHag® = -4.32kJ/mol -5

2
1.8

1.6 f\f\;\i
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1 y =-519.96x + 3.2981
0.8 Rz =0.9614
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Figure5-22:Van 6t Hoftié gm@daiast IT for temperature range of (20°C
to 70°C)
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The valee of theisostericenthalpy of adsorptiogHag° is -4.32kl/mol The reaction
is exothermic andghows that the mode of adsorption of MEG to surface of the

carbonsteel is by physiorpton and not by chersorption[139, 142, 169.

To further verify the type of adsorption, activation energy (vas derived. Values
above 80kJ/mol indicate chemisorption whilealues below 80kJ/mol infer
physisorptiorf 140. The activationcorrosionenergy(Es) can be calculated using the
values of corrosion rate at different temperature. This is achiesaty the

Arrhenius ype of equatiomerived from equation-80. This equation is given as

&Y b0 5-6

WhereCRis the corrosion rate, A is the Arrhenius-gsgonential constant,is the
apparent activation corrosion energy and RT has their usual meaning as previously

described.

A plot of & ¢ Oafyainst the inverse @bsolutetemperature 1(T) will give a slope
equal toO | 'Y from which E, can be derived. A typical plot a6 "Yagainst 1/T at
20% MEGand 306 MEG is shown in Figure-23.

#20% MEG m30% MEG
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Figure5-23: Log of @rrosion ratevs inverse of temperature (3/for the derivation
of activation energy (& based on Arrheniuype ofequation.
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Table5-4: Summary of thactivation energy ( for corrosion test in MEG.

Concentration of MEG in | Concentration of MEG | Activation energy
percentage(%) (mol/L) (Ea) KJ/mol

20 3.59 25

25 4.49 22

30 5.38 23

35 6.28 25

40 7.18 23

The results of the apparent activation energy for the different concentrations of

MEG tested weren the range of 22kJ/mol and RBmol. The activation energies

were below 80kJ/mol and in line with the results from isosteric heat of adsorption

that indicate thagphysisorption oMEG to the surface of the carbon stesls likely.

5.7.Summary of results of corrosion process in the pesene MEG

This chapter described the result and discussion of the test performed on carbon

steel X65 in the presence of MEG. It can be summarised as follows.

 AC and DC tests results showed tMEG was able to reduce the corrosion

rate of carbon steel with thedfect being higher for 80% MEG as compared

to the 50% MEG. However, its effectiveness reduces at high temperature

(i.e.80C)

1 Conductivity test shows that MEG containing solution has low conductivity

which suppors the fact that MEG will give high solution resistance as seen

in the AC impedance results.

1 The study showed that the conductivity MEG solution reduces witlhe

concentration of MEG anthe corrosion resistance of carbon steel in the

solution increasesvith the concentratiomf MEG for both low and high

temperature
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LPR methodcan give erroneolis high corrosion resistance for testarried

out with MEG solution if the solution resistance is not accounted for using
techniques such as AC impedance method.

SEM was used to characterizarbon steel samples after tests and showed
lower general corrosion for ME®&stcompared to the lank test.

FTIR analysissuggests that MEG does not reduce corrosion by the formation
of a strong interactive film on the suréof the carbon steel.

Adsorption propertiesstudy of MEG in the presence of carbon steel
corrosionshowed that MEG can fit into the Temkins adsorption isothérm
negative isosteric enthalpy indicates exothermic adsorption redgtigt G

and indicates pysisorption process of adsorption.

The low values of the activation corrosion energy in the rand@blki/mol

and 2kJ/mol support the fact the MEG physical interacts with the carbon

steel.
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Chapter 6. CORROSION PROCESSES IN THE PRESENCE OF
ORGANIC CORROSION INHIBITORS

6.1 .Introduction

The use of corrosion inhibitors is common in the oil and gas industry in preventing
CQO; internalcorrosion on long carbon steel pipekri&48 170, 171]. Thisis due to

the ease of application of these corrosion inhibitors, the effectiveness and cost
compared to most metheduch asdnternal coatings for preventon. Most of these
inhibitors are complex organic compounds ethibasically work by attaching
themselvedso the steel surface and formirggfilm that acts as a barrigo the
corrosion speciesThey may do so through physisorption or chemisorptas
previously describedlhe corrosion inhibitors can be applied in different condgion
and in combination with other inhibitors such as hydrate inhibitors and scale
inhibitors. For successful deploymerif corrosion inhibitos, they must be
compdible with other oilfield chemicals This meanshat they must not compete
againstthe other chemicalsor induce processes such as foaming or emulsion

formation.

This chapteiinvestigateswo potential commeral inhibitors whichare appliedin
pipelinesin cambinationwith MEG as ahydrate inhibitor The tess will be usa to
determine the manner in which #einhibitors work on their own. The inhibiter
comprise anon-green inhibitor(i.e. benzyl alkyl gridinyl quaternary ammonium
chloride) and green inhibitor(i.e. aminoxyethytester) as described in the
experimental set uprhe nongreen inhibitor will be denoted ashibitor 1 and the

green inhibitowill be denoted as inhibitd?.

6.2.0pen CGrcuit Potential (OCP) measurement

As previouslydescribed, the OCan be used to describe the way in which a
corroding system behaves in the presence of an inhifit@measureddCPvalue
indicates how the surface of the metal behaves with thdi@olin which it is

immersed If an inhibitor forms aprotective film on the surface of the metal, the
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chang in the EDL will be reflectedni the changes in the potential of the metal
which will affect theOCP values. In most casthe change will lead to an increase

in the OCPo a noble value. This gives ansight of how the inhibitor work$7].

In this test the OB of the blank solution withouthibitor and the solution with
inhibitor was observed at different pagnisinga Ag/AgCl reference electrode. The
final averageOCP valuesfor the blank testandthose withinhibitor 1 at 20°Cand

80°C are showrnn Figure 61 and Figure & respectively The final averageOCP
value for tke blank solution at 20°C was73mV for thetestedperiod A positive
change in the value of the OCP was seantlie solution with inhibitor lat all
concentration. The 100ppm inhibitbrconcentratioshad the most positive increase
with 10ppm inhibitor 1 concentration having the least increase. The increase in the
OCP may likely be an indication of the reduction in the corrosion activities on the
surface of the metal. Wand8] had used the OCP measurement as emrs
guantitative method to understatfte behaviour ofcorrosioninhibitors and also
determine theeduction of corrosion activitgn the surfaceof carbon steein the
presence of those corrosion inhibito&imilar behaviour was also observetl
higher temperature of 8. This again indiced possible reduction in the corrosion

rateof the carbon steel in the presence of the inhibitor.

—o—Blank = Inhibitor 1 10ppm
Inhibitor 1 50ppm ==<=Inhibitor 1 100ppm
_ -520
§-540
2 -560
0 -580 S
S -600 | e
€ 620 3 &
o
o 640
O .660
-680
0 1 2 3 4
Time (hrs)

Figure6-1 : OCP values against time folank, 10ppminhibitor 1, 50ppminhibitor
1, and100ppminhibitor 1 at 20°C
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Figure6-2 : OCP values against time for blarflppminhibitor 1,50ppminhibitor
1, and100ppminhibitor 1at 8°C

The final averageOCP valuedor the blank andnhibitor 2 at both 20C and80°C
are shown in Figure-8 and Figure &} respectivelyFor test carried out at 20 all
concentration of inhibitor 2 difted the final OCP valug in the positive as
compared to the final average OCP value for the blank solttf@change in OCP
for inhibitor 2 did notseemvery dependent on concentratiorhis may mean that
there are no much difference in the concentration needsgtittce corrosionvith
10ppm and 50ppnmhibitor 2. The 100ppm shoed the mostpositive andnoble
final OCP value at thiemperature

For high temperature of 80, the average final OCP value also showed an increased
in the positive direction as compar to the blank solution. However there was an

overallreductionat this high temperature as compared to the low temperature. This
was seen especially for the 10ppm and 50ppm inhibitor 2 concentration. It may
mean that the reduction in the corrosion activities at this high temperature for the

two concentration of inhibita2 is minimal.
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Figure6-3 : OCP values against time for blarflppminhibitor 2, 50ppminhibitor
2,and100ppminhibitor 2 at 20°C
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Figure6-4 : OCP values against time for blarfi)ppminhibitor 2, 50ppminhibitor
2, and100ppminhibitor 2 at &°C

Table 61 shows the summary of the final OCP values fbtank and different
concentrations of inhibitor 1 and inhibitor 2 at’€0and 80C. The final OCP value

for all the test withboth inhibitors shoved anincrease from th®©CP value of the
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blank. This is an indication that the inhibitors even at low concentration has

reduction in the anodic reaction.

Table6-1: Summary of the final OCP values for blank, and different concentrations
of inhibitor 1 and inhibitor 2 at 2C and 80C.

Temperature | Blank | Inhibitor 1 Inhibitor 2

10ppm | 50ppm | 100ppm | 10ppm | 50ppm | 100ppm

20°C -673 | -653 -621 -601 -609 -610 -595

80°C -674 | -627 -625 -613 -626 -627 -601

6.3.Linear Polarization Resistance (LPR)measurement

The use of OCP measurement as desgriireviouslyis always a quick and easy
way to observe the corrosion reaction of carbon &teelt is not quantitativeThis
method can often give limited information on the corrosion reaction of the carbon
steel in the presence of inhibitor. The information in sonstancesmay not be
conclusive or confirmatoryf17]. In order to get morenformation, the linear
polarization measurement of the carbon steel was takerbtank solution and also

in the presence of both inhibitors for different concentratitm chapter5, the R,
values of the blank solution were dsdirectly to calculate the corrosion rate
because the solution resistance was negligible. ThalRes in the presence of the
inhibitors were also used for the calculation of the corrosion rate as the solution
resistance waslso found to be negligible asvell. The solution resistance was
calculated using the AC impedance method as descfilsther in the next section.

The linear polarization results are shown and described below.

Two separate potential seafinom 0 to-250mV and 0 to 250mV wegerformedfor
the inhibitors to derive the anodic and cathodic sldpel constarg. The
potentiodynamic sweespvere analysed amat 80°C showshe anodic slope constant
b, was reduced from 120mV/decade ta¥®8/decade, while there was little effect on

the cathodicslope constant.g. b;is 136 mV/decade) for inhibitor 1This is shown
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in Figure 65. This suggests that the inhibitor 1 is mostly an anodic inhidi8pr
172. It tends toreducemore of the anodic reaction from occurring on the carbon

steel surface.

The potentiodynamic tesin Figure 66 using inhibitor 2also shows asimilar
reduction in the gatodanV/decadeoanashileatheb, stif | o p e
gave 133mV/decade This also indicate that the inhibitor 2 also work by reidg

mainly the anodic reactiotloweverthe Tafel constant®) of 26 as generated from

the potentiostat software were used for the calculation of the corrosiorn hate.
difference with the use of theafel constanfrom the software was not muevhen
compared to the actual calculated Tafel constant with the later giving a slightly
lower corrosion rateThe corrosion rate from LPR was calculated using the Stern

Geary equatioas previously described.

The linear polarization results for 4 hours period for the inhibitcat 1220°C are
shown in Figure &. The results gave the polarisation results for the different
concentration of 10ppm, 50ppm, and 100ppm tested with the inhibitor. It is clearly
seen that ahis temperature, the corrosion rate of the carbon steel decreases with the
addition of the inhibitoras expected. Athigher inhibitor concentratiog the
corrosion rate reduces further indicating that concentration of the inhibitor plays a
major role inreducing the corrosion rat€rom theresult, it can be seen that the
corrosion rate reduces further with the 100ppm having the lowest corrosion rate. The
final averag corrosion rates were 0.19mmfgr the 10ppm concentration,
0.13mm/y for the 50ppm concdration and 0.04mm/yfor the 100ppm
concentration. The reduction with concentration level indicates that the lower
concentrations are not the optimum concentratims is also in line with the
observations from the OCP measurements for inhibitor Isti@tvs that increase in

concentration increases the OCP values to a more noble state.

For tess carried outusing inhibitor 2 at 20°C, the resulis Figure 68 show a
reduction in the corrosion rate for all concentragiosed. The corrosion rate for
concentration of 10ppm inhibitor 2educes drastically and a further sligatiuction

in corrosion ratavas seen for concentration of 50ppm. The final average corrosion
rates were0.03nm/y for the 10ppm concentration, Or@gh/y for he 50ppm
concentration and 02mm/y for the 100ppm concentration.
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Figure6-5 : Result for the calculation of th@) anodic Tafel constar{b) cathodic
Tafel constantor 100ppm inhibitor 1 at@C.
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Tafel constant for 100ppm inhibitor& 80°C.
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Figure 6-7 : Corrosion ate at 20°C: (a) blank and different concentrations of
inhibitor 1; (b) different concentrations of inhibitor 1
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Figure 6-8 : Corrosion ate at 20°C: (a)blank and different concentrations of

inhibitor 2; (b) different concentrations of inhibitor 2.

An increase in the concentration fromOgpm to 100ppm does not giva
corresponding largeeduction in the corrosion rate as expected. This may be that the
optimumconcentration for the inhibitor is below the 100ppm concentration. If this
occur the effieency of the inhibitor may evereduce &concentration above the

optimum concentratiofpl73. This is quite different from the results of inhibitor 1
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that shows reduction in the corrasiocgate with concentration fromOppm to
100ppm. This is in agreement with OCP measurements of inhibitor 2 which showed
that an increase in the concentration of inhibitor 2 from 10ppm does not play much
role in the increase of the final average OCP value.

Figure 69 shows a comparison of the corrosrate for inhibitor 1 and inhibitor 2 at
20°C. It is observedhat the corrosion rate in the presence of the inhibitor 2 reduces
more than the corrosion rate in the presence of inhibitor 1 for the same
concentration. Thisuggestghat the inhibitor 2 isa very efficient inhibitor at low
temperature of 20°CT he efficiency of the inhibiter aresummarised in the Table 6

2.

Table6-2 : Summary of the efficiency of bothhibitors at 20°C

INHIBITOR 1 INHIBITOR 2

Concentration 10ppm | 50ppm | 100ppm | 10ppm | 5S0ppm | 100ppm

Efficiency (%9 01 94 98 97 08 08

== Inhibitor 1 == Inhibitor 2
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E
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. —i -l
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Concentration (ppm)

Figure6-9 : Comparison of the finaveragecorrosion ratef blark, inhibitor 1 and

inhibitor 2 for different concentrations 80°C (LPR Measurement)
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The linear polarization resultsf tests carried out witlnhibitor 1 at 80°Cfor 4

hoursare shown in Figuré-10.
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Figure 6-10 : Corrosion ate at 80°C: (a)blank and different concentrations of
inhibitor 1; (b) different concentrations of inhibitor 1.
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There was a reduction in the corrosion rate with higher concentration having lower
corrosion rate This is similar to the corrosion rate results derived 28°C.
Electrochemical measurement results from LPR showtttgatorrosion rate of the
carbon steel in inhibitor Wvas higher at high temperature of 80°C except for one
with 100ppm inhibitor 1. 100ppm inhtor 1 at 80°C hasa corrosion rate of
0.0anmly after 4hrs. Thesurface coverage 8.99 and the efficiency is higist at

this concentrationFor the test using inhibitor 2 at temperature of 80°C, the results
as seen in Figure-61 did not show a drasticeduction in the corrosion rate atl

concentration used aseseat the loweR0°C.

The corrosion rate for concentration of 10ppm inhibitor 2 was as high as 0.25mm/y
and also high for concentration of 50ppm at 0.20mm/y. The final average corrosion
rates werd).1e6mm/y for the 100ppm concentration. It can be see804 thatthe
corrosionrate reduces with increase in concentration level from 10ppm to 100ppm.
This is quite different from the lower temperature where the opticumentration
wasobserved to be below 100ppm. This change is quite critical and shows that the
optimum temperaturor this type of inhibitorshould only be given after it has been
tested at the operating temperature. The poor inhibition observed at this temperature
for lower concentratiogives an indication that inhibitor 2 may not work effectively

at high temperate as compared to lower temperature

The efficiency of the inhibitors at high temperature of@ds calculated. A
summary of it is presented on Tabk3.6A comparison of the final corrosion raié
blark, inhibitor 1 and inhibitor 2 for different conceations at 8°C is alsoshown
in Figure 612

A comparison of the corrosion rate of both inhibitors at this temperature of 80°C
shows that the corrosion rate in the presence of the inhibitor 1 reduce more than the
corrosion rate in the presence of inhibitbfor the same concentration except for
10ppmconcentrationThis may mean that the inhibitor 1 is very efficient inhibitor at
80°C. The fractional surface coveraged99 and the efficiency is highest at that
concentration of 100ppm for inhibitor 1.riay be that the optimum concentration

for inhibitor 1 is 100ppm at 80°C. Inhibitor 1 at 100ppm was also able to reduce the
corrosion rate below 0.1mm/y. Altoncentratios tested for inhibitor 2 didot show

satisfactory reduction in the corrosion rateoleD.1mm/yat 8CC. This may be that
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the inhibitor 2 does not function well &°C unlikeinhibitor 1 whichis very active
at that temperaturgl74]. In other to learn more about the inhibition behaviour of

the two inhibitors AC impedance test and surface analysis were performed on the

sample.
—¢—Blank =l=Inh2 10ppm =#=Inh2 50ppm =>¢=Inh2 100ppm
7
Es
Q
@ 4
53
‘0
22
o
©1
0
0 1 2 3 4
Time (hrs)
(a)
=—Inh2 10ppm =#=Inh2 50ppm ==Inh2 100ppm
35
S 3
Eos
()
5 2
§ 15
[%]
2 1
(@}
©os5
0
0 1 2 3 4
Time (hrs)
(b)

Figure 6-11: Corrosion ate at 80°C: (a)blank and different concentrations of
inhibitor 2; (b) different concentrations of inhibitor 2.
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Table6-3 : Summary of thefficiency of both mhibitors at 80°C

INHIBITOR1 INHIBITOR2

Concentration 10ppm | 50ppm | 100ppm| 10ppm | 50ppm | 100ppm

Efficiency (%) 95 97 99 95 96 97

=¢=|nhibitor 1 =ll=Inhibitor 2
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Concentration (ppm)

Figure6-12: Comparison of the final corrosion rai€inhibitor 1 and inhibitor Zor

different concentrations 80°C (LPR Measurement)

6.4 AC Impedance

Theuse of linear polarisation method above sadar given corrosion results of the
carbon steel in the presence of the inhibitors. It does not really provide information
on the possible mechanism of corrosion inhibitiy the inhibitorsAC impedance
measurement was used in addition to lthear polarisation methotb understand

the possible inhibitor mechanism and also to compliment the results for the AC
impedanceWhen film forming inhibitors are usedhe film resstance due tohe
inhibitor can be derivedsing theAC impedance methdd 9, 175179.

Figure 613 shows thé&lyquist plotfor inhibitor 1 at temperature of 20%4hd 80C.
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Figure6-13: Nyquist plot for(a) blank, 10 ppm 50ppm and 100ppnmhibitor 1 at
20°C and (b)blank,10ppm, 50ppm and 100ppmhibitor 1 at 80°C
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The results shoed two time constarstwhich were more prominent for 50ppamd
100ppm concentration.Wio-time constargarecommon for a corroding system with

a coating or inhibitor film on the surface of the carbon §t80-182. The first time
constant at higher frequency represetite inhibitor organic film layer on the
surface of the sample as the corrosion process is impddfl This gives a
resistance of corgion process due to the inhibitor film«R). The film formed on

the surface by the corrosion inhibitor at the initial 4 hours may have pores which
still allows the electrechemicalactive species to penetrate and meet the carbon steel
surface[8]. This may still cause a corrosion of the surfg@a.the other hand the
resistance of the corrosion by the carbon steel surface is described by the second
time constant which is given as the resistance to charge transfeil Re resistance

due to charge transfer is accompanied by a capacitance duettic eleable layer
(EDL) CPEqr. From the resulbf the Nyquist plotit is seen that there was an
increase in the total impedantem 10ppm concentration to 100ppm concentration
which may be due to the formation of thicker and persistence film on trecswof

the carbon steel by the inhibitdrhis is in line with the result of the LPR that shows
that the concentratn of 50ppm and 100ppm gave lower corrosion rate than
10ppm concentration. The increase in total resistance of the film with inhibitor
concentration, suggest thide optimum concentration lieskagher concentration of
100ppm for inhibitor 1.

In orderto analysethe result of the AC impedae on the use of inhibitor 1he
electrical equivalent circuit (€) used is illustrated in Figuré-14. One of the EC

(i.e. Figure 614(b)) is similar to that of a failed coating as suggestedviaysfeld

[183. The EC describes a conducting carbon steel surface covered with another
layer of low conducting surface due to the formation of inhibitor film. As described
by Wang[8], the nested EC is adopted to take into consideration the pores that may
exist on the surface of the film which enable the elechmnical actives species to
reach the metal surfacEsih et al [184] describes the process of corrosion in the
presence of inhibitor to involve the diffusion and electrochemical kinéthe
CPEim and the Rmn are in parallel This parallel arrangement ia series with

another pair of parallel CR& and R
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Figure 6-14 : Equivalent circuit (EC) used in representing the AC impedance
measurementa) simple circuitdoes not differentiate the resistance due to film
formation by the inhibito(b) circuit showing resistance due to film formation by the
inhibitor.
Here the CPEy, and CPE representconstant phase element due to the inhibitor
film and corrosion, B Rim and Ror representsolutionresistance, resistance due to
film and corrosion resistance respectiveljie CPE was used in place of the usual
capacitor (Gg) to take into consideration of the roughness and inhomogeneous of
the surface of theorroding carbon steel. This makes the fitting of the experimental
data with EC closer than with the use of the usual capacitgy. (€should however
be noted that some of the lower concentratifmn inhibitor 1 were able to fit in a
simpler EC modedor Figure 614(a) This simplermodel was not able to distingh

the contribution from the inhibitor film alone.

The result of the Nyquist plot for inhibitord& 20°C and 80°@re shown irFigure
6-15. The results showigh impedance valuen all the cancentration at 20°C. This

is evidere of a protective noiporous film formation by the inhibitorThe
formation of a thickilm prevent the diffusion of corrosion actives species from the
entire solution to the carbon steel surface and can also changedde and
cathodic energy barriers The Nyquist plot at80°C however showed drastic
reduction in the impedance f@Oppm and 50ppm concentration. This may suggest
that the film formed on the metal surface nimey moreporouscompared to those
ones formed at lower temperature of 20T@e reduction in thempedance for the
inhibitor at theseoncentratioais evident of lower surface coverage and efficiency
for the inhibitor at80°C. This may suggest that the optimum concentratbn

inhibitor 2 changes with increasetiemperature
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Figure6-15 : Nyquist plot for(a) blank, 10ppm, 50ppm and 100ppmhibitor 2 at
20°C and (b)lank,10ppm, 50ppm and 100ppmhibitor 2at 8C°C

In analysingthe result of the AC impedander the Nyquist ploof inhibitor 2, the
electrical equivalent circuit (€) used were similar to thosised for inhibitor 1As
most of the result of inhibitor 2 and inhibitor 1 are similar, the process of corrosion

in the presence of inhibitor 2 is assumed to involve the diffusion and

electrochemical kinetic
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6.5. Surfaceanalysis

Electrochemical testas previously discussed give the corrosion rate but may not
give an idea of any localised corrosion or type of degradation that may hav
occurred. Alhough AC impedance method can give an idea of where the surface of
the metal becomes rough, this may sbbw how rough the surfaée To further
understand the behaviour of the metatha presence of the inhibitois,is always

good to have a good surface analysis on the metal after the electrochemical test. The
formation of localized corrosion often ags on metal surfaces with poorly formed

films on the surface. It is therefommportant to examine the surface of the carbon
steelin the presence of theseo film forming inhibitors. The results of the suréac

analysis are described in the followisggdion.
6.5.1. ScanningElectron Microscopy (SEM)

The samples which were used for electrochemical test were kept in the desiccator
after each experiment. SEM images of the samples were then taken to itentify
possibletype of damage on the surfa@EM images ofblank samplesandsome of
theinhibitor 1 samplesafter the etctrochemical test ashown in kgures 616. The

SEM image at 20°C shadthat after 4 hours test with inhibitor 1 the carbon steel
surfaces had only low general corrosion on the surféhe. 100ppmhad a very

mildly corroded surface. The 10ppm inhibitor did not show signs of localised
corrosion at this temperature but the surface had more general corrosion when
compared talOOppn inhibitor 1 sample surfacesChis is in agreement withPR
measurement and AC measurement that shows low corrosion rate for the carbon
steel sample at 20°®ith the 10ppm having a higher corrosion rate than the 50ppm
inhibitor and 100ppm inhibitor

At 80°C, SEM imags of the 100ppminhibitor 1 samplesshowed restance to
localised corrosion and general corrosion. Generdlsirallow localised corrosion
was seerfor samples testl with 10ppm inhibitor 1. Thismay be due to the lack of
adequate film cover on the surface of the carbeelsit this temperaturd@his
occurswhen the inhibitoris under dosed omneffective Overall all the images for
inhibitor 1 showed lower general corrosion compared to the blank samples with high

general and localised corrosion.
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Figure6-16 : SEM image ofa) blank,(b) 10ppm inhibitor 1(c) 100ppminhibitor 1
at 20C and (d) blank (e) @ppminhibitor 1 (f) 200ppminhibitor 1 at 8CC.
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Figure6-17: SEM image ofa) blank,(b) 10ppm inhibitor 2(c) 100ppm inhibitor 2
at 20C and (d) blank (e) 10ppm inhibitor 2 (f) 200ppm inhibitor 2 @0

The SEM resuls for the blanksamplecompared with some inhibitor 2 sampkgs
20°C and 80C after the edctrochemical test are shown in Figure$76 The SEM

image at 20°C shows that after 4 hours test with inhibitor 2 the carbon steel surfaces
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only had general corrosionThis is an indicatn of the formation of protective

inhibitor film on the surface of the sample.

At 80°C, The SEM image showed higher general corrosion on the surface for 10ppm
inhibitor. 10ppm inhibitor also showed possible localised corrosion on the surfaces
of the samm@. The 100ppm inhibitor 2 samples showed the least corroded surface
with no signs of localised corrosion. All the inhibitor 2 samples did have lower
general corrosion rate on the surface when compared to blank samples at both high

and low temperature.
6.5.2. Fourier Transform Infrared Spectrometry (FTIR)

FTIR was used to characterise some of the tested samples used in the presence of
inhibitor 1 and inhibitor 2FTIR can be used to identifgny chemical bond that may

exist on the surface of the tested sample withinhibitor. The results of the FTIR
spectra for the inhibitors on some sedectess are shown in Figure-&8 and Figure

6-19. The spectra obtained from the inhibitorsiirfaceshowed spectra which are
similar to that of the FTIR spectra ofly inhibitor 1 soltion alone. The difference
wasthe low count on the spectra which is expected as the samples will normally
have less concentration on the tested sample as compared to the solution of inhibitor
1 alone.

s Inhibitor 1 alone s nhibitor 1 sample
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4000 3500 2000 2500 2000 1500 1000 500
Wavelenght 1/cm

Figure6-18 : FTIR spectra for inhibitor 1 solution alone and géamtested 50ppm
Inhibitor 1 at80°C for 4 hours period.
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The spectra on inhibitor 1 solution alone showed the presence Mfkhbonding in
the region of 1564 cth This was ko visible for the tested samgle inhibitor 1.
The spectra of onlynhibitor 1 solution #bne showed the presence of t@eH
stretching in the region of 323650 cm'. This was also visible for the
electrochemicalested samplsurface The OH bending and the © bond was also
present in both the inhibitor 1 solution and the tested sanfiesighC-H stretch
at 28602950 cm* was not present for the tested saniplmhibitor 1, the spectra of
the tested sample were similar in moase& with the spectra of the solution for

inhibitor 1 alone

None of the tested samples in the presence of inhibitor 2 showed FTIR spectra
which was able to match the FTIR spectrum for inhibitor 2 done separately. They
did not show the @ stretch between280 and 3550 cthwavenumber and also the

C-O stretch between 1100 and 1200%omavenumber. This may mean that fhen
formed by inhibitor 2 isnot tenaciously bonded to the surface of the carbon steel

within the tested periodrurther test may be regad to confirm this.
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100
20
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Figure6-19 : FTIR spectra for inhibitor 2 solution alone and géamtested 50ppm
Inhibitor 2 at80°C for 4 hours period.
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6.5.3. Interferometry

A Wyko light profilometer was used tssesshe topographwf the tested samples.

It was used to determine the damage and type of corrosion attack on the
electrochemically tested sample surfdoeorder to determine the type of corrosion

on the surfag of the sample, a threshottf 1 um was assigmk as the depth
measurement to identify general corrosion or localised corrosion. Measurements
below 1 pm depth were taken to be general corrosion while measurement above 1
pum depth was taken to Hecalised corrosionshallow pis). Any measurements
above5 pum depth wre taken to be deep gitA threshold was assigned to the
volume measurement to ascertain the percentagleme due to deep pits. A
schematic diagram describing the process of benchmarking on the tested sample to
identify the pit has been degmed inthe previous sectiorFigure 620 shows a

typical measurement result for inhibitor 2.

From the test carried out at 20°Ct was observed hat the 10 ppm inhibitor 1
samplemostly hadgeneral corrosion on the surface with some very shalloswopit

the surface. The maximum depth of the shallow pit was 1.4um.

Further volume measurement on the 10ppm inhibitor 1 sample using a threshold of
1pm showed that the depth belowstipit threshold made up just0® x 1Gum? of

the total volume The volume measurement on the 10ppm inhibitor dhswnin

Figure 621. The number of pit on the surface was also less than the 99.76% of the
total volume of the surface. This is an indication that the localised corrosion level
was very small and occad in small area. This is also in line with the observation

of the images of the SEM thahowedfew points with shllow localised corrosion.
Profilometer results for albther concentration of inhibitor 1 showed resistance to

localised corrosion of pit.

At higher temperature, the localised corrosion was also observed in the measurement
for the 10ppm inhibitor 1 concentration. Higher concentration5@ppm and
100ppminhibitor 1 did not show any pit formation on the surface. This shows that at
80°C, the inkbitor 1 with 50ppm concentration was able to protect the carbon steel

surface from corrosion.
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Figure6-20 : Profilometer measurement f@a@ppminhibitor 1 at20°C showing the
maximum depth obtagdon the surface of the sample.
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Figure 6-21 : Profilometer measurement fdOppm nhibitor 1 at 20°C showing

threshold for volume depth obtadion the surface of the sample.

This is also in line with thelectrochemical test result and the SEM image that
shows no localised corrosion on the surface of the tested carbon steel sample. The
result indicate that the film formed by inhibitor 1 with 50ppm and higher

concentration are stable, compact and less pdhausthat of 10 ppm.

Profilometry measuremestfor the 10 ppm inhibitor 2 sample on the other hand
showedmostly general corrosion on the surface without any recognised pit based on
the threshold measuremeithis an indication that there were no formation of pits

on the surface due to the coverage achieved on the surface of the carbon steel by the
10ppm inhibitor 2concentration The measurement of the other concentration of
inhibitor 2 also gave maximum dépbelow the 1 pum. This result is line with the
electrochemical measurement result that shows low corrosion rate and high
efficiency of inhibitor 2 at 20°C. The SEM image for the inhibitor 2 for all
concentration at a low temperature also agrees with thidgpneter result which

shows no formation of localised corrosion on the surface of the carbon steel

samples.
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Figure 6-22 : Profilometer measurement ftie 4hrs test of Inhibito2 10ppm at
80°C showing the maximum depth obtain on the surface of the sample.
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At higher temperature, localised corrosion was also obsdoregheasuremenbn

the 10ppm inhibitor 2 concentrations. Higher concentration of inhibitor 2 did not
show any pit formation on the surface for the 4 hours test. The maximum depth on
the surface was quite high and up t6 @m .Thiswas far more than the threshold of

1 um far surfaces considered as.fdihis shows that at high temperature of 80°C, the
lower concentration of 10ppmmhibitor 2 was not able to protect the carbon steel
surface from corrosion. This is also in line with the SEM image that shows localised
corrosionon the surface of the tested carbon steel sample. 1@ppimhibitor 2is

no longerthe minimum required concentration at high temperature. The results for
the other test also showed that the other concentration of inhibitor 2 did not have
localised corrsion on the surface of the inhibitor 2 as the measdegthwere
below the 1 um threshold. Figu&22 shows the profilometer measurement for
samples tested withOppm inhibitor 2at 80°C for 4 hrs.

6.6.Summary of resultsof corrosion processes in the presee of

organic corrosion inhibitors

This chaptehas presentecesuls from an assessment of tt@rosion of carbon
steel in the presence of the two inhibitors. It can be summarised as follows

1 OCP measurements can give a sqomantitative behavior of both
inhibitors. It was observed from these measurements that the two
inhibitors showed reduction in corrosion by reducing the anodic
activities.

T AC and DC measurements for both inhibitor s¢eshowed good
correlationand demonstrated that tihibitors redue corrosion rate of
carbon steel.

1 The two inhibitors were abl® reduce the corrosion igrmation of thin
film on the surface of the sample which wasen from the AC
impedance resudt

1 Inhibitor 2 has a lower minimum concentration requirement as cochpare

to inhibitor 1 and reduces corrosion rate moralatver temperature.
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1 At 80°C inhibitor 1at high concentration of 100ppm perfarbetter than
inhibitor 2 at the same concentratiand gives a more persistdim on
the surface of the steel

1 Inhibitor 2 may not be an effective corrosianhibitor at high

temperature applicatiogspecially at lower concentrations
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Chapter 7. CORROSION RATES AND PROCESSESIN THE
PRESENCE OFMONOETHYLENE GLYCOL AND
ORGANIC CORROSION INHIBITORS

7.1 Introductio n

The integrity ofoil and gas pelines is veryimportant. There ig need tomanage
hydrate formation and corrosion oncarbon steelpipeline or keepto minimal
acceptable rate. In preventing hydrate formatethermodynamic hydrate inhibitor
MEG is oftenused[115 122 185. This canalsohelp to prevent corrosioof the
carbon steelThe reduction in corrosion rate is not always to the required minimum
levelsand hence the corrosion rate needs to be reduced further. Oné nedymng
the corrosion rate is bgpplication of suitable organic corrosion inhibgd®rganic
corrosion inhbitors usually adsorb to the surface of the carbon steel to &orm
protective film. The organic corrosion inhibitor needs to be compatible with
function of he hydrate inhibitor MEG. In ordeto verify this, the two organic
corrosion inhibitorg(i.e. inhibitor 1 and inhibitor 2)ested in the previous section

wereused in the presence MEG.

7.2 Linear Polarization ResistancgLPR) measurement

LPR measuremestweretaken forthe carbon steeh the presence o# solution of

MEG and irhibitor. The LPRtess wereconducted ob0% MEG solution with three
different concentrations afhibitor 1 and inhibitor 2 a20°C and 80C respectively.

The samdest were also perfored using 80% MEG solution witthree different
concentratios of inhibitor 1 and inhibitor 2 a0°C and 80C. The solution
resistance due to the presence of MEG was calculated using the AC impedance
method which will be describedlater. Polarisation resistancefrom the LPR
measurementsvere compensated faolution resistance oeach reading before

using them to calculate the corrosion rate.
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The results 'om Figure 71 andFigure 72 showthecorrosion rate ofarbon steel in

the pesence of solution &0% MEGwith inhibitor 1and 80% MEQGwith inhibitor

1 at 20°C respectively Figure 73 and Figure 4 show thecorrosion rate fothe
carbon steel in the presence of solutiob@¥% MEGwith inhibitor 2and 80% MEG

with inhibitor 2 at 20°C. From the result,tere was a drastic reduction in the
corrosion rate with the combination of abbrentratios of inhibitor 2 with both

50% MEG and 80% MEGOn the other hand the drastic reduction in the corrosion
rate was not seen for the comdtion of 10ppm inhibitor 1 with 50% MEQhis

was even prominent when 3 OMEG solution vas used in combination wittDppm
inhibitor 1. The reduction in corrosion rate was less than the reduction in the

corrosion rate in the presence of MEG al@re2 Oppm inhibitor 1)

The results with higher concentration of inhibitor 1 showestiuction in the
corrosion rate which wasebservedmore for the 100ppm inhibitor 1 with MEG
Overall the corrosion rate ofnhibitor 2 in combination wittMEG was lower than
thatof inhibitor 1.
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Figure 7-1 : Comparison ofthe ®rrosion mte for carbon steel in different
concentrations ohihibitor 1with 50% MEGat 20°C
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Figure 7-2 : Comparison of the arrosion ate for carbon steel in different
concentrations ohihibitor 1 with 80% MEGat 20°C
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Figure 7-3 : Comparison of the arrosion mte for carbon steel in different
concentrations ofihibitor 2with 50% MEGat 20°C

The results 'om Figure 75 and Figure 6 showthe corrosion rate of carbon steel in
the 50% MEGsolution with inhibitor 1and 80% MEGsolution with inhibitor lat
80°C while Figure 77 and Figure ‘B showsthe corrosion rateof carbon steel in
50% MEGsolution with inhibitor 2and 80% MEGsolution with inhibitor 2at 80°C.
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Figure 7-4 : Comparison of the arrosion mte for carbon steel in different
concentrations ofhihibitor 2with 80% MEGat 20°C

The results of the LPR tessit 80°Cfor acombination 0650% MEG and inhibitorl
showed that the corrosion rate did not reduce as expected. The 10ppm inhibitor 1
concentration had the least effect on the corrosion Tk higherconcentration of
50ppm and 80pppm though reduce the corrosion rate Hutlidt not reachthe
maximumaccepable corrosion rate of 0.1mm/8imilar results wrealso achieved

with a combination of 80% MEG and inhibitor 1. The combination did not achieve
any reduction incorrosion rate below the maximuatceptable rate of 0.1mm/y.

This also showed a negatieffect of combining MEG with inhibitor 1

On the other handhe 50 ppm and 100 ppm of inhibitor 2 in combination with 50%
MEG or 80% MEG was able to reduce the corrosion rate below the maximum
required limit of 0.1mm/y. The 10 ppm inhibitor 2 in combioatwith 50% MEG

or 80% MEG was not able to reduce the corrosion rate below the maximum required
rate. This may mean that at higher temperature additional qigsit inhibitor 2

may be requiredo reduce the corrosion rate of the carbon steel in theepoe of

MEG to the required limit.
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Figure 7-5 : Comparison of the arrosion mte for carbon steel in different
concentrations ohihibitor 1with 50% MEG at 8°C
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Figure 7-6 : Comparison of the arrosion ate for carbon steel in different
concentrations ohiibitor 1 with 80% MEG at 8°C

A summary of the corrosion rates in mm/y for the bldin&.Oppm inhibitor 1)
inhibitor 1 in blank solutn only, MEG only, andinhibitor 1 in MEG solution for
the carbon steelt 200C and 80C is presented in TableZ While Table 72 shows
the summary of the corrosion rates for the blér&kOppm inhibitor L)MEG only,
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inhibitor 2 in blank solution onlyand inhibitor 2 in MEG solution for the carbon
steelat 20C and 80C. The results shows regellow and greeffor corrosion rate)

0.2mm/y,> 0.2mm/yO0.1mm/y and <0.1mm/yrespectively
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Figure 7-7 : Comparison of the arrosion mte for carbon steel in different
concentrations ohihibitor 2with 50% MEG at 8°C
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Figure 7-8 : Comparison of the arrosion mte for carbon steel in different
concentrations ofihibitor 2with 80% MEG at 8°C
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Table 7-1 : Summary of the corrosion rate mm/y for different concentrations
inhibitor 1 in blank solution and inhibitor 1 in M&Esolution.

Inhibitor 1 | Temperature | Inhibitor 1 in | Inhibitor 1in | Inhibitor 1 in
concentration (°C) blank only 50% MEG 80% MEG
(ppm)

0 20

10 20

50 20

100 20

0 80

10 80

50 80

100 80

Table 7-2 : Summary of the corrosion rate mm/y for different concentrations
inhibitor 2 in blank solution and inhibitor 2 in MEG solution.

Inhibitor 2 | Temperature | Inhibitor 2 in | Inhibitor 2in | Inhibitor 2in
concentration (°C) blank only 50% MEG 80% MEG
(ppm)

0 20

10 20

50 20

100 20

0 80

10 80

50 80

100 80
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7.3AC Impedance

AC Impedance method was used to compatthe results of the LPR. The AC
impedance methodives the solution resistance due to the presencelie6. The
AC Impedance methodiso gives information that can help itme identification of
possible mechanissninvolved in the reduction of corrosion rate with the
combination of the inhibiterand MEG.

Figure 79 showsthe Nyquist plot for 50% MEG with inhibitor 4t 20°C From the
results for 50% MEG witlinhibitor 1, itis observed that there was unusual time
constantat the beginning of the plot which is attributed to the solution resistance of
MEG. This occursfor all concentration of the inhibitor. The results show that
10ppm inhibitor 1 gave the least value for the impedance which was closer to the
Oppm inhibitorl (i.e. 50% MEG only)value This indicats that the addition of
10ppm inhibitor 1 is not an efféve concentration at this conditionhe impedance

for the 50% MEG and 80% MEG was high but did not increase as texpddis
indicated that there vgano synergisti effect betweeb0% MEG and inhibitor 1.

Figure 710 shows the Nyquist plot for®86 MEG with inhibitor 1 at 20°CFrom

the resul for80% MEG and inhibitor 1, the unusual time constant at the beginning
was also observed which also indicated the presence of high solution resistance.
This was higher than that for 50% MEG as expected. Thetseslsb showed that

the use of 10ppm inhibitor 1 had lower impedance thlhen no inhibitor was used

(i.e. 80% MEG). This shows a reduction in the efficiency of the inhibitor 1 at this
concentration. This is in line with LPR results where the corrosion foat a
combination of 10ppm inhibitor with 80% MEG was highiesin that of 80% MEG

alone.

Figure 711 shows the Nyquist plot for 50% MEG with inhibitor 1 at°@0 The
results of 50% MEG and inhibitor 2|lso showed the effect of solution resistance as
the unusual time constant at the beginning. There aasncrease in the total
impedance for all the concentration. This is an indication of positive effect on
inhibitor 2in the presence of 50% MEG®. similar result waslso observed for test

for 80% MEG aunl inhibitor 2which is shown in Figure-I2. This again indicates

positive effect on inhibitor 2 in ther@sence of 80% MEG. This is in agreemeith
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results of the LPR that shows very low corrosion rate for all the inhibitor 2

concentration with 50% ME@Gr 80% MEG concentration.
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Figure 7-9 : Nyquist plot for Oppm inhibitor 1 (i.e. 50% MEG) anuhhibitor 1
(10ppm, 50ppm and 100ppm) with 50% MEG at@0
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Figure7-10 : Nyquist plot for (a)0ppm inhibitor 1 (i.e. 80% MEG) andhibitor 1
(10ppm, 50ppm and 100ppm) with 80% MEG at@0
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Figure 7-11 : Nyquist plot for Oppm inhibitor 2 (i.50% MEG) and inhibitor 2
(20ppm, 50ppm and 100ppm) with 50% MEG at@0
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Figure 7-12 : Nyquist plot for Oppm inhibitor 2 (i.e. 80% MEG) and inhibitor 2
(20ppm, 50ppm and 100ppm) with 80% MEG at@0

To analyse lte result ofthe AC mpedance for the combination of MEG withe
inhibitor, the electrial equivalent circuit (EC) usew illustrated in Figure 3.
Figure #13(b) describes a conducting carbon steel surface covered with another
layer of low canducting surface due to the formationasf inhibitorfilm. The EC

were similar to those used for the inhibitors in the previous section. It assumes that
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there is a formation a film on the surface by the inhibitor in the presence of MEG.
This inhibitorfilm generates a capacitor and a resistance in addition to the capacitor
and resistance due to charge transidre capacitors were both replace with the
CPEim and CPE,., to accommodate the inhomogeneous and roughness of the
corroding surfaceThis make the fitting of the experimental data with EC closer
than with the use of the usual capacitoes)CWhere the inhibitor film \as not
prominent the simpler E@lustrated inFigure 7#13(a) wasemployed in fitting the
experimental results. The EC analysias used to derive the solution resistance in
the presence of MEG and the inhibitoFhe solution resistance as used to

compensate for all the ressilbf the LPR previously presented

vV OV R V'V Reorr

(@) (b)

Figure 7-13 : Equivalent circuit (EC) used in representing the AC impedance
measurement (a) simple circuit (b) circuit showing resistance due to film formation
by the inhibitor in the presence of MEG.

At 80°C, the Nyquist plots foihe combination of 50% MEG with inhibitor 1 and
80% MEG with inhibitor 1 are shown in Figurel4 and Figure 715 respectively

From the Nyquist plot it was observétat the impedance were gengrabw for all
concentrations of inhibitor 1 in 50% BG soluion. This indicates that even at a
higher temperature the presence of MEG reduces the efficiency of inhibitor 1. In the
presence of 80% MEG the impedance for the whole cdrateon of inhibitor 1
increased a little However, the impedances were much lawghan expected
especially for higher concentration of 50ppm and 100ppm which normally gives

high impedance at 80°@ith MEG as seen in chapter 6. The reduction in impedance
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indicates high corrosion rate which was in line with the results from the LPRewher
the corrosion rate for the inhibit@rin both 50% MEG and 80% MEGashigh.
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Figure 7-14 : Nyquist plot for Oppm inhibitor 1 (i.e. 50% MEG) and inhibitor 1
(10ppm, 50ppm and 100ppm) with 50% MEG at@0
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Figure 7-15 : Nyquist plot for Oppm inhibitor 1 (i.e. 80% MEG) and inhibitor 1
(20ppm, 50ppm and 100ppm) with 80% MEG at@0
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Figure 716 and Figure -7 shows the Nyquist plot for 50% MEG with inhibr 2
and 80% MEG with inhibitor 2 at 8C respectively. The resuthowed an increase
in the impedance value for all concentration of inhibitor 2. This was in agreement

with the result of the LPR previously presented.
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Figure 7-16 : Nyquist plot for Oppm inhibitor 2 (i.e. 50% MEG) and inhibitor 2
(10ppm, 50ppm and 100ppm) with 50% MEG at@B0
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Figure 7-17 : Nyquist plot for Oppm inhibitor 2 (i.e. 80% MEG@nd inhibitor 2
(10ppm, 50ppm and 100ppm) with 80% MEG at@0
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This increase in impedance indicates that the corrosion rate in the presence of MEG
and inhibitor reduces even at high temperaur®wever the impedance value for

the 10ppm inhibitor 2 and EIG was the least among the other concentratidhis

also indicate the increase in the minimal concentration of inhibitor 2 needed to
reduces the corrosion rate as the temperature increBBesminimal inhibitor
concentration (MIC) increased from 10ppmhibitor 2 concentrationto 50ppm
inhibitor 2 concentration at 8C. The EC in Figure 13 used for the corrosion
result at20°C was also used to analyses the restil8C'C. Solution resistance
derived from the analysis were used to compensate for tRerkBultsfor 80°C

previously presented.

7.4 Surface analysis

Posttestanalyses of the samples from the test with the combination of MEG with
inhibitors wereperformed usingEM and interferometryThis will helpidentify the
type of corrosion thakccurson the surface of the tested samples.

7.4.1. ScanningElectron Microscopy (SEM) and Energy Dispersive X
ray Analysis (EDX)

The SEM image was used to analyse the surface of the sample and determine the
possible typs of corrosion that occurredhahe surface othe sample. Some of the
resuls of the SEM imageare shown in Figure 718. Observation of the image
showed general corrosion and clustef shallow pit/localised corrosion onhée
surface of samptetestedwith a combination 0f80% MEG with10ppm inhibite 1

at 20°C. This indicates the antagonistic effect of a combinatiotbfthe 10 ppm

and high concentration dVIEG (i.e. 80% MEG solution). The SEM image for
samples with a combination of inhibitor 2 and MEG solutions did not show any sign
of localisedcorrosion at the surface but rather sign®uf gener&corrosion This is
expected as the LPR results gave a low general corrosion in most of the inhibitor 2

with MEG test. This indicates a synergistic effect with MEG and inhibitor 2.
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Figure7-18: SEM imageat 20°C (a) 10ppm inhibitor 1 with 50% MEG ()Oppm
inhibitor 1 with % MEG (9 10ppm inhibitor 2 with 80% MEQd) 100ppm
inhibitor 2 with 80% MEG.

SEM images were alsok@an for the samples tested af@0The results for some of

the SEM images are shown in Figufel9. The SEM images showed that lower
concentration ofLlOppm for both inhibitors with MEG have high level of general
corrosion. However the SEM images for 10ppm inhibitor 1 with 50% MEG had the
highest level of general corrosion. This was evident in the LPR measurement which
shows that the combination of 10ppnhibitor 1 and 50% MEG gave the highest

corrosion rate.

The 100ppm inhibitor 2 with 50% MEG showed the least level of corrosion among
the SEM images at 8C.
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Figure7-19: SEMimage at 80C (a) 10ppm inhibitor 1 with 50% MEG (b) 10ppm
inhibitor 1 with 80% MEG (c) 100ppm inhibitor 1 with 50% MEG (d) 10ppm
inhibitor 2 with 50% MEG (e) 10ppm inhibitor 2 with 80% MEG (f) 100ppm
inhibitor 2 with50% MEG.
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7.4.2. Interferometry

Wyko light profilometer was also employed to analyses the surfateecsamples
from the test performed in the presence of MEG with the inhibilidre resultof
inhibitor 1 in the presence of 80% MHES&describedn Figure 720.
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Figure7-20: Typical pit measurement for a combination of 80% MEG with 10ppm
inhibitor 1 at 20 °C showing pit depth of 3.4um
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A threshold was assigned to the depth measurement to determine thef type
corrosion on the surface of the carbon steel sampls.Wasused to determine the

type of corrosion that occurred on the surface of the sample. The threshold taken
was 1 um as used for the test in the previous chapters. From the results it imseen th
the combination 080% MEG with10ppm inhibitor at 20°C gave a maximum depth

of 3.5um. This indicates that shallow pits are formed within the 4 testperiod on

the sample. This pit depth wasore than that observed for the same test with

samples from 10ppm inhibitor 1 in the previous section.

7.4.3. Summary of results of corrosion processes in the presence of MEG

and organic @rrosion inhibitors

This chapter described the resut the corrosion of carbon steel in the presence

of MEG with the two inhibitors used. It can be summarised as follows

1 The use of corraen inhibitor further reduces the corrosion raté carbon
steelin the presence of MEG at low temperatures.

1 A higher ®ncentratiorof MEG and a lower concentration of inhibitor 1 10
ppm (i.e. under dosing) can cause localized attack on steel surface.

1 Inhibitor 1 shoved an antagonistic effect with MEG for most of the.test
Inhibitor 2 showed better efficiency and compditpiwith MEG at 20C
and 80C and is acceptable for all concentratioestedat 20 °Ctemperature

1 The use of corrosio inhibitor with MEG may reduceor increase the
efficiency of the inhibitor depending on the type of inhibitor ahe
experimental/tegtg conditions.
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Chapter 8. CORROSION PROCESS IN THE PRESENCE OF
IRON CARBONATE SCALE (PRE -CORROSION)

8.1 .Introduction

The corrosion process of carbon steel can feddrmation of corrosion products on
the surface of the steel. Formation of corrogiooducts can be beneficial to the
reduction of corrosion rate if a protective filim formed[65, 67, 70, 186. Iron
carbonate is the major corrosion product formed in the @frosion of carbon
steel. This product wimeproperly formed and deposited the surfacecan lead to
the reduction of corrosion of carbon stebl. real life situatios carbo steel
pipelines will normally be precorrodel before application of an inhibitor or
injection of MEG as a hydrate inhibitdn this chapterpre-corrosion to formiron
carbonate which is protective wasxplored in certain conditions. These pre
corroded carbon steel samples wirenused to determine the effauftthe presace

of MEG and inhibitorsn thecorrosion ofcarbon steel ithe next chapter.

8.2.0pen Circuit Potential (OCP) measurement

As presated in the previous sectiondiet OCP is oneof the quickestsemt
guantitativemethodsto determine what is happenimy the surface of corroding
carbon steel during corrosionThe results presented here are for corrosios ¢ést
solutions with supesaturated iron carbonat&upersaturationwas achieved by
using 250ppm of Fe in the form BECL.4H,0O and increasing & pH value within
6.87 usingNaHCG; as described in chapter Using the MultiScale softwarehé
saturation ratio SRor iron carbonatevascalculate to be 4,685vhich gavea high

scaling tendency

The resit of the OCPmonitoringand corrosion resistae for the blank and pre
corrosion test is shown in Figurel8 The OCP for the preorrosion test shows a

negative change as compared to the OCP value of blank solution. This may mean
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that the anodic reaction increase the solution saturated with irdons (Fé") as
more iron ions (F&) areformed in the solution. The anodic reaction needs to be
accompanied by the cathodic reaction foe torrosion rate of the carbon steel
increase as the corrosion reaction is a redox reaction that produt8satieeH".

The incrase in the pH of thélank solutionfrom 4 to 6.8 or morefor the pre
corrosion test reduces the potential dfadd makes the cathodic reaction to reduce.
This in effect will reduce the corrosion rate of the steel sinceattoelic reactn
forming Fe** will require H' to complete the corrosionagtion. The high level of
Fe* was producedrom the reaction of Fe@hH,O. It then means that the increase
in the F&" will not lead to additional corrosion of the steel as expedted.resulin

fact shows that th@olarisationresistancg(R,) of the pre-corrosionsampleswas
higher than that of the blank test alone. This shows that the corrosion rate may be

reducing due to the cathodic reduction of the corrosion reaction.

—o—Blank OCP == 4hr pre-corrosion OCP
Blank Rp =>¢=4hr pre-corrosion Rp
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Figure8-1 : OCP andR, measurement for the corrosion of carbon steel in the

presence of Iron carbonate fohdurs at 8C°C.

An additional test was performed for a longer period of tifie result of the OCP
ted for a24 hour period is shown in FigureZ8Interestinglythe OCP measurement
decreasg as usual dr most part of the test until 18our point when the OCP
gradually starts rising with timeThe increase in OCBccursslowly andsteadily
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throughout the remaining part of the experiment. Tigsease may be a respornse
additionalincrease in theesistance of the steel with tim&he result of the OCP
with time and the resistance with time for both blank and solutionfefthis shown
in Figure 82. This demongtates the effect on the OCP fasther increase in the
polarisationresistancevas observediue to barrierdsormed againsthe corrosion

species

=—o—Blank OCP == 24hr pre-corrosion OCP
Blank Rp =>¢=24hr pre-corrosion Rp

(mV) vs Ag/AgCl

Resistance Rp (Ohms cin

Time (hrs)

Figure8-2 : OCP measurement for the corrosion of carbon steel in the presence of
Iron carbonate for 24hyzgeriodat 8C°C.

8.3.Linear Polarization ResistancgLPR) measurement

In order to understand the corrosion resistance of the carbon steel as the iron

carbonate scales afi@med, there is a @ed to do a LPRest on the sample.

The LPR result is shown in Figure® The blankshowed highcorrosion rate with

time. The blank solution shows the same corrosion rate or an increase in corrosion
rate with time. This is an dicaton that the corrosiofor the carbon steel ifblank
solution occur continuously without any protection. The lack of formation of
protective iron carbonate film osurfaceof the steeln the blank solution may be

due tothelow pH of 4usel for the blank testlt has been shown that deposition of

protective iron carbonate occurslagh pH valueabove 578, 187, 18§.
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For the precorroson test,the LPR showed a reduction in corrosion rate with time.
This is an inttation thatcorrosion produgtprobably iron carbonate filsjare being
formed on the surface of the carbon steel. This in effect causes a reduction of the
corrosion rate fronthe initial start and further along as the test prog®sgh time.

The resul of the 4hour testfor the blank and preorrosionis shown in kgure 83.

The result shoed a reduction in corrosion ratgith time. Howeverthe corrosion
ratewasstill not below 1mm/y. This may be an indication that the corrosion product
that forms on the surfaceas still porous The chemical reaction forming this
protective film on the surface may need a longer tileurther test was then

performed fora 24 hour period to tudy theeffectof time.

—o—4hrs pre-corrosion =li=Blank

Corrosion rate (mm/y)
O P N W M 01 O N 00 ©
1

0 1 2 3 4
Time (hrs)

Figure8-3 : Corrosion rate measuremeat blank and precorroded samplat 80°C.

Resuls of the orrosion test for the 2hours period showedflurtherreduction in the
corrosionas the test npgressd. This isan indication that the deposition of iron
carbonate on the surface of the carbon steel progridisdime. A more protective
barrier that reduces the corrosion speaieaching the surfaces of tobarbon steels
formed This processedu@sthe anodic reactioascorrosionchemicalspeciecard t
reach the surfacef the carbon steel. This is evident in the OG&nhd which
previously decreased for the 4 hqure-corrosiontestand laterstared increasing

slowly after 10 hourtime in the 24 houtest.This is an indication that the reduction
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in corrosion rate is no longer due to the reduction in the cathodic reaction alone but

also a reduction in the anodic reaction.

== 24hrs Pre-corrosion ==4hrs Pre-corrosion Blank

Corrosion rate (mm/y)
O P N W M 01 O N 00 ©

10 15 20 25
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o
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Figure8-4 : Comparison of the corrosion eafor blank and preorrosion for 4 hour

period and 24 hoyseriod showing lower corrosion rate with grerrosion time.

8.4.Surface analysis

8.4.1. ScanningElectron Microscopy/ Energy Dispersive Xray
Spectroscopy (SEM/EDX)

Carbon steel samples used for the different test were prepared and kept in a
desiccator for further test. The test result includes SEM and EDX. The SEM was
used tovisually determinghe fomation of general corrosion,otalised corrosion

and depositionof corrosion product on the surface. Further test were done on
selected sample to determine the surfamestituentusing EDX techniques. The
results for the ours test are shvan in Hgure 8-5. As expected the carbon steel
sample from the blank solution shows massive degradation due to corrosion on the
surface.The corrosion wamostlylarge general corrosicand localised corrosioon

the metal surfaceThis isdueto lack of protection on the siace of the carbon steel

surface as corrosion occurs. It shothat there is no protective corrosion product
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forming on the surfacelhe lack of protection on the metal surfanay be due to
lack of super saturation of the corrosion product of iron cateorstudies by Nesic
et al [40, 65, 78, 187 shows that for iron carbonate to deposit onging¢ace the pH
of the solutionneeds to be high . This may not occur within the time of the
experiment as shown. The SERage is in line with the LPR measurement which

indicates high corrosion rate which may be increasing slightly with time.

Mag= 9623 WD= 90mm

Figure8-5: SEM image of samples from blank solution after 4hrs period.

The result of preorrosion in the presence BECL.4H,O for 4 hours isshown in
Figure 86. The precorrosion SEM image shows the formation of spherical rounded
crystals which are believe to bwmainly iron carbonateas the experiments was
conducted in C@saturated environmenthe crysals were large in size and had
many gaps in between them. This crystal may serve as a selective bather to
corrosionspeciesThis isthe reason why the corrosion rate of the 4hrscpreosion

of the carbon stel rediwces from approximately dm/y on blank solution to
approximately 2mm/y for the pmorrosion. The formation ofrystalised iron
carbonate has been shown to give protection to the corroding carbo[B8fe,

78, 189. The crystal formation on the surface reduttesanodic reaction on the
surface by reducing the amount of corrosspeciegeacting on the bare ferrite. The

reduction in corrosion rate was not very much and maybe due to the gap between the
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crystals of the corrosion product. The thickness of the film may also be an issue. A

very thick filmwill likely form a bigger bater to corrosiorchemicalspecies

+
Spectrum 1

’ 100pm v Electron Image 1

Figure8-6: SEM images of samples from 4hrs{oarosion.

In other to verify the thickness of the film the cregstion of the carbon steel after
corrosion test wagxaminedand is shown in Figure-8 The result of the SEM
shows that the thickness of the film was not quite uniform. The thickness varies
along the surface of the metal. This may be due to the deposition rate not being
uniform in all part of the metal. This expected as there is no s¢control for the
deposition on the surface metal. Since the reaction is a chemical process the
reactions may not be uniform as it may be affected by the availabilitgradsion
specieson the different parts of the surface. This competition likelwdsathe
surface with different layers at difference point. The thickness of th®ston
product film wasb et ween A& .8ec9Mme na.n The t hthattkknes s

corrosionspeciesareable to penetrate the film and reach the bare steel.

The rate of depsition of iron carbonate on the surface of the carbon steel can be
calculated. From calculation it shows that the deposition rate for iron carbonate on
the surface is 0.72 m/ her2 . (9 thicknes$i 1.2¢ m/ (h4 . %hicknesy. The
average rate of iromarbonate deposition will be less than the maximum rate and

wi || be in the | esser region of 0.72¢m |
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approximately 3em thickness. The i mage
anchor for some of the ystaline corrosion product. This filnthicknesswill be
compared tahe film thicknessfor 24hrs precorrosion to determine the effect of

corrosion product thickness on the corrosion resistance of the carbon steel.

Mag= 100KX WD= 95mm EHT=2000kV Signal A = SE1 297.0 pm “‘{"‘

Figure 8-7 : SEM corrosion product (i.e.Fe@Othickness measurement for 4hrs

pre-corrosion test

EDX analysis of thesurface of the carbon steel was performed for thecpreded
sample. Thiss to understand the type of corrosion prodbet is formed on the
surface of the metal. EDX mapgot be a confirmatory methodo understandhe
corrosion productormed on the surface of the carbon steldbwever itcan still

give an idea of the corrosion produbft is mostly formed on thsurfaceof the
carbon steelThe EDX measurement result for the 4hrs-pogrosion test is shown
belowin Table 81. The analysis from the EDX shows that the crystals formed on
the surface of the carbon steel are mostly made of Fe, C, aniihCGan increase in
the atomic percentagef C and O and a decrease in the Fe atomidBts is an
indication of the formation of iron carbonate, Iron carbide and other oxidesrof ir
on the surface. To confirhe corrosion product formed on the surface additional
test may beaequired. This may mean the use of other surface analysis technique.
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Further analysis usingTIR was used to test the corrosion product formed on the

surface and is presented later in this section

Table8-1: EDX on 4hrs precorrodedcarbon steesurface showing the composition

of the crystals for 4hrs preorrosion

Element % Atomic %
C 19.33
@) 63.08
Fe 17.59

Theresult of the SEM image for the 24 hours test is shown in Fig@teTBeSEM
image forthe test for 24hrs preorrosion shows a well compact film layer. The film

is presumably made of iron carbonate crystals particles which are cubical in shape.
The iron carbonate crystals were smallesize compared to the sizerfned by the
4hrs test. Tis is due to competition of the crystal particlasd increase in crystal
stability with time. This makes the particles to cluster together and formed a well
packed film layer.This layer has less gap -between particles due to the
competition orspacebetween the crystal particles Hgeygrow. This also makes the
crystal particles to look more cubical in shape. Tdrenation of this type of film
improvesthe barrier against the corrosi@pecies This is reflected in the large
reduction of the corrosiomate after the 24hrs test on the LPR measurement. This

gives the carbon steel good protection against general corrosion.

The thickness of the corrosion film on surface of 24hrscpreoded carbon steel
gave another insight into the low corrosion rateaot#d. The measured thickness is
shown in Figure 8. The SEM was used in determining thiekness of the filmhe
sameway it wasusedfor the 4hrs preorroded carbon steel sample. The result from
the SEM shows a very thick film was formed on theface of the preorroded
carbonsteelT he measur ement showed a maxi mum
thick film formed on the surface of the prerroded sample after 24hrs serves as a

bigger barrier to corrosiospeciesin reaching the bare carborest This gives a
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very high reduction in the anodic corrosion reaction and ianés to slight
increase in a higher OCP at the end of the 24hrs reaction as compared to the 4hrs
corrosion reaction. The rate of deposition of the iron carbonate on theesaoffthe

2dhrsprecorr oded sampl es i s ieclad .cHidckmds®ad t o
maximumshowing a reduction in deposition rate with time

P

Mag= 1.00KX WD= 95mm EHT=2000KkV  Signal A = SE1

Figure 8-8 : SEM images of samples fro4hrs precorrasion showing closely
packed iron carbonate crystals.

Mag= 1.01 KX Width=294.1 ym e -
20.00 kV WD = 856 mm I I =

20 ym e

Figure8-9 : SEM corrosion product (i.e.FeGOthickness measurement for 24hrs
pre-corrosion test

199



Table 82 shows the EDX surface composition for the 24hrscpreoded carbon
steel.EDX on the surface of the 24hrs grerrosion shows element of Fe, C, and O
arealsopredominant on the spectrum on the crystals sudacgeen for the 4 hours
pre-corrogon. This is an indication that what is composed on the surface of the
sample ismainly iron carbonate anidon carbide orron oxidesBut since the pre
corrosion process waonducted in aroxygen free environment, the predominant

scale on the surface tife metal will be that of iron carbonate.

Table 8-2 : EDX on X65 carbon steel surface showing the composition of the

crystals for24hrs precorrosion

Element % Atomic %
C 25.48
@) 60.24
Fe 14.29

8.4.2. Fourier Transform Infrared Spectrometry (FTIR)

Having identifiedthe elemerd that are preseran the surface of the prroded
samples byEDX analysis, the FTIR results can be used to substatiiatiact that

iron carbonate iformed on the surface tiie precorroded sample. A sample of the
24hrsprecorroded sample was used for FTIR analysis. The test result is shown in
Figure 810. The result shows the presence of;@Qhe wavenumber of 1480 and
862. This is an indication that carbonates are forraedhe surface of the carbon
steel sampl¢l34, 155. As the ironions were predominately presen the solution
through addition of 250ppm iron ions and from the anodic corrosion process, it may
be right to cafirm that the carbonate presemas that of iron carbonate on the
sample surface. This is in line wigudiesby Akbar et al.[155 which showedthat

this carbonate formedasgthat of iron carbonate through FTIR aneray diffraction

analysis.
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Figure8-10: FTIR spectrum for a 24hrs po®rrosion sample

8.4.3. Interferometry

Interferomety was used to determine the surface topography of the samples after
pre-corrosion test. This is just a way to know what happens to the surface of the
sample when corrosion products are formed on the surface. Studies shows that the
iron carbonate films fornteon the surface of the sample becomes cathodic to bare
steel[190]. The presence of bare steel (ferrite) in the presence of iron carbonate can
lead to bcalised corrosion. This localised corrosion can even grow further if there is
no formation of iron carbonate in the localised area to stop further corrosion. In this
test, the profilometer were used to @@ the depth of the surface and determine

underscale localised corrosion.

The Profilometry measuremestafter iron carbonate scaleagremovedfrom the
4hrs precorroded carbon steel surfasigowed that the maximudepthto be 1.5um
Figure 811 shows the measurement of the 4hrqueoded carbon sel after the
surface scale had been removEde pit growth rateising this maximum deptivas

calculated a®.4pm/hr.
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showing maximum pit depth.
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Theresult of the24hrs precorrosion tesstill hadlocalised corrosion under the iron
carbonate scalafter cleaning the surface with Clarkolution The maximum pit

that was seen in all samplesstedw a s 2 Che pit.wasTobservedeside areas

with well form iron carbonate filmTrhe shape of the pit telsto thin down the depth

which may indicate filling up due to the formation of more corrosion produttain

area The pit growth rate wva cal cul at ed t o be 0. 83¢
approxi mately the same as t he OatBThen/ hr ¢
pit growth rate was however higher than that for the 4hre@m®sion even as the

corrosion rate was much lower.

8.5.Summary of resultof corrosion process in the presence afdn

carbonate ale Pre-corrosion)

This chapter described the resaftthe precorrosion of carbon steel. It can be
summarised as follows
1 The formation of iron carbonate is achieved at high iron concemtrgile

and high temperature of &D.

1 The formation of protective FeG@cale at80°C depends on the thickness

shape packingand size of therystals

1 Longer test of 24 hours gave a more protective iron carbonate scale of up
13.5um as compared the lesgprotective iron carbonate formed for 4 hours

period.

1 There may be formation of under scale corrosion orsthace of the pre
corroded carbon steelhis occus more whenprotective thick filns are

formed on the surface.
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Chapter 9. CORROSION ASSESSMENTIN THE PRESENCE OF
IRON CARBONATE SCALE (PRE-CORROSION),
MONOETHYLENE GLYCOL AND ORGANIC CORROSION
INHIBITORS

9.1. Introducti on

The formation of iron carbonate scale on the surface of carbon steel pip&lims oc
undercertain conditior. In the transportation of natural gas fr@amemote source to
the process area, iron carbonate can formed on the surface of the pipéhiregh
temperature and pHIn the North Seaand in Norwegian natural gas pipeline
transportation, pH stabilization has been used to prevent corrosion along pipeline
[77, 108 114, 117, 122]. This encourage the formation of iron carbonate on the
surface of the pipeline &igh temperaturareas of the transport systemd relies on
this to reduce corrosionin some situatios the formation of other scales like
calcium carbonatéCaCQ) may occuiin the presence of formation water. This may
lead to undesirable scale formation and prokléonthe opeation of the pipelinelf
scaling by CaC®@is very severe thpH stabilizationmethodcan beinadequate for
preventing corrosion. The introductionafganiccorrosion inhibitos are often used

as a more reliable means of managing corrosion.

This chapter will look at the corrosion processes in the pressricen carbonate,
MEG and corrosion inhibitor. The first section will look at the corrosion process of
iron carbonate scale arMEG alone and the second section will tHeak at the
corrosion process in the presence of iron carbonate, MEG and inhibiterwirhi
give an idea of the effect of MEG on the formation of iron carbonate scMEG-
containingsystens. The introduction of MEG may increase the tendency of iron
carbonate scaling in the system which may be benkiiceome aspestThe effect

of inhibitor in the presence of iron carbonate scale and M&@ainingsystemwill

be assessed’he inhibitor could potentially affect both MEG and iron carbonate

formationand may destroy the existing protective iron carbonate film
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9.2.0pen Crcuit Potential (OCP) measurement forpre-corroded

carbon steel InMEG solution

The OCP measurements fpre-corroded steel samples in the preseatdMEG

were performedThese measurementgere achieved byusing duplicates ofpre-
corroded samplefsom previous sectioB-2 to 83 and testing them ia solution of
MEG. Thetest wasconducted atoncentrations 060% MEG and 80% MEGas
described in chapter Zhe OCP resu#t are showrn Figure 91. The resuft of the

OCP for the 4hour precorroded carbon steel sample at 2(8l@ws a massive
increase in the OCP immediately thiee-corroded samples ave introduce into the
MEG solution. For the 50% MEG solution, the OCP increased4dibmV as
compared tgolished samples in blank solution represented as blank in Figlire 9
Thisis an indication that there is a formation of protective layer on the surféice of
pre-corroded sample. Th@mbination with the MEG solution makes the OCP to be
very high at the initial point. This gives rise to high OCP at the initial time. For the
80% MEG solution, the OCP was even higher than that of the 50% MEG solution at
the initial point. The value of the OGRM the result was242mV. As the corrosion

test time increases, the OCP of both the 50% MEG solution and the 80% MEG starts
to decreaseAfter the 4 hour test, the OCP values of the merroded sample

stabilized in both solutions

=¢—Blank == 4hrs pre-corrosion in 50% MEG
4hrs pre-corrosion in 80% MEG
O -

-200
-300 -
-400 -
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-600 -
-700

OCP (mV) vs Ag/AgCl)

0 1 2 3 4
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Figure9-1 : OCP measurement for blar(ke. polished sample}hrs precorroded
sample in the presence %% MEG solution and 80% MEG solution at ZD°
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For the 4hours precorroded test with MEG solution at 80°C, the OCP values also

increase at the initial point. The increases were not as much as the increase with the
OCP values at 20°C. The value for the O8B0% MEG solution at the initial point

was -648mV. This shows that at high temperature the corrosmatieseasily

penetrate the film formed on the surface of the sanijiis.is expected as corrosion

speciesare more activat high temperature as comedrto the low temperature. For

the 80% MEG solution the OCP did not increase much at the initial point as

compared to the OCP for the low temperature of 20°C. Thasis due to the

corrosionspecieseing activeat this temperature. The value at theiahipoint for
the OCP in 80% MEG solution $13mV. This may explain why high corrosion
rate may be obtained at high temperature than at lower temperature for the MEG

solution. Thiswill be investigated further using other electrochemical test and

surfaceanalysis.
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Figure9-2 : OCP measurement for blar(ke. polished sample}hrs precorroded
sample in the presence ©% MEG stution and 80% MEG solution abD8C.

Similar trend of OCP results wreobtained 6r the 24hrs preorradedcarbon steel
tested in 50% MEG and 80% MEG solutidfor tess at 20°C, the OCP increased at
the starting point of the tefor the 50% MEG solution. Thealue for the OCP was
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598mV. This is an indication othe slow dffusion of the corrosiorspeciesto the
pre-corrodel sample bare metal surface. These also occur for the 80% MEG solution
at the same temperature. TOEP value for the sampkg the starting point was
218mVThe value of the OCP at the starting pointtfoe 80% MEG is higher than

that of the 50% MEG solution as seen for the result of the 24hisoprasion. This

shows that the corrosion rate in 80% MEG may be lower than the corrosion rate in
the 50% MEG solutioeven for precorroded carbon stedlhe \alue of the OCP for

both test samples in the MEG solutions reach a stable value as the test proceeded.
The end OCP value for the test samples in 50% MEG solution6@&sV, while

that for the test samples in 80% MEG solution v&2mV.

More tes$ using otler electrochemical methedvere done to verify this as OCP

valuesare semiquantitative at the bepi7).
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Figure9-3 : OCP measurement for blarfke. polished sampleP4hrs precorroded
samplen the presence &0% MEG stution and 80% MEG solution ab2C.

The result for test at higher temperature of 8386€ the 24 hours preorraded
carbon steel in MEGshow that the OCP values did not increase very much
compared to the values ftre blank. The value fothe OCP of test sample in 50%
MEG solution were594mV at the starting point. This does not show much increase

as compared to the increase for the loweenperature of 20°C at the starting point.
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Thisagainmay be an indication of higher corrosion rate at high temperature of 80°C
for this test. The OCP value for test sample in 80% MEG solution-sdanV at

the starting point. This was less than the O@itue for the same test at lower
temperature of 20°C as described previously. The OCP values &int8680 MEG

were higher than thoder tessin 50% MEG at this temperature
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Figure9-4 : OCP measuren for blank(i.e. polished samplep4hrs precorroded
samplein the presence &0% MEG séution and 80% MEG solution aD8C.

9.3.Linear Polarization Resistance (LPR)measurement for pre

corroded sample in MEG

The results from thdinear polarisation measurement for thlrs precorraded
carbon steel in MEG solutioare showrin Figure 95 and Figure 9-6. The results
for the 4hrs preorraded carbon steel in MEGhow that the presence of the iron
carbonate on the surface helps e reduction of ta final corrosionrate in the
presence of 50% MEG. The final corrosion rate for the tested 4hrsopaded
sample in the 50% MEGo#kition averaged 0.35mm/y. The corrosion rdig not
reducedrastically as expected since the initial rogion rate of there-corroded
carbon steelasalreadylow. This may be that there is na@iuchsupport from the
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MEG solution in retaining the iron carbonate crystals already formed on the surface

of the precorroded sample.

On the othehand,the result for the 4hr preorrosion test in the presence of 80%
MEG shows a higher reduction in the corrosion rate. The average corrosion rate
achieved in presence of 80% ME@w0.06mm/y. This was lower than half bét
corrosion rateachieved for the 4hest in the presence of MEG alone on polished
samples. This reduction in corrosion rate may give an idelaeohteraction of the

high concentration MEG on the pe®rroded samplelhe increase in the resistance

of the precorroded sample is also expecteihigherconcentratiorof MEG at low
temperature gives a corresponding low corrosion rate on polished samples as
compared to lowerMEG concentration[53, 77, 87, 108. The much higher
resistance achieved with the 4hrs-pogroded sample in 80% MEG as compared to
the resistance of polished samples in 80% MEG may be diasvés solubility of

the iron carbonatat 80% MEG solution.
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Figure9-5 : Results of corrosion rata 4hrs precorrosionat 80°C andof 4hrs pe-
corroded sampli the presence & 0% MEG and 80% MEG at 20.
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Theresults for the 4hrs preorradedat 80°C in the presence of MEG for 4hrs shows
that the presence of iron carbonate on the surface helps in the reduction of the final
corrosion slightly The corrosion rate for test of the 4hrs-pogrodedcarbon steel

50% MEG solutionshows &final average valuef 1.75mm/y.This high corrosion

rateis attributed to higkcorrosion rateof carbon steel in 50% MEG solution as was
observed forpolished carbon steel in MEG in chapter Fhe lack of adequate
protective ironcarbonate film on the surface was critical to the high corrosion rate
Generaly high temperature always gives higher corrosion watere noprotective

iron carbonate iformed.

The corrosion rate for 4hrs poerroded samplks in 80% MEG solution at 80%ad

an average finalarrosion rate of 0.44mm/yhefinal corrosion ratevas almost the
same withthe final corrosion rate of the polish samples in 80% MEG solution at
80°C. It shows that reduction of corrosion rate at high temperature in the presence of

MEG may not be achieved without forming a protective iron carbonate film on the

surface.
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Figure9-6 : Results of corrosion rate of 4hrs mrerrodedat 8C°C andof 4hrs pre
corroded sampli the presence of %9 MEG and 80% MEG at 8Q.

The comparison of resul@s shown in Figure-9 shows that 4hrs preorroded

samplegested a0°C were all lower than the 4hrs peerroded samples tested at
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80°C. This is an indication that the presemtdron carbonate on the surface of the
sampleat this conditionis not enough to reduce the corrosion rat&@@&C when
compared to the corrosion rateZ€fC. The reduction in corrosion rate is attributed
mostly to the concentratiasf MEG at lower temperaturd he effect of MEG orthe
iron carbonate crystals formed on the-poerodedsurface needs to be examined to
understand more on this area. A dsgion of this point will be madeirther in the

discussion chaptef the work.
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Figure 9-7 : Comparison of corrosion rate of 4hrs quarosionat 8C°C and 4hrs
pre-corroded sampl the presence &0% MEG and 80% MEG at 20°C and 80°C.

Tess for the 24hrs preorroded saples werealso performed in theresence of
MEG of different concentration and at different temperature. The results of the test
for the 24hrs preorroded samples and 50% MEG solution at low temperature of
20°C shows an increase in the resistance of thegredal sample. The average
final corrosion rate of the 24hme-corroded samples was 0.06mm/¥his was a
massive increase compared to the result for the 4hrsopreded samples test. This
may be due to the more protective layer of iron carbonate formerctladt 24hrs test

as compared to the 4hrs test-pogrosion.
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Results for the 24hrs porroded carbon steel sampliesthe presence of 80%
MEG at 20°Cshowed also an increasenithe resistance of the carbon stééiis
increase in the resistance was obed in the corrosion rate of the 24hrs pre
corrodedcarbon steesample that reduces to a final average rate of 0.04mm/y. The
reduction in the corrosion rate is andication of the contribution fronthe

protective iron carbonateoverage andhe effect ® MEG concentration on the

solution.
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Figure9-8 : Results of corrosion rate @#hrs precorrosionat 80C and24hrs pre
corroded samplin the presence &0% MEG and 80% MEG at 20°C

The resultdor test on24hrs precorroded carbon steel samples in MEG soluabn
80°C is shownin Figure 99. At higher temperature of 807¢he results forhte 24hrs
precorroded carbon steel sample %% MEG and 80% MEG bothgave a
corrosion rate which was losompared to the corrosion rate of polished samples in
MEG shown in chapter.5At 80°C The average final corrosion rate for the 24hrs
pre-corrodedcarbon steesample in50% MEG solution was 0.82mm/y while the
corrosion rateof the 24hrs preorrodedcarbon geel sample in 80% MEG was
0.35mm/y The result also highlighted the contribution of the protective iron

carbonate scale in the reduction of corrosion rate in the presence of MEG.
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Figure9-9 : Results of corrosion rate @#hrs precorrosionat 80C and24hrs pre
corroded sampli the presence &0% MEG and 80% MEG at 80°C.

A comparison of the corrosion rate of the 24hrsqmeoded carbon steel sample in
high and lowtemperature is showhelow in kgure 9-10. At low temperature of
20°C, the corrosion rate of the 24hrs -pogrodedcarbon steekanples for both
MEG concentratiortested were lower than that at high temperature of 80°C. This
shows that the corrosion rate at high temperatuthe presence of MEG doast
decrease below the values at low temperature even in the presenceairpded
carbon steel with protective iron carbonate film. The high increase shows that if
there is no formation of iron carbonate film the corrosida od carbon steel in the

presence of MEG solution is likely to be high.

Another important observation frothe result is thathe corrosion rate of the higher
MEG concentration of 80% is always less than that of the 50% MEG corrosion rate.
These result qaport the result of the 4hrs peerrosion that shows th#te testwith

50% MEG solution has a higher corrosion rate comparéuettest with80% MEG
solution. This value is in line with the results of the corrosion rate for polished
carbon steel samplés the presence of MEG concentration where the corrosion rate
of the polishedccarbon steel samples reducesigherMEG concentration. The use

of higherMEG concentration at high temperature also showedtigatorrosion rate

was lowercompared to loweMEG concentration for the 24hrs peerrosion. This
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result is also in line with the results from the 4hrsqreosion test with 50% MEG
solution and 80% MEG solution. The polished samples corrosion rate as seen in the
previous chaptealso shows the same trend whe8®G8nd80% MEG solution were

used.
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Figure 9-10 : Comparison of corrosion rate of 24hrs-pmrosionat 80C and
24hrs precorroded sampla the presence &0% MEG and 8% MEG at 20°C and
80°C.

9.4 Surfaceanalysis

As previously discussed, the electrochemical measurements usually give an idea of
the corrosion rate on the carbon steel samplee use of Ganning electron
microscopy (SEM)was employed to identify the possibigechanism involve in

the corrosion of preorroced carbon steel in the preserafeMEG. Formation of
protectivecorrosion producsuch as iron carbonatan easily be determined by the
useof SEM

9.4.1. ScanningElectron Microscopy (SEM)

The tested sampldsom the 4hrs preorroded test in 50% MEG solution and 80%
MEG solution were all kept in the desiccators prior to the sarémalysis. For the

SEM test, e first part of thegre-corroded carbon steel samples used for the SEM
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test were thosecarbon steepre-corroded for the 4 hour in the 5080d 80% MEG.

The results for all the 4hrs powrroded sample in both 50% and 80% M&@0°C

and 80°C are shown in Figureld. The SEM results for the 4hrs pcerroded
carbon steel sample tested in 50% MEG sofutit 20°C shows that the corrosion
products previously formed on the surface of the sampl$ a change in
morphology TheFeCQ crystalsshape which wapreviously sphericandrounded

was observed to be changing to a distorted and flstigpeon thesurface of lhe
carbon steel. fiis may be that the crystals peles are dissolvingn the pesence of

the new solution it wakestedon (i.e. MEG solution witbut pH increase)Likewise,

the lowering of the initial temperature for the formation of the icarbonat in the

4hrs precorrosion wasalso another factor which may also increase the solubility.
As describe by de Waard et f67] the formation of iron carbonate on the surface
of the carbon steel is made possible at scaling temperature which are always very
high. Bearing in mind that the 20°C is below the scaling temperature, the formation
of iron carbonate scale can only pessble if the MEG solutionencourage the
build-up of this crystalat this low temperature conditioRrom the results shown, it
can be deduckthat the 50% MEG solutiohas little contribution irpromoting the

growth of theformediron carbonaterystalat this condition

SEM image results for the 4hrs prerroded carbon steel sample in 80% MEG at
20°C shows also a distorted corrosion product on the surface of the stgbbrihe
distorted crystals are less fluffy than thosef the 4hrs precorroded carbo steel
sample in 50% MEG test. This may be an indication of a slower increase in the
solubility and dissolutiorof the iron carbonate in the presence86%% MEG. This

may mean that th concentration of MEG at low temperature does not increase the
solubility of the iron carbonate very quickly. toesnot howevermean that the
MEG helps in build-up ofthe structure and shape of the iron carbonate effectively.
At this lower temperature condition, the lack of wiellmed iron carbonate crystal

on the surfacef the 4hrs preorroded carbon steel in MEG means that MEG has

less influence othe growthof theformediron carbonate crystait this condition

The reduction in the stability and crystallizatiohthe iron carbonate on the surface
of the 4hrs preorroded carbon steel in the presence of MEG may be an indication
that the presence of MEG tiitese concentratiomeay not be enough to encourage
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the growth of iron carbon crystal§his observation wgsronounced in the presence
of 50% MEG solution as compared to B®@% MEG solution where thgrotective
iron carbonate wakess distorted.

€Y (c)
(b) (d)
(e)

Figure9-11 : SEM images ofthrs precorroded carbon steel sample after 4 hours
test in (a) 50% MEG (b) 80% MEG atZD and (c) 50% MEG (d) 80% ME&d
(e)4hrs precorroded carbon steel &9°C.
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