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In this study we have synthesized a series of functionalized graphetebased
composites with carboxylates, amines, hydroxyls, etc. attached to graphene nanosheets. The
proposed functionalized graphebased composites were characterized using different techniques
including FTIR, RamanTGA, and TEMtechniquesThe mateals were investigated for use as
corrosion inhibitors for carbon steel corrosionaih field (Acidizing & CO, saturated NaCl)
corrosive environments using thseight loss (gravimetric)electrochemical experimental
techniquesombined with surface analgtl techniquesuch as FTIR, SEM, AFM and XP$he
effect of concentration, temperature and time on the performance of the inhibitor was investigated
in this study. Surface enhanced Raman scattering (SERS) using silver nanoparticles was also
utilized to investigate the adsorption and adsorption behaviour of some of the studied compounds
with concentration And computational tools were utilized estimate the relative stability of

functionalized GOs to GO and to further understanchtare of the inhibits interactionswith
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the steel surface so de gain more insight into the adsorption mechanism of the studied
compounds onto the steel surfadd.the studied compounds showed excellent efficiency at all

the studied temperatures and immersion time. Mdsthe compounds acted as mixgge
inhibitors, according to the PDP measurement. The studied compounds were observed to obey the
Langmuir adsorption isotherrfSEM/EDS, AFM, FTIR and XPS examinations of the steel surface
after 24 hour s éankiandnmbibitedisauions confirtndd ehe &dsorption of the
compounds to the steel surface, forming protective layers that protected the steel surface from the
corrosive media aggressive attatke TGA analysis reveals the functionalized GOs to exhibit a
greater stability than GGBERS intensity showed excellent correlation with the weight loss and
electrochemical results. Results from computational analysis indicates that the molecules get
adsorbedo the steel surface majoriya an interaction betweehe steel surface and aromatic

rings of the GO moietyThe theoretical results affirm the results obtained from the experimental
study, especil the TGA, TEM and PDP resultBecause the GO was made from waste graphite
powder, this research is importantaddressing two major environmental issues: corrosion and

waste disposal
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CHAPTER 1

INTRODUCTION

Even though alternative sources of energy are being sought for, the global demand of
fossil fuels as an energy source is still growing. Fossil fuels in the form of oil and gas still account
for over 60% of theglobal energy suppljl]. The Asia/World Energy Outlook 2016 report of the
IEEJ has predicted that fossil faetill remain the primary sources of energy, meeting about 78%
of the increase in future energy demand. According to the report, the global share of energy source
will be led by oil at 29%, followed by natural gas at 25%, coal at 24%, renewable enedgy,at 1
nuclear at 6% and hydropower at 22. As such, it is unkely that the conventional method of

fossil fuel extraction will disappear anytime soon.

The oil and gas industry is generally categorized into three sectors; the upstream,
midstream and downstredB]. The upstream sector which is also refers to as the exploration and
production (E & B sector is involved in exploration, location and production of crude oil and
natural gas from both offshore (underwater) and onshore (underground)3jel@ise midstream
sector is involved in the transportation (by rail, barge, pipelines, oil tanker and trucks) to refineries
and eneusers, processing, storage and marketing of crude oil and gas products. The downstream
sector is involved the conversion of oil and gas into finished products. This include the refining of
crude oil into gasoline, liquefy natural gas, jet fuel, diesel ateéroenergy sources. The
downstream sector is involved mainly with industries like the refineries, petrochemical and

petroleum products distribution. It also provides a lot of other products such as lubricants, plastics,



heating oil, fertilizers, asphaltpesticides, synthetic rubber, antifreeze, propane and

pharmaceutical3].

The entire oil value chain; from the upstream down to the downstream sector is made of
steel of which carbon steel is the most commonly used due to its low cost as compared to other
materials offering similar physal and chemical properties. However, the corrosion resistance of
carbon steel is low. Metals exist naturally in a combined state as oxides, sulphides, carbonates and
other mineral forms. Corrosion generally tends to convert metals back to their namoipéhexd
states from which they were extracted, as such corrosamonly be control or mitigated but not
completely eliminated. Corrosion is defined as the deterioration of material as a result of
interaction with its environment. This interaction can bkectrochemical, chemical or
metallurgical[4]. Corrosion is worth investigating in oilfield applications, because the problem of
corrosion for the oil and gas indusieannot be over emphasized as it represents a large portion
of the total costs for the oil and gas industries annually the world over. A study on the
Al nternational Measures of Prevention, Appl i c
(IMPACT) releasd in the year 2016 by NACE International estimated the global cost of corrosion
to be 2.5 trillion US dollars equivalent to 3.4 percent global GORe study found that by
implementing best practices for corrosion prevention could savé 37 billion US dollars
equivalent to 15 35% of the cost of damag@]. Thus, in order to avoid many potential disasters
which could lead to loss of lives, negative social impacts, environmental and water resource

pollution, appropriate corrosion control method should be employed.

The sources of cassion problems in the upstream sector are the presencepHe®)
organic acids, polysulphides, elemental sulphur, chlorides and oxygen in addition to the extreme
temperatures and pressures of the oil and gas production wells. Oxygen are usuallywetls the
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from external sources such as drilling muds, which are used during the drilling of wells; dense
brines, sometimes used for filling the annulus between the casing and the production tubing; acid
stimulation (acidizing) which is the pumping of stramgd into wells to dissolve scales so as to
enhance formation permeability; and the injection ob@@d water so as to assist oil liftif@j.
Pipelines are the main components of the midstream sector in the oil and gas industry. Pipelines
provide the most convenient means of transportadf oil and gases over long distancéke
important of pipelines in the oil and gas industries cannot be over emphasized as pipelines are the
lifelines of global oil and gas industries; they play the significant role in the transportation of olil
and ga from the production line to refineries, markets, power stations, oceans, across nations and
continents. Pipelines systems have been described as critical transportation infrastructures by the
Uni ted Statesd depart ment afeedsentialddttercdnomysancdu r i t
living standards, they deliver twtbird of USA energy needs according to DF3% However, the

integrity of oil and gas pipelines is under immense threat by both external and internal corrosion.
Pitting corrosion at the bottom of pipeline (bottom of theliis the primary corrosion mechanism

that leads to failures in pipeline$he presence of chloride and oxygen from external environment
and organic acids such as acetic acidp; @@ BS gases, and free water in the oil fluid (internal
environment) cou result to catastrophic failure and leaks in pipelines which poses not only
economical loss but also environmental and health risks if not properly monitored and controlled.
Internal corrosion have been reported to account for most of pipelines fafures oil and gas
industry[6,7]. Factors such as temperature, corrosive gasesg@DHS) content, flow velocity,
waterchemistry, oil/water wettingandsurface condibn are the common factors that contribute

to this failure[3]. Internal corrosion of pipelines is usually controlled by the injection of corrosion

inhibitors.In the downstream sector which is mainly involved in crude refining and petraaiem



operations, corrosion problems are usually caused by the presence of water, caustic soda, HCI,
H>SQy, H2S, and organic acids. These problems can sometimes lead to shutdown of the refining

and petrochemical plants, thereby causing significant monlets|g].

1.1. Statement of Roblem

There have been tremendous advances in corrosion control of carbon steel in the oil and gas
industries in the past decades due to different researches of different corrosion inhibitors being it
natural and synthetic organic compounds, plant extracts, mmfacdrugs and synthetic polymers.
These compounds suffer one or more setbacks of being expensive, involves tedious and expensive
synthetic procedure, ndsiodegradable, poor sdiility, low shelf life and someélo not work at

elevated temperatures.

1.2. Aim of the Research

The aimof the research project is to synthesize a series of functionalized graphene oxide
based composites such as carboxylates, amines, hydroxyls, etc. attached to graphene oxide
nanosheet. The proposed materials will be characterized) ukiferent techniques including
FTIR, Raman, SEM, TEM, TGA and XRD. The materials will be investigated far plossible
use as corrosion inhibitors foarbonsteel corrosion inil field acidizing environmets (15% HC)

andCO; saturate®8.5% NaCl enronments.



1.3. Objective of the Research

The above aim and objective would be accomplished by achieving the following research

objectives:

) To synthesize a series dfinctionalizedgraphene oxide-basedcompositessuch as
carboxylates, amines, hydroxyls, etttaghed to graphene nanosheets.

(i) To characterize the synthesized materials using different techniques including FTIR,
Raman, SEM, TEM, TGA and XRD.

(i)  To evaluate the corrosion inhibition efficienof the functionalized graphene oxide
composites against caon steel corroon in 15% HCI soluticat 25, 6(°C and 86C
using the weight losand electrochemicaieasurementechniques

(iv)  To evaluate the corrosion inhibition efficienof the functionalized graphene oxide
composites against carbosteel corrosion inCQ saturated 3.5% NaCl solution at
room and high temperaturessing theelectrochemicameasurementechniques

(v)  To characterize the corrosion products on the surfaces of both the inhibited and
uninhibited carbon steel specimens from the weight loss eixpents by
- FTIR to predicts the functional groups in the inhibitor that may be involved in the

corrosion inhibition process.

-  SEMI/EDS, to study the morphology of the corroded surfaces.
- AFM to study the morphology of the corroded surfaces in both 2D and 3D

(vi)  To carry out SERS for some selected compounds to study the correlation between

concentration and performance.



(vi)  To carry out quantum heemical calculationsinorder to get an ingght into the

mechanism of adsotmn of the studied compound.

1.4. Approach, Tasks, and Phases

The proposed research aims to investigate the corrosion inhibition efficienoyedfsynthesized
graphene oxide composite for carlstael corrosion iwil field acidizing corrosive environemts
(15% HC) and CQ saturated 3.5% NaCl envirorents.The approachiakento accomplishtie

research aim and objectives (secsi@t? & 1.3) is given inTable 11.
The tasks required to achieve the approach are based on four flzded ().

Phase linclude purchasingdditional (tessamples, and @micals), installing, and running the
potentiostat instrument which is going to be the major equipment of this piojaciudes the
synthess of a series of functionalized graphene oximesed composites such as carboxylates,

amines, hydroxyls, etc.tached to graphene nanosheets.

Phase Ilincludethe characteration of the materialising different techniques including FTIR,
Raman, SEM, TEM, etdt also includes the preparation of specimen samstsolutiors, and
inhibitor solutionsAnd carrying out weight losendelectrochemical measurement experiments

atthe different corrosive environments

Phase Ill include the characterization of the corrosion products of the inhibited and uninhibited

specimen surfacdsy FTIR, AFMand SEM techniques frothe weight loss experiments.

Phase IVinclude the performance of SERS study on some selected functionalized GO inhibitor

to give more light on the effect of inhibitor concentration with performance.



PhaseV include theoretical calculationgu@antum) dataanalysis, calculations, plotting of charts
and graphs from the results obtained from weight loss, electrochemical measurements, surface

characterization techniques and the theoretical calculations.

Table 1.1. Mapping of Phasesand Tasks to Achieve Objectives.

Phases Tasks

Phase | Task 1: Synthesis of a series of functionalized graphene ockmsed

composites such as carboxylates, amines, hydroxyls, etc. exttach

Sample _ graphene nanosheets.

Preparation  an

Preparation ol Task 2: Installing, testing, and running the potentiostat

Acids and Inhibitor] _ _ _ )

Solutions Task 3: The carbon steel specimen will be mechanically cut into coupon
dimensions (3 cm x 3 cm) for weight loss experiments and (1cm x 1cm)
will be cold mountd in an epoxy material for electrochemical studies.
Task 4: Grinding and polishing of the steel specimen to be used in cd
out weight loss and electrochemical measurements.

Task 5: Preparation tfie corrosive environments
Task 6: preparation ofdifferent inhibitor concentrations in the te
environments

Phase Il Task 1:characterization of the material using different techniques inclu

_ FTIR, Raman, SEM, TEM, etc.

Weight Loss anc

Electrochemical | Task 2: Weight loss measurement expent in 15% HCI solutions abom

Measurements temperatureq5+1), 40, 60 and @°C
Task3: Electrochemical measurement experiments in 15% HCI solutig
25%




Task 4: Electrochemicalmeasurement experiment @O, saturated 3.59
NaClsolutions a5°C and higher temgratures

Phase llI

Specimen Surfac;
Characterization

Task 1: Corrosion products on the surfaces of both the inhibiteq
uninhibited carbon steel specimens from the weight loss experimenbsey
characterizd by FTIR, AFMandSEM/EDS techniques

Phas IV Task 1: Carrying ouUBERS experiment
SERS
PhaseV Task 1: Carrying out quantuniemicalcalculations

Data Analysis

Task 2: Analysis of weight loss, electrochemical res@&RSand results
from theoretical calculations

Task 3: Calculation of cossion rates and inhibition efficiency from t
weight loss and electrochemical experiments

Task 4: Analysis of results from the characterization techniques

Task 5: Plotting of graphs and charts
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CHAPTER 2

LITERATURE REVIEW

2.1. The Science of Corrosion

The word Acorrosiono originated from the
pieces, to eat away, eat into, to destroy or waste gradually. Corrosion is manifested in many forms
in our daily lives as corroded pipes, autonkehi pans, pots, nails, roofs, shovels and so on.
Corrosion is a very expensive problem in material science. The basic reason for metallic corrosion
is that most metals (except Pt, Au, Ag) exist in nature in the form of their ores as oxides, chlorides,
silicates, carbonates etc. which is their thermodynamically stable state. As such, metals have the
natural tendency to go back to their combined states when exposed to the environment, a process

known as corrosion. The process of corrosion is a reverse af ex¢taction (Scheme 1).

Corrosion Metalic
Metal Compound

Metal + Energy

The extraction of a metals from its ore is a reduction production for example, the reduction of iron

oxide with carbon as a reducing agdaqi 2.1).

¢'O0 00 © 1T°"0OC @0 21

Whil e corrosion of metallic iron to give an

oxidationprocessEqn 2.2).

T'0C o0 © ¢OrY 22
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2.1.1. Forms of Corrosion

Corrosion can manifest in marfgrms such as general or uniform corrosion, pitting
corrosion, crevice corrosion, galvanic corrosion, erosion corrosion, intragranular corrosion,
fretting corrosion, stress corrosion crackingatleying, exfoliation, and corrosion fatigue. These
forms ofcorrosion may be classified based on weather their occurrence depends on material design
(extrinsic mode) or independent of material design (intrinsic mode). The intrinsic modes are the
stress corrosion cracking, general, pitting, and intragranular cmrodile the extrinsic mode of
corrosion are the corrosion fatigue, erosion corrosion, galvanic corrosion, crevice edejpolsit

corrosion, and fretting corrosion.

2.1.1.1 General or Uniform Corrosion

Uniform corrosion is characterized by corrosiviaeit proceeding evenly over the entire
surface. In uniform corrosion, general thinning of the material takes place, e.g. corrosion of carbon
steel. Uniform corrosion is relatively easy to measured and predicted, this makes disastrous failures
relatively rae. This type of corrosion can be controlled by: the use of organic coatings, providing

for corrosion allowance, use of inhibitors and use of corrosion resistant materials.

2.1.1.2.Galvanic Corrosion

Galvanic corrosion is due to a potential differencavkeen two dissimilar metals connected
through electrically while both are immersed in an electrolyte. The more active metal corrodes
preferentially, current flows from the active metal (anode) to the more noble metal (cathode).
Galvanic corrosion can onlyour when three conditions are present: (i) electrochemical dissimilar
metals, (ii) the metals must be in contact and (iii) the metals must be exposed to an electrolyte.

The severity of galvanic corrosion depends on the relative potential differencerbdteeeetals,
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conductivity of the electrolyte and the area ratio of anode to cathode. Galvanic corrosion can be
avoided by selecting metals that are as close as possible in the galvanic series, avoid the
unfavourable effect of a small anode and large cethmsulates the components from each other,
install a third metal that is anodic to both metal in the galvanic series, apply coatings with caution

and add inhibitors to the solution.

2.1.1.3. Localized Corrosion

Localized corrosion is formed by sever@dit current concentrated at small anode that is
separated from large cathode by relatively large distance. Localized attack penetrates metallic
components even if there is little uniform corrosion. Localized corrosion is one of the most

destructive formsf corrosion and is very common in passive metals (ap@assive).

- Pitting Corrosion Pitting corrosion is a localized form of corrosion by which
Acavitieso or fAholeso are produced i n a
dangerous than uniform cosion damage because it is more difficult to detect,
predict and design against. Pitting corrosion occurs by the breakdown of passive
film (mechanically or by CJ] which is detrimental in breaking the passive film,
paint failure and deposits). Pitting casion can be controlled by controlling the
environment (reducing Cktontent), use of suitable alloy grade for a particular
environment, lower solution acidity anc ©ontent, shot peen surface to reduce
stresses, proper design, avoiding stagnation aepitkg passive metals clean.

- Crevice CorrosionThis is a localized form of corrosion that is usually associated
with stagnant solution on the mieemvironmental levels. Such stagnant micro
environments tend to occur in shielded areas (crevices) sutbsasformed under

gaskets, washers etc. Crevice corrosion usually occurs within narrow fissures
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between metal/metal or metal/nraoretal joints such as gaskets, bolts, flanges, or
even under deposits, due to: limitation of the diffusion and migration ofi@olu
species to and from the bulk (outside) electrolyte through the small crevice gap.
Crevice corrosion can be controlled by: using butt joints in preference to lap joints,
provide complete drainage, carefully sealing lap joints to prevent them from

openng up, regular inspection and thorough cleaning.

2.1.1.4.Intergranular Corrosion (IGC)

This is a localized attack along the grain boundar@sediately adjacent to the grain
boundaries, with relatively little corrosion of the grain. The alloy, sendibiv&C, disintegrates
and/or loses its strength when exposed to environments. Intergranular corrosion is caused by the
segregation of impurities at the grain boundary (eg. Fe in Al alloys) and the enrichment of one of
the alloying elements or depletion ohe of these elements in the grain boundary areas.
Intergranular corrosion can be avoided by solution annealing (heating the alloy to 1050 oC where
all Cr-carbides are dissolved, followed by rapid cooling), -lmawbon alloy modifications,
stabiloization teatment (adding strong carbide former; Ti, Nb in melt), lower acidity and less

oxidizing conditions (this generally reduces the susceptibility to IGC).

2.1.1.5.De-alloying

De-alloying also known as selective leaching refers to the selective removed efeament
from an alloy by corrosion processes. This type of corrosion is called graphite corrosion in cast

iron. Graphite corrosion of gray cast iron, whereby a brittle graphite skeleton remains following
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preferential iron dissolution is a further examplf selective leaching. The selective removal of

zinc from brass (dezincification) is another typical example adllbging.

2.1.1.6.Erosion Corrosion

Erosion corrosion is a kind of mechanically assisted corrosion which

consists of an acceleration tine rate of corrosion attack of a metal due to the relative motion
between the corrosive fluid and the metal surface. This rapid movement of the corrosive fluid
results in mechanical wear, where the metal is removed from the surface in the form ofdlissolve
ions or solid corrosion products and swept mechanically from the sitfaderosion corrosion
usually appears in the form of grooves, this form of corrosion is observed in wear plates, pumps,
valves, centrifuges, turbine blades, propellers, elbows, nozzles, vaas pind all types of

equipment exposed to moving fluids.

2.1.1.7 Cavitation

Cavitation is a special kind of erosion corrosion that is caused by the forroftiapour
bubbles which collapse in the form of liquid near the metal surface. Cavitatiosocaurh en f | ui d
operational pressure drops below its vapour pressure causing gas pockets and bubble to form and
collapse. The formation and collapse of vapour and bubbles can result to shock waves with very
high pressure (60,000 Ib/in2) which can causetigladeformation of metal§l]. Cavitation
corrosion normally occurs in pump impellers, hydraulic turbines and surfaces in contact with high
velocity fluids under high pressur@avitation corrosion can be controlled by selecting corrosion

resistant alloy, cathodic pexttion and the use of pump impellers with smooth finishes.
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2.1.1.8.Stress Corrosion Cracking (SCC)

SCC is a brittle failure of a metal/alloy caused by the simultaneous action of a tensile stress
and a specific corrosion environment. In SCC, fine crackg coapletely proceed through the
metal which it may appeared virtually -attacked over the entire surface. The caustic
embrittlement of steel and the occasional cracking of brass are two main examples of SCC. Even
though the cracks in SCC are as a rasfudbrrosion, it often appears as a brittle mechanical failure.
Almost all metals are susceptible to SCC when they are under-defieked SCC criterion. Some
of the types of SCC are the Chloride SCC (occurs in austenitic stainless steels underresssile st
in the presence of oxygen, chloride and high temperature), Caustic SCC (cracking of steels in
caustic environments where hydrogen concentration is high), Sulphide SCC (occurs in hydrogen
sulphide environments; oil drilling industry) and Seasonal GngckSCC of brass in ammonia
environments; refrigeration plants). SCC can be controlled by the use of crack resistant material
based on previous track record, barrier coatings, cathodic protection stress relief annealing, good
design to minimize crevicesges, shot peening to induce compressive stresses and changing the
environment by removing chlorides, oxygen, caustic, changing pH, temperature and adding

inhibitors.

2.1.1.9.Fretting Corrosion

This is a form of corrosion that inlkk@s the combined effeof wearandcorrosion where
materials are removed from contacting surfaces when the motion between the surfaces is limited
by some very small amplitude oscillations. Fretting corrosion results from the tangential oscillatory
motion between the contactisgirfaceqg1]. The primary factor in fretting corrosion process is
oxidation, fine particles removed by adhesive wear are oxidized and trapped between the fretting

surfaces. The oxides act as an abrasive and this increases the material removal rate. Fretting
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corrosioncan be controlled by the use of low viscosity, greases, high tenacity oils and phosphate

coatings in combination with lubricarits].

2.1.1.10Corrosion Fatigue

This is the cracking of matergatiue the combined actions ofylic or fluctuating stress
and a corrosig environment. Corrosion fatigue occurs lower stresses than that of fatigue limit
above which purely mechanical fatigue failure normally occurs. The damage from corrosion
fatigue is normally greater than the sum of damages from fatigue and corrosionheherct
separately1]. Corrosion fatigue can be controlled by the use of corrosion inhibitors, the use of

electrodeposited nickel, copper, nitride, chromium and zinc coatings.
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Figure 2.1. Different forms of corrosion attack grouped by eae of identification.

2.2.Corrosion in Oil and Gas Industry

The entire value chaimithe oil and gas industig built of steel of which carbon steel is the
most commonKigure 2.2). Almost all oil and gas fields reside thousands of feet undergroand an

oil had to be extracted, processed, refined and transported over long distances. Since corrosion is
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a natural process that tend to convert steel back to its original state in the form of minerals and
ores, steel begins to corrode the day it is casttoSion problems are mainly encountered at the
production, transportation, storage and refinery stages. General and localized corrosion are the
most common corrosion prayh encountered in the oil and gas industti@ernal corrosion due

to stress corrosiocracking is another serious problem experienced in oil and gas pigglinks
hasalso been reported that the combination of erosion and corrosion is one of the main causes of
pipeline deterioratiofB]. For the oil and gas industries, the total annual cost of corrosion has been
estimated at 1.372 billion US dollars out of which 589 million dollars is due to pipeline failures,
463 million dollars for dowrhole tubing expenses, and capital expenditures related to corrosion

accounts for the remaining 320 million doll4$.

Petroleum — Value Chain

[ Upstream J [ Midstream J L Downstream

J

* Refinery processes

* Exploration &

Production (E&P) * Transportation of stude ox! £
s < produce different
Firms explore new oil and natural
products
hydrocarbon fields gas v Patrock T
* Discovered fields * Shipping f LSO
developed and * Pipelines peatce ;
pe P * Polymers, Plastics
petroleum ®* LNG Terminals d < atbas
produced products

Figure 2.2. Entire oil and gas industry value chain.
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Acidizing of a petroleum oil well is one of the most importémhslation techniques for
improving oil production. Acidizing is used to enhance oil production by pumhigb
temperatureacid into thewell borein order create channels in rocks to allow for oil and gas to
reach the well and dissolve rubbles found id or aging wells to restore and maximize
productivity. Acids are also employed to remove mud newly drilled wells before they are used for
production. Many different acids are used in acidizing treatments depending on the nature of well
and the intendedeéatment, some of which are, hydrochloric acid (HCI), hydrofluoric acid (HF),
acetic acid (CRHCOOH), chloroacetic acid (CIGEOOH), formic acid (HCOOH) and sulfamic
acid (MBNSGsH) [5]. HCI (57 28%Y/w) is the most commonly used acid in acidizing treatment
[5]. This technique of acidizing exposes the oil well whichswally made of carbon steel to the

harshcorrosive environment.

In the oil and gas industries, hydrocarbons containing a certain amount of dissolved carbon
dioxide(CQ) are known as fisweeto. On the other han
of dissolved hydrogesulphide(H.S) ar e known as fAsour 0. From a
presence of carbon dioxide (@Cand hydrogersulphide(H2S) in oil and gas reservoirs is a
consequence of several physicochemical processemkigglace in the drmation. HS can also
be generated by thmicrobialactivity, aphenomenok n own as fireservoir sout
Although oil and gas thatretransported in pipelines are subjected to various treatments to remove
impurities, they still retain some contaminaritattcan affect the physical integrity of the steel
pipelines due to corrosion processes {CES, microorganisms, etc.). When a steel pipeline
transports a mixture of hydrocarbons and water containing dissolvedrG@S, these gases can

dissolve in thequeous phase, decreasing pH and increasing their corrosive tendency.
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H>S corrosion can lead to rapid and extensive damage to metals, incladogn
corrosion pitting, andstepwise crackingHydrogen sulphide can cause possible-tlifieeatening
situations if not properly handle@orkers exposed to43 can experience seriosisorttermand

long-term effects, including rapidnconsciousness, coma, and even death.

The use of corrosion resistant material, cathodic protection, coatings, and the addition of
corrosion inhibitors are the four practical methods usually employed to control corrosion, with the
use of inhibitors beewidely used as it has proven to be the most practical, economical, and
efficient methodof protecting oil wells against corrosidf]. Inhibitors are added to the acid
solution during the acidizing process to reduce the aggressack of the acid on oil wells. The
effective acidizing inhibitors that are usually found in commercial formulations are acetylenic
alcohols, alkenyl phenones, aromatic aldehydes, nitrogetaining heterocyclics, and
condensation products of carbongisd amines4 - 9]. These inhibitors ardyowever effective
only at high concentrations, toxic and not eamimentally benigrl0]. Polymer composites are
also employed for corrosion protection, they are mostlylsiodegradable and negcofriendly.

This has made it imperative to search for new, nontoxic, and environmenietigly effective
corrosion inhibitorsNaturally occurring biological compounds have been considered as possible
corrosion inhibitors [11 19], most of which are organic compounds contaihigigro atomsuch

as nitrogen, sulfur, phosphorus and/or oxygtams [20, 21]Carboxylates (e.g. amino or fatty
acids) have been reported to act as good corrosion inhibitors, especially, those with a long
hydrophobic alkyl chain and hydrophobic methyl @udup, like sodium octanoate, sodium
decanoate. They forrsef-assembled monolaye(§AMs) which in turn leads to increased
corrosion inhibition efficiency through hydrophobic activities (they represent a barrier for

transport of hydrated corrosive species from the bulk electrolyte to the metal surface). Self
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assemly monolayers (SAMs) have been used as corrosion inhibitors for various application [22
T 27]. Sodium octanoate alkoewas sodium caprylate has been used as a corrosion inhibitor for
carbon steel corrosion in sulphuric acid, where the sodium caprydéieaymaximum corrosion
efficiency of 77948]. Nwanebuet al.{Formatting Citation} reported the use of sodium caprylate

as a corrosion inhibitor against internal corrosion of carbon steel in 3.5% NacCl solution.

Graphene, atwd i me n s icanjugation structure afarbon, has been used in several
fields especially for their electrochemical and spectroscopic properties enhandér@gnt
Graphene composites have been used for metal corrosi@tiprot[22, 23]. Graphene has the
advantage of its low cost, high thermal and electrical conductivity [24] and environmental friendly
as compared to conventional protection methods such as the use of polymeric coatings and the use
of inert metalsThe eficiency of the graphene can be enhanced by the surface modification by
various functional groups. Graphene nanocomposite can be synthesized by many methods
including the hydrothermal method in which graphene oxide mixed with the metal oxide and a
reducingagent[12] or by making metal oxidé graphene oxide nhanocomposite and then reduce
into metal oxide graphene nanocompos[tE3] or by sonication of the suspension of metal oxide
with graphengl4] and tungstenxide- graphene nanocompositeraphene derivatives have been
reportedly used as anticorrosive coating materials for marine and other corrosive environments
because of their various unique properties such as high surface area, chemical resistance, thermal
and electrical conductivity, enhanced mechanical strength, high level of impermeability and
hydrophobicity[15i 21]. Graphene is insoluble in an aqueous medium because of its lack of
functional g r osegas angaatthg nhatemal§lé, 161 Hodeer, graphene oxide

(GO) and functionalized GOs could act @a®g corrosion inhibitors in the solution phase because
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of the presence of various oxygen {€@ntaining functional groups such as hydroxyls, epoxides,

carboxyl and carbonyl on their surfa¢&%i 19].

Graphene derivatives have been reportedly used as anticorrosive coating materials for
marine and other corrosive environments because of their various unique properties such as high
surface area, chemical resistance, high thermal stability, eethanechanical strength and high
level of impermeability.Diazo pyridine functionalized graphene oxide (DAZP) and diamino
pyridine functionalized graphene oxide (DANBD), have been evaluated as corrosion inhibitors
against mild steel corrosion in 1 Mdrochloric acid and were reported to show inhibition efficiencies
of 95.08% and 96.73% respectively at a concentration of 25'M@2]. Guptaet al. reported
inhibition efficiencies of 94.65% and 92.04%, by aminoazobenzene functionalized graphene oxide
(AAB-GO) and diaminobenzentunctionalized graphene oxide (DABO) respectively at

concentration of 25 mgL T a[@3%inst mild steel
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CHAPTER 3

ACIDIZING

3.1 N,N'-Bis-(2-aminoethyl)piperazine functionalized graphene «ide (NAEP-
GO) as an d&ective green @rrosion inhibitor for smulated acidizing

environment

Abstract

In this work we evaluated the corrosion inhibition efficacy BfN-Bis-(2-
aminoethyl)piperazine functionalized graphene oxide (RAID) against carbon steel in 15%
HCI which simulate oil well acidizing environment by weight loss (at ambient and higher
temperaturesand electrochemical measurement experiments. The GO was synthesized using
waste graphite, after whid¥,N'-Bis-(2-aminoehyl)piperazine was grafted onto the G&bth the
GO andNAEP-GO were characterized by FTIR, Raman and TEM techniques. The effect of
concentration, temperature and time on the performance of the inhibitor was investigated in this
study. The inhibitor effiency was observed to increase with concentration and a maximum
inhibition efficiency of 87% was observed for 25 ppm NAGP at room temperature. The
inhibitor exhibited excellent performance at the studied temperatures, however the performance
decreases ith increase in temperature. The inhibitor showed excellent efficiency of 6%efd
all the studied immersion time. The PDReasurement revealed the NAE® to acts

predominantly as a cathodigpe inhibitor. The studied compound was observed to obey th

26



Langmuir adsorption isotherr@EM/EDS, AFM surface morphology and #H analyses of the
corrosion product aft er -GDnhibitedsausod provideneeiderscé o n i |
of adsorption of NAEFGO molecules on the steel surface to form thégotive NAERGO film

that blocked the steel surface from the aggressive acid aktaslstudy is of importance in solving

two main environmental problems, corrosion and the problem of waste disposal as GO was
prepared from waste graphite.

Keywords: Graplene Oxide; Carbon Steel; Acidizing; Corrosion; Corrosion Inhibitor.

3.11. Introduction

The most extensively used steel material in the oil and gas industry is carbon steel, this is
due to its low cost. However, the corrosion resistance of carbon dteel Sarbon steel corrosion
has great economic and environmental implications due to its huge application in many
construction industries. The costs of corrosions in the oil / gas industries have been estimated to
be $1.37 billion annuallfl]. Petroleum sometimes &t$ in formation with very low permeability
making it difficult not to flow readily into the wellbore. This problem of low permeability is
usually overcome by the stimulation of the well, thus, creating new channels and enlarges old ones.
Acidizing is themost effective and popular technique for stimulating oil and gas wells to enhance
production. Acidizing involves the pumping of hot acid into the well bore. This enhances oil well
productivity by dissolving rubbles in old wells reestablishing its maximuadyzctivity and
creating channels in rocks and removing muds in new wells allowing oil to reach the wells.
Common acids employed for the acidizing treatment are formic acid, acetic acid, hydrochloric
acid, hydrofluoric acid, nitric acid, sulfonic acid actdoroacetic acid, of which hydrochloric acid

(57 28% ") is the most commofR]. Typically, 15% HCI at 6(°C is used for the removal
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carbonated minerals and iron oxides sciBgsThe acidizing technique exposes the well which is
mainly made of carbon steel to the highly corrosive acid environment. Hence, corrosion inhibitors

are added as chemical additives to block the steel from this acid attack.

Effective commercially available acidizing inhibitors are formulations of aromatic
aldehydes, carbonyls, quaternary ammonium salts, acetylenic alcohols, amines and- nitrogen
containing heterocycléegli 10]. They are however, nefniendly to the environment, expensive,
toxic, and efficacious only at high concentratighs]. Therefore, therés a need to search for
novel inhibitors that are nontoxic, environmentally friendly and chedatural and synthesized
organic compounds containing heteroatom like as S, O and/or N have been reported as green
corrosion inhibitorg12i 15]. However, they suffer the setback of not been scalable, as their

processing and synthesis are usually tedious and exp¢h8jve

Graphene derivatives have been used for protection of metals against corrosion in various
corrosive environmen{d 7,18]. Graphae has the advantage of its low cost and it is environmental
friendly as compared to conventional protection methods such as the use of polymeric coatings
and the use of inert metals. Graphene has enhanced mechanical strength, high surface area, high
chemtal resistance and high level of impermeability. Graphene is however, not soluble in aqueous
solution due to its | ack ocbrrosiomcoatinggl@d).nGaaphertei e s |,
oxide (GO) and functionalized GOs are more soluble and functionalized GOs have been reported
as good cowsion inhibitorg19i 22]. Gupta et a[23] reported aminoand diamineazobenzene
functionalized graphene oxides to exhibit impressive inhibition performances for corrosion of mild
steel in 1M HCI. Diazeand diamine pyridine functionalized grapine oxides have been reported

as excellent corrosion inhibitors for mild steel in 1 M HZ4] .
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N,N'-Bis-(2-aminoethyl)piperazines a derivative opiperazineit is an ethyleneamine that
contains four nitrogen atoms; two primary and two terti&gthyleneamines are used vastly in
many applications as a result of their unique contlwinaf surface activity, reactivity and basicity
and they are mostly soluble in water. They are used as intermediates in the production of functional
products such as lubricant and fuel additives, corrosion inhibitors, epoxy curing agents, metal ore
processing, preparing of flocculating agents, antistatic agents, paper coating, waterproofing and
sizing compoundf25]. Ethyleneamines are biodegradable, moderately toxic to aquati¢2sjes
N-(2-aminoethyl)piperazine has Ispof 2,097 mg/kg via oral administration for rat and a dermal
LDso of 866 mg/kg26]. An inhibitor isconsidered to be green if it is biodegradable, has little or

no toxicity and have LE» values greater than 300 mg/Ry].

In view of the aboveye functionalized GO which was synthesized from inespenwaste
graphite withN,N*-Bis-(2-aminoethyl)piperazin@and evaluates its efficacy against carbon steel
corrosion in 15% HCI solution (which simulates oil & gas wells acidizing environiants
different immersion timeat ambient and higher temperatur&nce the graphene oxide was
prepared from waste graphite, this gives the work a dual benefit of converting waste into beneficial

material to solve the corrosion problem.
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3.12. Experimental

3.12.1. Chemicals & Material

N,N'-Bis-(2-aminoethyl)piperazia (GH20Na) (98%), HCI (O30%),
(30%), KMnQ: (99%) , thionyl chloride (SOG) (97%), anhydrous N,Mimethylformamide

(99.8%)and API X® carbon steel specimen. All reagents were obtained from Sigma Aldrich Inc.

3.12.2. Synthesis & Characterzation of NAEP-GO Inhibitor.

3.12.2.1. Synthesis of NAEBO Inhibitor

Graphene oxide was first synthesized using waste graphite powder by the modified
Hummer 6s met hod de s[t]rAftdr ehich GO was furittomalezed dy,Ns- e
Bis-(2-aminoethyl)piperane (NAEP) 0.1 g GO was dispersed in 100 ml anhydrous DMF through
ultra-sonication for 10 min to give a solution (1 mg/ml). The was firstly treated with thionyl
chloride (SOQ)) at 70 °C for 12h under reflux with stirring so as to convert the carboxglipg
to acyl chlorides. Using thionyl chloride, the carboxyl groups could be converted to acyl chloride
and hydroxyl groups to chlorine functionalities. The obtained material was centrifuged & separated
and washed several times with 1:1 ethanol/wateruraxand then then finally with distilled water,
after which the acythloride functionalized graphene oxide was added to a 100 ml of 3 mg/ml
N,N'-Bis-(2-aminoethyl)piperazine (NAEP) solution under vigorous stirring and heafed °C
for 12h under reflux Thereafter, the obtained NAEPO was filtered using a Whatman filter
paper and washed with water several times and oven dried®@t Bigjure 3.1 gives a schematic

illustratingN,N'-Bis-(2-aminoethyl)piperazine (NAER)nctionalized graphene oxide skasis
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Figure 3. 1. Schematic showing the functionalization of graphene oxide with N,NBis-(2-
aminoethyl)piperazine.

3.1.2.2.2.Characterization of the Inhibitor

The synthesized inhibitor was characterized by thé/f5 FT-Raman and TEM techniques.
TheFT-IR spectrum was collected at a resolution ofa# in a range of 4000 400cm utilizing
the Nicolet 6700 FAIR spectrometer. The Raman spectrum was colleatt@sh acquisition time
of 60s and accumulation 2 atange ¢ 1000- 3000cm* using the LabRAM HR Evolution Raman

spectrometer using a 25% laser at a 633 nm excitation wavelengths set to the optic fiber going to
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the probe using the 50x objective of the microscope and 600 gr/mm gratings. The TEM images

were colleted using the JEOL field emission electron microscope of modetJENF.

3.12.3. Preparation of Test Samples and Solutions

The carbon steel coupon used is composed of Cr (0.121), C (0.125), Si (0.520), Mn (1.830),
Cu (0.296), Ni (0.091), Mo (0.0798l (0.043), Nb (0.053), V (0.078), and Fe (96.764 wt%).
Coupons of dimensions 3.0 cm x 3.0 cm x 1.0 cm and 1.0 cm x 1.0 cm were used as test samples
for the weight loss and electrochemical measurements respectively. The test samples were abraded
with 12071 800 grit silicon carbide abrasive papers after which the samples were rinsed in distilled
water & acetone and dried utilizing a specimen dryer. Concentrated HCI was diluted appropriately
with distilled water to a 15% HCI solution and then six concapntratof GO (10, 20, 30, 40, 50
& 60 ppm) and seven concentrations (1, 3, 5, 10, 15, 20, & 25 ppm) of f&AEmM 15% HCI
solutions were prepared and the efficacies of different GO and MABRBoncentrations were

evaluated.

3.12.4. Weight Loss Experiment

The weight loss experiment was performed according to the ASTM @& standard
method[28]. Two carbon steel coupons were completely immersed in a 100 ml of the blank and
NAEP-GO inhibited acid solutions contained in 250 ml glass botH&gi(e 3.2) for 24 hours at
temperatures 25+1, 40, and 6C. The steel coupons were ther immersed at ambient
temperature in the blank and the highest inhibited solution for 36, 48, 60 and 72 hours to see the

effect of time on the performance of the inhibitor. The performance of the unmodified GO at
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ambient temperature was also evaludtgdmmersing the steel coupons for 24 hours in 15% HCI
containing different GO concentrations. At the end of each experiment, the coupons were removed
from the test sol uti 3% ppmdexanethyene tatraa@iheanrl8 s s o |
HCI soluion) for about ten minutes for easy remover of adhere corrosion products, thoroughly
washed with soap & water, rinsed in distilled water & acetone and dried. The coupons were
weighed before they were dipped in the test solutions and after and the défareveight, taken

as the weight loss.
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Figure 3.2. Representations of weight loss experiment of the carbon steel coupons for the (a) bank (b) 1 ppm,
(c) 3 ppm, (d) 5 ppm, (e) 10 ppm and (f) 1ppm NAEP-GO inhibited test solutions.

3.12.5. Electrochemical Experimental Techniques

The electrochemical experiment was carried out in a-blessrodes cell system utilizing
the PGSTAT100N Autolab Potentiostat/Galvanostat from Metrohm consisting #g&Y
electrode as reference electrode, graphite rod as counter electrode, and the test sample as working
electrode. The working electrode was allowed to attain steady state at open circuit potential (OCP)

for one hour before performing the EIS measureraeatfrequency range of OHzto 100 kHz

34



and amplitude of £10 mV, then LPR measurement follows at a scan rate of 0.125 mV/s within a
+10mV potential range from OCP and the PDP measurement follows at a scan rate of 0.25 mV/s
scan within a £250mV potentiednge from OCP. Curve fittings and data analyses were done using

theNova software (version 2.1.4).

3.12.6. Corroded Surface Characterization

The effect of the adsorption of the inhibitor molecules on the surface morphology of the
carbon steel was furgh investigated by subjecting uninhibited and inhibited steel coupons to
SEM/EDX, AFM and FTIR techniques. The SEM/EDX analysis was performed by JEOL JSM
6610LV scanning electron microscopy and the AFM micrograph collected using thelfger

MI-150 highintensity illuminator from Dolafdenner Industries.

3.13. Results & Discussion

3.13.1. Characterization of NAERGO Inhibitor

FTIR technique is a very rapid and efficient characterization technique for characterizing
GO and functionalized GQrigure 3.3 shows the FTIR spectra of GO and NAB®, the GO
hydroxyl (O-H), epoxy (GO-C) and carboxyl (C=0) corresponds to bands at 3379, 1048 and 1733
cm® respectively[29i 31]. The functionalization of GO resulted to shift of the characteristics
infrared GO bands, the GO-B streéching vibrational band was shifted to 3373 in NAGP
while the GO C=0 band was shifted to 1652a typical C=0 stretching vibrational band of a

secondary amidd={gure 3.1)) [32] as a result of the formation of amide in the NAEFRGO. The
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C-O-C stretching vibration observed was slightly shifted 1046 anNAEP-GO while the band
at 1332 crtt in the spectra of both GO and NAEFO could be ascribed to the-¥D bending
vibration [30]. The additional band at 1488 dmbserved in NAERGO could be ascribed to the
amide NH bending and @\ stretching vibrational bands of NAER2,33], confirming the

successful grating of NAEP on the GO.
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Figure 3. 3. FTIR spectra of GO and NAERGO.

The Raman spectra of GO and NABE® are shown inHigure 3.4). Both the Raman
spectra of GO and NAERinctionalized GO shows the characteristics [¥ {sfbridized carbon
atom) and G (sphybridized carbon atom) bands. The D and G bands could be obseri@80a
and 1591 cm for GO while a slight shift in these bands could be observed in the NMRERith

the D band at 1320 and the G band at 1583. dfunctionalization and surface modification of
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GO results in shift of the characteristics D and G b§adi84]. Also ratio of the GO Eband to
G-band intensity @/lc) was estimated at 1.33 while that of NAER® was at 1.39. This indicates

a percentage increase in thé sgrbon atoms as a result of the grafting of the NAEP GO mnlekecu

on GO.
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Figure 3.4. Raman spectra of GO and NAERGO.
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Figures3.5a & 3.5b shows the TEM images of GO and NAE® respectively. The TEM
images of GO exhibita flakelike shape, wrinkled and transparent structure of ec#&mingle
GO sheetfigure 3.5a). The functionalized GOHgure 3.5b), still exhibit the typical flakdike
and wrinkled structure of a typical GO composite with some distribution of white shadows over
the structure, which can be ascribed to the graft@8P molecules. This corroborate the FTIR
and FFRaman spectra and further confirms the successful grafting of NAEP molecules on the GO
sheets without distorting the original morphology of GO. Both GO and N&BERcould be seen

to exhibit some darker regispnwhich can be attributed to stacking of some GO Id$&;86]

S00 nm
=

Figure 3.5. TEM micrographs of (a) GO and (b) NAERGO.

3.13.2. Weight Loss Experiment

Results dbtained from the analysis of weight loss experimental study for the uninhibited

and GO inhibited solutions at 252C are listed inTable 3.1 while Table 3.2 gives that of the
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uninhibited and NAEFGO inhibited solutions at 25+#0, and60 °C. The corrosio rate was

computed utilizing Eqi3.11.

0l 1 ¢l ABBTOQWI 311

where, W denotes average weight loss (g), A denotdsetqiased surface area (&l denotes
immersion time (hr), & D denotes coupon density (gjcm

Eqgn3.12 was used to calculate the percentage inhibition efficiency (%IE)

P00 — PN 3.12

where, CR and CR are corrosion rates for the blank and NAEP inhibited test solutions.

The GO inhibited solutions were observed to show lower corrosion rate in Gsomp®a the blank

15% HCI solution and this rate decreases with increase in GO concentration with a minimum
corrosion rate at® ppm GO concentration with an inhibition efficiency of 40.76%, while an
increase in corrosion rate was observed at higher Goeotration (60 ppin This is because
exfoliated GO particles tend to aggregate fo
stacking. The grafting of NAEP on GO tends to stabilize the GO particles and increases its
solubility in water, thus enhancing the adsorptiorthef modified GO to the metal surface as
evident by the lower corrosion rate observed for the N/&EPgrafted GO as compare to the bare
GO solution. Thecorrosion rate values for NAEBO inhibited solutions were computed to be
drastically lower as comparéd the uninhibited 15% HCI solution and these rate decreases with
increasing concentration of NAEBO. The lower corrosion rate value for the NAE® inhibited

solution is a result of NAESO adsorption to the surface of the steel forming a protectitacsur
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film and this blocks the corrosive medium from reaching the steel surface. The increase in
inhibition efficiency with increasing NAERO concentration is a consequence of increase
number of adsorbed NAEBO molecules. The maximum inhibition percentagféciency
(87.30%) at 25 ppm NAERO at 251 °C which is comparable to that reported for 25 ppm
polyethyleneimine functionalized graphene oxide which shows an efficiency of 88.49% at room

temperature in a previous study

Table 3.1. Weight loss measurement parameters for blank and GO inhibited solutions at ambient temperature
25+1°C.

Concentratiorof Weight Loss (gt Corrosion Rate % IE
GO (ppm) Standard Deviation (mm/year)
Blank 0.189 + 0.09 2.922 -
10 0.134 + 0.001 2.072 2909
20 0.133 + 0.000 2.056 29.64
30 0.121 + 0.008 1.871 35.97
40 0.121 + 0.008 1.871 35.97
50 0.112 + 0.004 1.731 40.76
60 0.127 + 0.004 1.963 32.80

Further weight loss experiment was carried out for the blank and the highest concentration
of NAEP-GO concentration (25 ppmat higher temperatures o04and60 °C to see how
temperature affects the performance of NAE®. Metal corrosion rates generally increased with
increased environmental temperature, this is consequence of increased avetigenergy of

the corrosive specig87]. The inhibition efficiency of NAERGO was observed to decreasan
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at ambient temperature to 81.65% at°@0and 70.67% at 60C (Table 3.2). Though a lower
efficiency was observed at D), the corrosion rate (15.61 mm/yr) at this temperature was far
below the maximum acceptable corrosion rate (50.80 mm/yr) for teigiperatures acidizing

solutiong[38].

Table 3.2. Weight loss measurement parameters for blank and NAERSO inhibited solutions & temperatures
25+1 (ambient), 40 and 60C.

Immersion Concentratiorof Weight Loss (gt Corrosion Rate % IE

Temperature NAEP-GO (ppm)  Standard Deviation (mm/year)

Blank 0.189 + 0.09 2.922 -
1 0.031 £ 0.001 0.479 83.61
3 0.031 +0.001 0.479 83.61
5 0.031 £ 0.001 0.479 83.61
25x1°C 10 0.030 + 0.000 0.464 84.12
15 0.030 £ 0.001 0.464 84.12
20 0.025 + 0.000 0.386 86.79
25 0.024 + 0.003 0.371 87.30

40°C Blank 0.665 £+ 0.059 10.28 -
25 0.122 + 0.004 1.886 81.65

60°C Blank 3444 +0.106 53.24 -
25 1.010 +0.013 15.61 70.67

3.1.3.2.1. Effect of Immersion Time on NAEBE® Performance
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The effect of immersion time on the performance of NAEP inhibitor was also
evaluated. The coupons were immersed in the blank and 25 pitadiNAERGO solutions
for further 36, 48, 60 and 72 hours. No significant difference in inhibition efficiency was observed
for the differentimmersion timd& @ble 3.3). The inhibitor exhibited excellent inhibition efficiency
of over 83% for all the immmsion time, an indication that the inhibitor remains stable in the
corrosive medium after long immersion time, no aggregation or decomposition of the inhibitor

over a long immersion time.

Table 3. 3. Weight loss measurement pameters for blank and NAEP-GO inhibited solutions at different
immersion time at ambient temperature (25+1°C).

Immersion Concentratiorof Weight Loss (g) Corrosion Rate % IE
Time NAEP-GO (ppm) (mm/year)

Blank 0.189+ 0.009 2.922 -

24 hours 25 0.024+ 0.003 0.371 87.30
Blank 0.198+ 0.1 2.04 -

36 hours 25 0.032+ 0.001 0.330 83.83
Blank 0.231+ 0.006 1.786 -

48 hours 25 0.039+ 0.001 0.301 83.15
Blank 0.255+ 0.006 1.577 -

60 hours 25 0.041+ 0.004 0.254 83.89
Blank 0.351+ 0011 1.809 -

72 hours 25 0.053+ 0.003 0.273 84.91
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3.13.3. Electrochemical Experimental Techniques

3.1.3.3.1. EIS Technique

Figures 3.6a-c gives the test solutions Nyquist, Bode phase & Bode modulus plots. The
Nyquist plot of the uninhibited and inhibited gbbns could be described by two depressed
semicircular capacitance loops which corresponds tetitwe constants in the Bode plots as
evident by the two inflection points in the Bode phase plots. The formation of a porous protective
NAEP-GO film represerst the timeconstant (R/CPE) at the high frequencies region while a
double layer formation at the metal/electrolyte interface represents-adimstant (R/CPE) at
the lower frequencies regiof®9]. The similitude of the inhibited solutionsypedance plots to
that of blank indicates the NAEBO inhibitor decreases the corrosion rate without changing the
metal corrosion mechanism. The imperfect capacitive arc is due to the adsorption of solution
impurities, electrode surface roughness and irdganeity of the electrode surf§¢@]. The
NAEP-GO inhibited solutions showed bigger Nyquist plots diameter than the uninhibited solution
and the diameter increasas NAEPGO concentration increasdsidures 3.6a). This is because
of NAEP-GO adsorption to the metal surface forming the protective film which blocks the
corrosive species from reaching the steel, thus, enhancing the corrosion resistance of the carbon
steel. The increased Nyquist plot diameter with increased N@BPconcentration suggests a
direct correlation between NAEBO concentration and inhibition performarjdd]. Increasing
the NAERGO concentrations increases the interaction rate between the steeé samththe
NAEP-GO molecules which in turn increases the amount of N&EPmolecules adsorbed onto
the to the steel surfacpi].

The Bode phase plots for all the test solutions could be sexxhnitait two peaksKigure

3.6b). The two distinguishable peaks observed for the solutions correspond tdi@éxmnstant
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and the Bode phase plots diameter for the NAEPinhibited solutions could be seen to be larger
than the diameter of the blank. Tindibited solutions diameter increases with increasing NAEP
GO concentration just as the Nyquist plots.

In the Bode modulus plot&igure 3.6¢), the linear portions at intermediate frequency is
less pronounced for the uninhibited solution than the itédbsolutions. The linearity also
increases with increase in concentration of the inhibitor, suggesting increasing inhibition

performance with concentration.
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Figure 3.6. (a) Nyquist, (b) Bodephase (c) Bode modulus plots recorded for the carbon steel in the test solutions
(d) equivalent circuit used for fitting the test solutions impedance curves.

The EIS spectra were fitted using the equivalent circuit showkigare 3.6d. The fit
accuracyfor all the plots was between 0.005 & 0.036. The circuit consistssdfsdution

resistance), Rct (charge transfer resistance)(filn resistance), CPE(flm constant phase
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element),n: (phase shift 1) CPE (double layer constant phase element), & phase shift 2).
Table 3.4 gives the values of the elements gotten from fitting the EIS curve. The % efficiency of

the inhibitor (%IE) was estimated usikgn3.1.3:

p ‘00 p — p T TT 3.13

where, R = R + Reeand 'Y is the blank solution polarization resistanceY&is the inhibited
polarization resistance.

The surface adsorbed NAEFO layer is said to behawas CPE rather as a capacitor.
Hence, CPE is used rather to get a more precise and bef&] fiCPE impedance is computed

from EQqn3.14[44];

® ® Q 3.14

where,Yodenot es CPE magnitude, ¥ dephasdstefts& jthen gul ar
square rooto-1.

The values of n can also describe the nature of CPE; CPE can represents a capacitor when n =1,
a resistor when n = 0, a Warburg impedance when n = 0.5 or an inductor wh&ifg}= It can

be seen that the values affar both the blank and the NAEBO inhibited solutions are close to

unity (Table 3.4), implying the formed oxide and/or adsorbed inhibitor layer was capacitive in
nature. While the nfor the higherinhibitor concentrations tends towards zefalfle 3.4), an
indication that the formed double layer at the metal/electrolyte interface becomes more resistance
towards electrochemical corrosion. Thus, the higher charge resistap@xfibited by the higér
NAEP-GO concentration. Additionally, n can also provide a measure of surface heterogeneity with

a smaller n value indicating a more heterogeneous sy#ég€/] The lower value of nfor the

higher NAERGO concentrations is an indication that the protected stefelce becomes more
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heterogeneous as more inhibitor molecules get adsorbed to the surface. The inhibited solutions
exhibited higher values &f.tand the Rvalues in comparison to the blankaple 3.4). This is due

to the formed NAEFRGO film which shieldghe steel from the acid, thus, preventing further mass

and charge transfer. The inhibited solutions could also be seen to show higher solution resistance
(Rs) value which indicates lesser flow in current, thus, the lower observed corrosion rates of the
inhibited solutionsTheY o1 value that is related to the protective NAB® film is smaller for the
inhibited solutionscomparison to the blank solution. This is an indication offtienation of a

less porous protective film that consists of the adsoM&BP-GO molecules and corrosion

products compared to the very thin and highly porous film formed in the blank.

Table 3.4. Electrochemical impedance spectroscopy measurement parameters for the blank and NAE®
inhibited solutions ambient temperature (25+2C).

Concn of NAEP  Rs(W CPE Rr (W CPEy Re(W Ry (W & %IE
GO (ppm) cmd) cnp) cn?) cny)
Y o1 (MWS" m Y o2 (MWS" ny
cnT?) cnT?)
Blank 0.256 0.369 0.849 63.87 37.10 0.669 14.04 7791 0.036 -
1 0.349 0.241 0.805 2620 48.38 0.817 46.68 308.7 0.010 74.76
3 0.450 0.241 0.809 255.3 40.51 0.690 56.83 3121 0.005 75.04
5 0.560 0.250 0.808 284.7 55.45 0.784 57.30 342.0 0.007 77.22
10 0.484 0.229 0.861 256.0 14.60 0.383 101.8 357.8 0.013 78.23
15 0.888 0.249 0.852 257.2 14.83 0.355 1079 365.1 0.020 78.66
20 0.934 0.241 0.859 261.5 14.44 0.351 105.1 366.6 0.019 78.75
25 0.881 0.244 0.859 2794 17.72 0.337 110.6 390.0 0.013 80.02
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3.1.3.3.2. LPR Technique

LPR is a fast technique, it is mostly used to acquire msrght into the rate of materials corrosion.

To allow for a direct correlation corrosion between potential and current, this technique employs
small polarization of £10 mV from OCP, thus, making it ftstructive.Table 3.5 gives the
parameters obtaindidom the LPR techniquéNo defined trend was observed infEvalues for

the inhibited solutions and these values are more inclined towards the negative direction in
comparison to the blank solution. The corrosion rate significantly decreases in #reprekthe
NAEP-GO inhibitor and this rate decreases with increasing N&EPconcentration. Also a much
larger polarization resistances was observed for the inhibited solutions in comparison to the
uninhibited solution. This indicates a higher resistanarrosion in the presence of the NAEP

GO inhibitor. Eqr3.15 was employed to calculate NAEFO % IE:

b'00 p — 3.15

where, Y denotes the polarisation resistance of the blank “#ndenotes the poteation
resistance of the inhibited solutions.

Increased inhibition efficiency was observed with increase in NGEPconcentration, this is a
result of increased number of adsorbed NAEP molecules to the steel surface with increasing
concentration. Ad this is in consistent with the results obtained from weight loss & EIS

measurements.
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Table 3. 5. Linear polarization resistance parameters for the blank and NAERGO inhibited solutions at
ambient temperature (25+1°C).

Concn of NAER Ecorr (MV vs l corr Polarization CR %IE
GO (ppm) Ag/AgCl) Resi st)a (mm/year)
(WA cm'?)
Blank -380.9 306.6 8500 3.557 -
1 -403.9 82.34 316.5 0.955 73.15
3 -411.1 80.86 322.3 0.938 73.63
5 -408.3 77.91 3345 0.904 74.59
10 -402.7 77.54 3360 0.900 7410
15 -400.8 73.61 3540 0.854 75.99
20 -402.9 72.76 358.1 0.844 76.27
25 -403.9 68.55 380.1 0.795 77.65

3.1.3.3.3. PDP Technique

Unlike the LPR technique, the PDP technique uses a wider polarization within the spectrum

of 200 to 400 v from OCP thus, making it a destructive technique. It however, gives further

details than the LPR technique. The PDP technique is mostly executed to probe the inhibitors effect

on the cathodic Fgas evolution and the anodic dissolution of metalgure 3.7 gives the blank

and inhibited solutions PDP plots. It could be seen from the figure that the inhibited solutions
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values for the inhibited solutions were more negative than that of the Alable@3.6). This

suggests NAERSO acts mainly as a cathoeigpe inhibitor[48].
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Figure 3.7. Potentiodynamic polarization plots recorded for carbon steel in the test solutions.

The values ofchrr for the inhibited solutions are very much low in comparison to blank
solution, the lower o value in the presence of NAERO is a consequence of NAEFO
adsorption to surface of the coupon forming the protective film that blocks the corrosive medium
from reaching the steel surface. The value @f Walues also decreases with increasing
concentration NAERGO concentration. The decrease dgr values with increasing inhibitor
concentration is due to increasing adsorption of inhibitor molecules on the steel surface.

The inhibition efficiency of NAEFGO inhibitor was calculated using E8t1L6:

‘0@ O p — 3.16
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where,denotes thé0D denotes the corrosion current density for the blanktisolwhile 'O
denotes the corrosion current density forittiebited solution.

An increased inhibition efficiency with NAEBO concentration increase was also observed

where an inhibition efficiency of 88.94% was calculated for the higitestentration.

Table 3. 6. Potentiodynamic polarization measurement parameters for the blank and NAERO inhibited
solutions ambient temperature (25+FC).

Concn of NAERP  Econr (MV vs l corr Da be CR %IE
GO (ppm) Ag/AgCl)  (uA/em?)  (mV/dec) (mV/dec) (mm/year)

Blank 1371.9 232.2 76.54 83.35 2.694 T
1 1402.6 44.93 60.64 97.68 0.521 80.66
3 -412.2 44.36 71.08 84.42 0.515 80.88
5 -419.5 43.66 66.69 100.7 0.507 81.18
10 -412.1 41.87 56.78 89.90 0.486 81.96
15 -407.7 34.84 54.82 64.34 0.404 85.00
20 -398.7 30.28 38.51 75.19 0.351 86.97
25 -399.4 25.66 41.05 53.95 0.298 88.94

3.13.4. Adsorption Isotherm

Corrosion inhibitors generally shield metal surfaces from attack via the formation of barriers which
can be single or more neadular layerdy the direct adsorption of inhibitor molecules to the metal
surface (primary adsorption) and/or adsorption of the inhibitors reaction product (secondary
adsorption)[49]. The inhibitor molecules form the barrier by adsorbing on the metal surface

through chemical or physical interaction or both with the metal surface. Data obtaimethéro

51



weight loss & EIS experiments were utilized to understand the mode of fGAERdsorption.
Different models of adsorption isotherm, the Langmuir, Freundlich, and Tempkin isotherms were
analyzed out of which the Langmuir adsorption isotherm model teveest fit of all Figure

3.8). The isotherm makes assumption of a monolayer adsorption of adsorbate molecules on metal

surfaces which is independent and homogenfsfl]s The theory is expressed as:

- — —017 3.17

where, Cis NAEP-GO concentration, i s equi |l i brium constant for
extent of surface coverage and is evaluated ag1%lEwhere a correlation betweemrtent of
surface coverage &IE is assumedand K. & a. are Langmuir isotherm constants

Plotting Ci/ & vs Ci g¢iJ/KesdintercdptiliaeThersloperddipsh wi t h
numerically equal to the theoretical monolayer capd&6}. Linear graphs having values of
correlation coefficient (B 0.9995 & 0.9999 for the weight loss & EIS experimental data
respectively Figure 3.8a). Thissuggests the data to follow the Langmuir isotherm thedajple
3.7 gives values of parameters obtained from the pibite deviation of the slope from unity
(Table 3.7) could be attributed to the interactions between adsorbed inhibitor molecules and
changes in values of heat of adsorption with increasing surface coverage, a factor which was not
taken into account when postulating the Langmuir isotherm ttigaty

A relationship is said to exist betweerslnd the Gibbs free energy of adsorgt n'O |

and this relationshis expressed as given inE§[27].

w0 C& 6" € KApPT O 3.18
where, R is molar gas constant (8.314dt0I%), T is temperature (KXagis equilibrium constat

for the adsorption process@§O , the Gibbs free energy of adsorption.
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Figure 3.8. (a)Langmuir, (b) Freundlich and (c) Tempkina dsorption isotherms plots for NAERGO adsorption

on carbon steel surface in 15% HCI.

A physisorption adsorption mechaniseiectrostatic interaction between charged metal surface
and charged inhibitor molecules)sisggested fo¥’'O v a | u-20&J/n®| while a chemisorption
adsorption mechanism (this involves electron lone faisfer from inhibitor molecules to the
empty lowlying d-orbitals of metals) fo¥'O v a | u-40%kJ/n®| while values &f'O between

-20 kJ/mol and40 kJ/mol suggests a mixed adsorption mechanism (both a physisorption and
chemisorpibn) [52]. The study compound ha¥eO values 0f-37.724 &-37.941 kJ/mol for the
weight loss & EIS experimental data respectively. Thus, the compound is could be said to
adsorbed on the steel surface via both mechanisms (physisorption and chemisorption). Suggesting,
that the inHbitor get adorbto the carbon steel surface via an interaction between some protonated

NAEP-GO molecules & the charged steel surface and by donating lone pair of electrons to the
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empty lowlying d-orbitals of the metal atoms. And the negative valué'®f value indicates a

adsorption process that is spontaneous and stable.

Table 3.7. Langmuir adsorption parameters of NAEPR-GO adsorption to carbon steel surface in 15% HCI.

Technique WO  (kJ/mo) Kaas(ppm?) Slope R2
Weight Loss 37.724 4.057 1.145 0.9995
EIS 37.941 4.427 1.250 0.9999

3.13.5. Corroded Surface Characterization

The SEM micrographs for the surfaces of the bare steel and that of the steels immersed in
the uninhibited & mhibited solutions are given Figure 3.9. The unprotected steel surface could
be seen to shows a high level of roughness with cracks and dips distributed over the entire surface
(Figure 3.9c). While the protected steel shows a much smoother surfacenavithacks or dips
(Figure 3.9e) making it to looks as much as the bare steel surfigire 3.9a). The much
smoother surface exhibited by the protected steel is a consequence of the adsorbed protective

NAEP-GO molecules which protect the surface from Hugressive acid attackable 3.1.1.

Langmuir adsorption parameters deduced from weight loss and EIS data for the adsorption €@ ABRarbon

steel in 15% HCI.

EDX spectra were collected to get the elemental composititreddteel surfaces in order
to get further insight into the adsorption phenomena of the NEBRnolecules on the surface of
the steel. The EDS spectra of the bare steel, unprotected steel and the protected steel surfaces are
shown inFigure 3.9. The weigl% of surface Fe for the unprotected steel is 4bigufe 3.9d)
about 50% lower to that of the bare steel surface, $glre 3.9b). However, the unprotected

steel surface showed a high chloride ion content (32.2 wt%). This is a result of the fast Fe
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dissolution and the subsequent chloride attack for the unprotected steel surface. A significantly
lower chloride ion content (2.1 wt%) with a much higher Fe content (86.1 wt%) was exhibited by
the protected steel surfadédure 3.9f) & (Table 3.8). This isa consequence of the formation of

a protective barrier by the adsorbed NAEP molecules whiclblocks the steel surface from
attack by the corrosive chloride ions, thus preventing the steel from further dissolution. Also, N
peak was seen in the spectralef protected steel surfadédures 3.9f), which must have come

from the adsorbed NAEBO molecules.
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Figure 3.9. SEM micrograph & EDX spectrum of (a) & (b) polished bare steel surface, (¢) & (dcarbon steel
surface after 24 hoursé immersion in the blank sol uti
immersion in 25 ppm NAER-GO inhibited solution.




Table 3. 8. Elemental composition of the bare polished cadn steel surface and the carbon steel surfaces
immersed in the blank and NAERGO inhibited solutions at ambient.

Bare polished CS CS immersed in CS immersed in 25 ppMAEP-GO

blank inhibited solution
Element Wt% Wt% Wt%
Fe 94.7 46.5 86.1
C 4.0 7.9 8.1
Mn 1.3 0.6 1.3
o - 12.8 1.2
Cl - 32.2 21
N - 0.0 0.7

The AFM is another technique used to see surfaces of materials in the nanometer scale both
in two and three dimensions. This technique has been utilized to undersee the effect of inhibitor
compounds on metal surface roughness and topography in corrosive fa8idd]. Figure 3.10
gives the 2D and 3D micrographs of the bare steel, the unprotected steel and the protected steel
surfaces. The values of the deviation in height (average roughness, Ra); the standard deviation of
surface heights (root mean sqeiaoughness, Rq) and the maximum profile valley depth (Rv) are

listed inTable 3.9.
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Table 3.9. AFM parameters for the surfaces of bare polished carbon steel and carbon steel immersed in the
blank and NAEP-GO inhibited solutions at ambient temperature (25+1°C).

Average roughness (R¢ RMS roughness (Rq, Maximum profile valley depth (Rv)

Sample (nm) (nm) (nm)

BareCS 14.9 19.1 44.3

CS immersed in blank 15% 127 159 424
HCI

CS immersed i25 ppm 34.9 40.6 85.2

NAEP-GO inhibited solution

The Ra, Rg & Rv values of the bare steel surface are 14.9, 19.1 & 44.3 nm respectively.
The slight surface roughness observed Heu(e 3.10a) is due to scratches gotten from grinding
the surface and atmospheric corrosion. For the teqied steel surface, the values of Ra, Rq &
Rv are 127, 159 & 424 nm respectively while those of the protected steel surface are 34.9, 40.6 &
85.2 nm respectivelyT@ble 3.10). It can be seen that the unprotected steel has a much higher
values of roughres parameters in comparison to the values for the protected steel surface. This is
very much evident in the 2D and 3D micrograpfgire 3.10b & 3.10c), where the unprotected
steel showed higher degree of surface roughness. This is a consequencggriedsve attack
on the steel surface by the corrosive acidic medium where in the case of the protected steel, the
corrosive medium is blocked from reaching the steel surface by the adsorbedGMAEP

molecules; hence the lower Ra, Rq & Rv values exhibiyetthd protected steel surface.
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Figure 3. 10. 2D and 3D AFM surface images of (a) bare carbon steel coupon, (b) carbon steel immersed in
blank 15% HCI solution (c) carbon steel immersed in NAERGO inhibited solution.

The FTFIR spectrum of the adsorbed NAEFO film (Figure 3.11) looks very much
similar to that of NAERGO inhibitor Figure 3.3). This confirms the adsorption of the NAEFO
molecules on the carbon steel surface when immersed NAE®-GO inhibited solution. The
NAEP-GO OH, C=0, GO, N=N, stretching and -® bending vibrations at 3373, 1652, 1046,
1488 and 1332Fjgure 3.3) were observed at 3379, 1673, 1051, 1488, and 1325espectively
in the spectra of adsorbed NAEFO film (Figure 3.11). The additional band observed at 1579 in
the spectra of NAERSO adsorbed film, can be ascribed to thélMending and N stretching
vibrational bands of the amide functional group in NAG® [45,58] The presence of FTIR
absorption bands of NAEBO on the adsorbed surface film confirms formation of NAKEP

protective film on the carbon steel surf§48,59].
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Figure 3.11. FTIR spectra of adsorbed NAER-GO film on the carbon steel surface.

3.14. NAEP-GO Mechanism of Inhibition

The adsorption of inhibitors on metal surface adsorb is usually either via the chemisorption
or physisorption or both mechanisi@®]. Inhibitor molecules could also get adsorbed on metal
surfaces through what is called a refianation mechanism, whereetectrons from the surface
Fe-atoms donates their excess electrons to e  -bonding molecular orbitals of the inhibitor
moleculeq60,61] A schematiaescribing the plausible mechanism of adsorption of N/&KEP
molecules on the steel surface is giverrlgure 3.12. From the adsorption isotherm study (section
3.4) the NAEPGO can be said to adsorbs on surface of the steel via both the physisorption and
chemisorption mechanisms. Also, the PDP technique suggests the adsorption of thé QABP

the metal surface to be via both mechanisms with physisorption predominance. TheGXQDAEP
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molecules could also get adsorbed via the fétmeation mechanisms in wiiexcess electrons

on the steel sur f a-boadingmotecuthroorbitals e NAEBOG. t he ~ ant
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Figure 3.12. Plausible mechanism of adsorption of NAERGO molecules on the carbon steel surface.
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Conclusion

The mitigdion of the corrosion of X60 carbon steel in 15% HCI solution by 18jisF(2-
aminoethyl)piperazine functionalized graphene oxide (NAXP) inhibitor was evaluated using
the weight loss and electrochemical techniques at room temperature ‘@pbshd elevad
temperatures (40 & 66C). The GO was synthesized from waste graphite powder. The FTIR,
Raman and TEM characterization techniques confirm the successful grafting of NAEP on GO.
The effect of immersion time on the performance of the inhibitor was al&stigated. The
inhibitor efficiency was observed to increase with concentration and a maximum inhibition
efficiency of 87% was observed for 25 ppm NABP at room temperature. The inhibitor
exhibited excellent performance at the studied temperaturesybaothe performance decreases
with increase in temperature. The inhibition efficiency for 25 ppm NA&EPof 87.30% at room
temperature decreases to 81.65% atClfb 70.67% at 60C. Though, much higher decrease in
inhibition efficiency was in observed @0 °C, the corrosion rate (15.61 mm/yr) was much lower
than the maximum acceptable corrosion rate (50.80 mm/yr) for high temperature acidizing
environmentg$38]. The inhibitor shows similar trend in efficiency of ov€ea for all the studied
immersion time in a range of 83.15 to 87.30%, suggesting that the inhibitor remain stable over
time. PDP technigue suggested NAEF to act as a mixetype inhibitor with athodic
predominanceklS technigue, contact angle measurem@BM/EDS, AFM surface morphology
and FFIR analyses indicated NAEBO to protected the steel by adsorbing on the steel surface.
The adsorption of NAERSO follows the Langmuir adsorption theomhe fact that the GO was
prepared from waste graphite, gives this work the dual importance of solving the problem of

corrosion and waste disposal.
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3.2. Sodium Octanoate Functionalized Graphene Oxide (SQO) Composite:

An Effective Inhibitor against Oil Well Acidizing Corrosion

Abstract

The acidizing of oil wells is an essential stimulation method to improve oil production.
Acidizing involves the pumping of hot acid into oil and gas well bore so as to create channels in
the rocks and allow for oil to reach the well. Acidizing enhances oil production but at the same
time exposes the well which is made of the carbon steel in ortte tamrsh and highly corrosive
hot acid. The employment of corrosion inhibitor is the most practical method for protecting the
steel from corrosion. Here, we have synthesized an environmentally friendly inhibitor, octanoate
functionalized graphene oxid8€O-GO) and evaluate its corrosion efficacy against X60 carbon
steel in 15% HCI solution (which simulates the oil wells acidizing environment) by weight loss (at
25, 40, 60 and 80C) and electrochemical (at 2&) measurement experiments. The inhibitor
shoved an efficiency of above 80% at temperatures 25, 40, antC6@ the weight loss
measurement. The synthesized inhibitor was characterized-tiy,FFIT-Raman, TEM and NMR
techniques. Contact angle measuremeSBM/EDS, AFM surface morphology and #R
analyses provide of the SGO molecules adsorption on the carbon steel surface to form a

protective film that blocked steel surface from the acid attack.

Keywords: Acidizing; Transmission Electron Microscopy (TEM); Nuclear Magnetic Resonance

(NMRY); Atomic Force Microscopy (AFM); Carbon Steel (CS).
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3.21. Introduction

Carbon steels due to their low cost are mostly the steels used for the construction of gas
and oil wells but their resistance to corrosion is low. Carbon steel corrosion has great economic
ard environmental implications due to its huge application in many construction industries. The
costs of corrosions in the oil / gas industries have been estimated at $1.37 billion daihually
Corrosion in oil well can results from corrosive elements suchaggis, ©; gas, organic acids
present in the well or acidizing treatment of the well. Sometimes, petroleum exists in a formation
but has very low permeability and not able to readily flow into the wellbore. This low permeability
is overcome by well stimulation, wih creates dinnels and enlarges old onésidizing which
is the pumping of hot acid in the well bore is a very one popular technique for stimulating oil well
to enhance production. Acidizing enhances oil well productivity by dissolving rubbles observed
old well to reestablish its maximum productivity and creating channels in rocks and removing
muds in new wells for allowing oil to reach the wells. The most common acid used in the acidizing
treatment of oil well is hydrochloric acid (528% “/w), othes are formic acid, acetic acid,
hydrofluoric acid, nitric acid, sulfonic acid and chloroacetic acid. The type of acid use depends on
the intended treatment and nature of the Y2l The acidizing treatment subjects the well which
is made of the carbon steel to the problem of corrosience, corrosion inhibitors are added as
chemical additives to the acid as the most practical and low cost corrosion mitigation approach

during the acidizing treatment.

Some of the effective acidizing corrosion inhibitors available commercially are
formulations like amines, carbonyls, nitrogeontaining heterocycles, aromatic aldehydes,
guaternary salts and acetylenic alcol8is8]. They are however, only efficient laigh amounts,

they are toxic and not friendly to the environmfjt Therefore, a search for environmentally
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benign and nontoxic corrosion inhibitors is necessit@edogical compounds are mostly organic
structures which contain hetebased tooms like oxygen, nitrogen, phosphorus or/and sulfur atoms
[10,11] have been reported as potential corrosion inhib[td?E19]. Carboxylates (e.g. amino or

fatty acids) have been reported to act as good corrosion inhibitors, especially, those with a long
hydrophobic alkyl chain and hydrophilic methyl egiebup, like sodium octanoate, sodium
decanoate. They form sedtsemt#dd-monolayers (SAMs) which in turn leads to increased
corrosion inhibition efficiency through hydrophobic activities (they represent a barrier against the
transfer of hydrated corrosive elements to the steel surface from the bulk electrolyte). Sodium
octaroate also known as sodium caprylate has been used as a corrosion inhibitor against the
corrosion in sulphuric acid, where the sodium caprylate yield a maximum corrosion efficiency of
77%[20]. Nwanebu et al[21], described the usage of sodium caprylate as corrosion inhibitors
against carbon steel internal corrosion in 3.5% NaCl solution. Graphene composites have been
used for metal corrosion protection. Graphene has the advantage of its lpwndog is
environmental friendly as compared to conventional protection methods such as the use of
polymeric coatings and the use of inert metals. Graphene has enhanced mechanical strength, high
surface area, high chemical resistance and high levelpgrimeability. Graphene is however, not
soluble in aqueous solution due t o -cormoson | ack
coatingg22]. Graphene oxide (GO) and functionalized GOs are more soluble and functionalized
GOs have been reported as good corrosion inhibif@8}. Diazoc and diaminepyridine
functionalized grapéne oxides have been evaluated as corrosion inhibitors against mild steel
corrosion in 1 M hydrochloric aci@4]. Amino- and diamineazobenzene functiatized graphene

oxides have been described to both showed good protection against mild steel corrosion in 1M

HCI [25].
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In this study, the corrosion efficacy of sodium octanoate functionalized graphene oxide
composite against daon steel corrosion in 15% HCI solution simulating oil wells acidizing

environments was undertaken.

3.22. Experimental

3.22.1. Chemicals & Materials

Sodium octanoate, HCI (Sigma Aldrich), graphite powdesQOdd KMnOs, H.SQu
tetrahydrofuran (THF)toluene,ethylene diaminelN,N'-dicyclohexylcarbodiimide (DCC),and

X60 carbon steel specimen.

3.22.2. Synthesis and Characterization of the Inhibitor.

3.22.2.2. Synthesis of thimhibitor

Graphene oxide was synthesized using graphite powder by the Huthee nj231. h o d
The obtained graphe oxide nanosheets were dispersed by ultrasonication in tetrahydrofuran
(THF) in presence of 2Moluene [27] Ethylene diamine was added in presenceNgfl'-
Dicyclohexylcarbodiimide (DCC). The mixture was refluxed at 90 °C for 24 h. After cooling, the
obtained material was treated with sodiootanoate in THF and 2kéluene, with the additioof
DCC. The mixture was refluxed at 120 °C for 24 h. The obtained material was washed with 1:1
water/ethanol mixture, dried and separated for characterization ahdhtewa Figure 3.13
illustrates the synthesis procedure of the sodium octanoate functionalized graphene oxide (SO

GO).
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Figure 3.13. lllustration of the synthesis procedure for the chemical grafting of octanoate onto grdgene, which
involves the ethylene diamine treatment of GO (step 1) and the amidation reaction between amine
functionalized GO and octanoate in presence of DCC (step 2).

3.2.2.2.3.Characterization of the Inhibitor

The inhibitor was characterized using Bm-IR, FT-Raman, TEM and proton NMR
techniques. The iolet 6700 FTIR spectrometevhich has a KBr beam splitter and a DTGS
detector was used to collgeT-IR spectra at a resolution of 4¢nand a range 4000400cm’.

The Raman spectra were collectedwiite LabRAM HR Evolution Raman spectrometer equipped
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with an internal HeNe 17 mW laser at a 633 nm excitation wavelengths, at 30 s data acquisition,
an accumulation of 4 and gratings 1800 gr/mm. The JEOL field emission electron microscope of
model JEM2100F was employed to get the TEM images of the synthesized comp&dndisiR

spectra were collected using the JEOL JNABOO FT NMR system for deuterated DMSO

solution of the GO and SGO.

3.22.3. Evaluation

Table 3.10gives the chemical compositions bktused carbon steel coupon. The carbon
steel was cut mechanically to (3.0 cm x 3.0 cm x 1.0 cm) and (1.0 cm by 1.0 cm) and used for the
weight loss and electrochemical tests respectively. The coupons for the electrochemical test were
cold-mount in a mixtue of epoxy/hardener with a 1 éraxposed surface area. All the samples
were abraded mechanically using a silicon carbide paper of different grits 802). After which

they were cleaned with distilled water and acetone and allowed to dry.

ConcentratedHCl solution was diluted appropriately with distilled water to give the 15%
HCI solution, then eight concentrations (5, 10, 15, 20, 25, 30, 40 and 50 ppm)}@DS@ere

prepared in aliquots of the acid.

Table 3.10. Elemental mmposition of the X60 carbon steel specimen used in the study.

Element Cr C Si Mn Cu Ni Mo Al Nb \/ Fe

Composition| 0.121 0.125 052 1.830 0.296 0.091 0.079 0.043 0.053 0.078 Remainder
(Wt%%)
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3.22.4. Weight Loss Experiment

The weight loss experiment wasrformed in accordance to tAe&TM G1-03 standard
method[26] for the bank and 50 ppm SGGO inhibited solutions. Prereighed carbon steel
coupons were totally immersed in 100 ml acid solutiomaioed in 250 ml glass botteth and
without the SGGO inhibitor for 24 hours at temperatures 25, 40, 60 af€&&Ging a watebath
(thermostated). At the end the test samples were taken out, thoroughly washed rinsed with water
& acetone, dried and their weight taken again and the loss in the weight computed. The weight
loss measurement was performed in pairs and corrosion astealculated for each test solution

from the mean value of weight losses (Q).

3.22.5. Contact Angle Measurement

Sessile drop experiment was carried out to confirra&&Dadsorption onto the surface of
steel. The Attension Theta optical tensiometer bgliBiScientific was utilized to measure the
contact angle. Water droplets of drop out size of 5 ul at a drop rate of 2 pl/s were placed separately
on polished bare steel surface, steel surfaces immersed in 15% HCI for 24 hours with and without

SO-GO.

3.2.2.6. Electrochemical Experiment

The Gamry Potentiostat/Galvanostat (ModeB@O0) apparatus was used to perform the
electrochemical experiment. Measurements were performed in aelemmdes cell system
consisting of the working electrode (the testmpke), counter electrode (graphite rod) and

reference electrode (Ag/AgCI electrode). Three electrochemical techniques; potentiostatic EIS,
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EFM and PDP were carried out to investigate the inhibition mechanism-&G® the acidic
solution at 28C. The waking electrode was initially immersed in the test solutions foour at

open circuit potential (OCP) to attain a steady state after which the three electrochemical
measurements were conducted. The potentiostatic EIS was carried out at a frequerafyor@thge

Hz to 100,000 Hz and an amplitude of £10 mV. This was followed by EFM at a base frequency of
1 Hz, 2 for multiplier A, 5 for multiplier B, amplitude of 10 mand cycleof 32. After which the

PDP was conducted at £250mV potential range from OCR&%mV/s scan rate. Curve fitting

was done utilizinghe EChem Analyst 5.5 software.

3.22.7. Characterization of Corroded Surface

The blank and inhibited coupon steel surfaces after 24 h immersion were characterized by
SEM/EDX, AFM and FTIR techniques tnvestigate the carbon steel surface morphology and the
adsorption mechanism of SGO on the steel surface. The SEM/EDX micrograph were collected
using the JEOL JSM6610LV scanning electron microscopy and the Fiber MI-150 high

intensity illuminatorfrom DolanJenner Industries was used to collect the AFM micrograph.

3.23. Results and Discussion

3.23.1. Characterization of SGGO Inhibitor

The functionalization of the synthesized GO was confirmed by FTIR spectroscopy
Graphene oxide Higure 3.13 consists of various oxygetontaining functionalities which

includes epoxide, hydroxyl, carboxylic acid, carbonyl, and quif@28ie29]. The functionalization
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of GO results in shifts of characteristics GO barkigure 3.14 showsthe FTIR spectra of GO
and SGGO. The chareteristics GH, C=0 and C=C stretching vibrational bands at 3439, 1736
and 1630 crt of GO show a shift to 3451, 1807 and 1633'sespectively in SGGO. A decrease

in intensity of the GH and C=0 bands of GO could be observed when functionalized, thig is

to these groups in the functionalization process. T I@2nding vibration of GO at 1406 ¢m
could also be seen to be shifted to 1461 amd its intensity drastically reduced confirming the
functionalization of GO via the OH functional group. Téy@oxy GO-C stretching vibration at
1219 was shifted to 1265 chin the functionalized GO. The appearance of new characteristics C
N and GC stretch vibrational bands at 1095 and 1022 confirms the functionalization of the

GO as could be seen from tsteucture of the functionalized GO kigure 3.13
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Figure 3.14. FT-IR spectra of GO and SOGO.

The synthesized GO and its functionalization was further confirmed by Raman
spectroscopy. The Raman spectra of GO and thaDeBO (Figure 3.15 each shows the D (¥p
hybridized carbon atom) and G {dyybridized carbon atom) bands. The GO broad D and G bands
which appeared to center at 1339 and 1597 were shifted respectively to 1361 and 1579'cm
after the functionalizatiarit has been reported that the functionalization and surface modification
of GO results in shifting of the D and G bands of {28,30] The ratio of the ERaman band
intensity to that of the d&Raman band intensitygfllc) of GOwas found to be approximately 1.01
while that of the S@G0 was 1.05. This indicates a percentage increase intbarbpn atoms as
a result of the combination of the GO molecules with the sodium octanoate and the ethylene

diamine molecules.
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Figure 3.15. FT-Raman spectra of GO and SGGO.

The surface morphologies GO and -80@ were investigated using the transmission
electron microscopy (TEM}igures 3.16a and 3.18 shows the TEM images of GO and-&D.
The TEM images of G@xhibitsa flakelike shape, wrinkled and transparent structure of a typical
single GO sheetThe functionalized GOHRigure 3.16a and 3.1B), shows a composite stacked
GO sheets with some dark shadows. However, the typicatlilak&ayer structure of G@&vas not
destroyed, in conformity with the FTIR and fREman results and further corroborate the

successful grafting of the functionalization molecules on the GO sheets.
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Figure 3.16. High resolution TEM images of (a) GO and (b) SGGO and low resolution TEM images of (c) GO
and (d) SO-GO.

The NMR spectrum of the GO exhibits the characteristics chemical shift aB83%2pm
belonging to the aliphatic dtoms and at 8.47 ppm for the aromati@bims Eigures 3.17a).
While for the NMR spectrum SGO (Figures 3.17), in addition to the characteristics GO
aliphatic and aromatic 4dtoms chemical shifts centered at 3.40 and 8.00 ppm respectively, the
following chemical shifts at 2.76 2.66 ppm (tripkt) which represents the SO methylene group
alpha to SO carbonyl, at 2..45.35 ppm (triplet) for methylene group beta to the carbonyl, at 1.88
T 1.79 (doublet) for NH of ethylene diamine, at 1.22 to 1.05 (triplet) for methylene group alpha to
the SO metyl group and at 0.83 ppm for the SO methyatdms were observed. These confirm

the successful grafting of ethylene diamine and sodium octanoate on GO.
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Figure 3.17. *H NMR spectra of (a) GO and (b) SGGO.

3.23.2. Weight Loss Experiment

The corrosion parameters obtained from the weight loss experiment at the different
temperatures (280, 60 and80 °C) are given irfmable 3.11 At 25°C, weight losses were obtained
for inhibitor concentrationS 1 50 ppm. The rate of corriam was computed in mm/year and mpy

by Eqn3.21.

01 1 €l IBBTOQWI 3.21

where, W is average loss in weight loss (g), A is exposed surface area expreyed {sm
immersion time (hr) and D is stedgnsity (g/crf).

The % inhibition efficiency was calculated utilizing Eg22.

P00 — PN 3.22

where, CRs and CRare corrosion rates for the blank (uninhibited) and inhibited test solutions.
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Thevalues of corrosion rate decrease with increasings&Cconcentration from 6525 ppm then
slightly increase with further increase in & concentrationThe lower corrosion rates in the
presence of S@O is a consequence of strong interactions between tie@olecule and the
surface of the carbon steel facilitating-&® adsorption to the surface, thiscking the corrosive
medium from attacking the suda. The dissolution of the steel in corrosive media is mitigated by
the adsorbed SGO molecules which forms a protective 8D film that blocks the corrosive
medium from reaching the steel surface. The degree of adsorption increasesG@8 SO
concentratiomncreases, consequently, the increase inhibition efficacy with concentration reaching
a maximum inhibition (87.35%) & ppm SGGO. Weight loss measurement were also carried
out for the lowest SE@ O concentration (5 ppnand the concentration with theghest inhibition
efficiency (25 ppm at higher temperatures 00460 and80 °C to see temperature effect on the
inhibition performance of S@GO. It could be seen that the inhibition efficiency of-6O
decreases with temperature increase, a signifiaaeredse in inhibition efficiency was observed
at80 °C. However, the S@O inhibitor could still be seen to offer protection to the inhibited steel
from the severe pitting experienced by the steel in the uninhibited acid soluB@AG(Figure
3.18. The SGGO inhibitor still shows excellent inhibition efficiency of over 80%#@tand60

°C and a relatively poor efficiency of abdd% at80 °C for the25 ppm concentrationT@ble

3.11). However, SGGO shows excellent corrosion protection for the steebat0 and60 °C.
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Table 3.11 Weight loss measurement parameters for the blank and SGO inhibited solutions at 25, 40, 60

and 80°C.
TemperaturéC | Concn of SGGO | Weight Loss + %IE
standard deviatior
ppm (9) mm/year
Blank 0.1485 +0.0058| 2.2957 +0.1121 -
5 0.0215 +0.0009| 0.3324 +£0.0142 85.52
10 0.0199 + 0.0002| 0.3076 +0.0033 86.59
15 0.0198 + 0.0002| 0.3061 + 0.0033 86.66
25°C 20 0.0192 + 0.0004 | 0.2968 + 0.0066 87.07
25 0.0188 + 0.0008| 0.2906 + 0.0131 87.%
30 0.0204 +£0.0011| 0.3154 +0.0175 86.26
40 0.0207 + 0.0032| 0.3200 + 0.0491 86.06
50 0.0245 +0.0072| 0.3788 +£0.1115 83.50
Blank 0.6653 + 0.0590| 10.2852 +0.9128 -
40°C 5 0.1151 + 0.0014 | 1.7794 +0.02192 82.70
25 0.0967 + 0.0014 | 1.4949 +0.0185 85.47
Blank 3.4439 + 0.1062 | 53.2411 £+ 1.6420 -
60°C 5 0.7825 +0.0284 | 12.0971 +0.4383 77.28
25 0.5492 + 0.0086| 8.4904 +0.1334 84.05
Blank 6. 0548 + 93.60+£1.1881 -
80°C 5 3.5356 54.66 + 2.3962 41.61
25 2.5074 38.76 + 0.7040 58.59
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Figure 3. 18. Pictorial image of carbon steel immersed in (a) blank 15% HCI (b) 15% HCI solution with 5%
SO-GO inhibitor.

3.23.3. Contact Angle Measurement

The contact angle measurement is an important measurement techatqantbe used to
confirm the adsorption of an inhibitor on a steel surface by recognizing the degree of
hydrophobicity or hydrophilicity. An inhibited steel surface can either be more hydrophilic or
hydrophobic depending on the kind of inhibitor usedvater droplet contact angle of 0 t0°3§
characterized by a hydrophilic surface while greater th&ns9¢haracterized by a hydrophobic
surface. Graphene oxide which is the main constituent of th&sSQnhibitor is highly
hydrophilic, it is made up ofarious oxygen containing functional groups. So the adsorption of
SO-GO molecules on the surface of the steel should give a higher degree of hydrophilicity than

for the bare steel and uninhibited steel. The water drop contact angle for the polisheddbare st
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and the steel surfaces immersed in the 15% HCI without and witES@nhibitor is given in
Figure 3.19 The contact angle of the polished bare stegure 3.1%) was seen at 104 3this
characterizes water repellent (hydrophobic) of a miliker seel surface. The contact angle for

the uninhibited steel surface was seen at°82is is as a result of the formation of inorganic
corrosion products which are hydrophilic on the steel surface. For the inhibited carbon steel
surface, a much lower comtaangle of 36.9was seen, this confirm the adsorption of the highly
hydrophilic SOGO inhibitor molecules on the steel surface. The protection of steel surface by the

highly hydrophilic SGGO inhibitor is due to the high level of impermeability of the-GO

blocking the hydrated corrosive species from reaching the surface of the steel.

Figure 3.19. Contact angle measurement of (a) bare carbon steel surface, (b) carbon steel surface immersed in
blank solution (c) carbon steel immersed in S50 inhibited solution.

It could be said that SG@GO adsorbed on the surface of the steel by the interactions of the
hydrophilic endgroup of sodium octanoate while the hydrophobic part of the sodium octanoate

and the highly hydrophilic graphene oxide form the barrier for the steel surface against hydrated
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corrosion species. The highly hydrophilic nature of the protected steel surface is due to the fact
that graphene oxide is far much larger than the exposdpiyobic part of sodium octanoate,

justifying the observed highly hydrophilic nature of the protected steel surface.

3.23.4. Electrochemical Experiment

3.23.4.1. EIS Technique

The efficacy SGGO inhibitor was also investigated using the EIS technigigures
3.2(a-cgives the EIS plots (the Nyquist, Bode phase and Bode madsiosctively) The Nyquist
plot for the blank was characterized by a single imperfect -sgmilar capacitive loop
corresponding to a single tino®nstant in the Bode curveser the entire frequency ranfgl],
indicating that the mechanism of corrosion for the blank is control mostly by the charges transfer
process. While for the inhibited solutions, the Nyquist plots are depressedisges which
corresponds to a twibme constant in the Bode plots. Afdetive protective formed SGO film
represents the time constant/(RPE) at the high frequency zone while the formed double layer
at the electrolyte/metal interface represent the other time constéf@ P&, at the low frequency
zone [32]. The difference in the impedance plots between the inhibited and blank solutions
indicates SAGO inhibitor changes the steel corrosion mechanism to offer it protection.

The Electrode surface roughness, inhomogeneity and presence of impurities resulted to the
imperfectsemicircular capacitive ard33]. The Nyquist plot diameter~{gure 3.20a) for the
inhibited solutions were bigger than the diameter of the uninhibited solution. This is because SO
GO molecules adsorlm surface of the steel and form a protective &0 film, thus, blocking

electrolyte corrosive species from reaching the steel surface. The increase in diameter of Nyquist
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plots diameter with increase in S&0 concentration shows a direct proportionabgtween
amount of SA@GO molecules and inhibition performance.-&0 molecules adsorb on the surface
of the steel by forming a dative covalent bond between th&OSMeteroatoms and the carbon
steel surface to give a SGO/steel complex film which effeetely blocks the steel surfaces from
attack by the corrosive mediuf34]. Increasing the S@O concentrations areases the
interaction rate between the steel surface ands80molecules, this in turn increases the amount

of SO-GO molecules adsorbed onto the to the steel surfaégs

91



10

—t—Blank b
490 a 0
=15 ppm S0-GO Blank
10 ppm SO-GO 10 =5 ppm 50-GO
__ 390 15 ppm SO-GO fg‘ 10 ppm $0-GO
i -
g —=— 20 ppm SO-GO & -20 15 ppm SO-GO
<] z
E 290 —#—25 ppm S0-GO @ 3 —— 20 ppm SO-GO
£ 5 ——— 25 ppm 50-GO
'ﬁ m
b Y a0
190 &
=
-9
-50
90
-60
10 E -70
-10 90 190 290 390 490 0 1 100 10000 1000000
Zreal (Qcm?) Frquency (Hz)
3
Blank
c d
2.5 =5 ppm 50-GO
2 =10 ppm SO-GO
15 ppm SO-GO e AAA VAA +§-
g RE. W.E.
-~ 15 = 20 ppm SO-GO R Rct
£ e 25 ppm SO-GO
o
(o] 1
S
6 05
0 CPEd
n2
0.5
-1
0 1 100 10000 1000000

Frquency (Hz)

CPEF

Rs

Rf CPEd|
ne

Rt

Figure 3.20. (a) Nyquist, (b) Bode phase (c) Bode modulus plots recorded for carbon steel in the blank and-SO
GO inhibited solutions at 25 oC (d) equivalent circuit used for fitting impedance of the blank (3) equivent
circuit used for fitting impedance of the test solutions.
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A single peak and two peaks could be seen in the Bode phase Fppise(3.2M0)
respectively for the uninhibited and inhibited solutions. The single peak corresponds {tinaeone
constant fo the blank solution while the two distinguishable peaks observed for the inhibited
solutions correspond to a twione constant. In the Bode plots, the diameter of the plots for blank
uninhibited solution is smaller than those of the inhibited solutiond.the plot diameter for the
inhibited solutions increases with S&D concentration increase just as it was seen in the Nyquist
plots.

In the Bode modulus plot&igure 3.2(@), the linear portions at intermediate frequency is
more pronounced for inhibitesblutions. The increase in linearity with concentration increase,
suggests increase in inhibition performance as concentration increases.

The equivalent circuits given fFgure 3.20were utilized for fitting the EIS plots. The fit
accuracy for all thelpts was between 0.507 x'2@nd 3.842 x 1G. The model Figure 3.20d)
utilizes R;(solution resistance),dRcharge transfer resistanc€PEi (double layer constant phase
element) and n(phase shift 2) while the moddtigure 3.202) utilizes R (solution resistance),

Rct (chage transfer resistance); @Im resistanc), CPHfilm constant phase element),(phase
shift 1), CPEi (double layer constant phase element),&phase shift 2)Table 3.12gives the
electrochemical parameters obtained from fitting the EIS pldis.% efficiency of the inhibitor

(%IE) was estimated usiriEgn3.2.3:

P00 p — pTIT 3.23

where,Y is thecharge transfer resistance of the uninhibited solution ar{duf of Rand Ry)
is the polarization resistance of the inhibited solutions.

93



The surface adsorbed S&D layer is said to behave as CPE rather as a capacitor. Hence,
CPE is used in order to get a more accurate fit. The CPE impedance is computed fr8r24Eqgn

[36];

where:Yodenotes the magnitude of CPE, phaseshife&jot es a
is the square root oi.

Table 3. 12. Electrochemical impedance spectroscopy measurement parameters for the blank and -80@
inhibited solutions at 25°C.

CPE CPEi
Concnof | Rs(W | Yor(UWs m Ct (MF Rt (W | Yoz (UWS n2 Ca(MF | Rt (W | Rp(W & x %IE
SOGO cn) cm?) cm?) cn?) cn?) cm?) | cm?) | cnp) | 10°
(ppm)
Blank 0.935 T T T T 464.5 0.766 187.3 169.7 T 3.842 T

5 0.394 63.48 0.925 7981 9.980 408.6 0.661 222.7 357.6 | 367.58 | 0.726 | 53.83
10 0.447 24.80 1.000 | 17350 4.591 448.1 0.675 190.3 | 4185 | 423.09 | 1.995 | 59.89
15 0.444 69.88 0.904 6460 12.33 326.6 0.688 1934 4119 | 424.23 | 0.507 | 60.00
20 0.390 65.10 0.913 | 10279 9.770 3525 0.678 223.5 | 449.3 | 459.07 | 0.607 | 63.03
25 0.419 25.39 1.000 | 20364 4.932 376.8 0.695 202.7 4954 | 500.33 | 1.523 | 66.08

Egns3.25 and3.26 were used to calculate the doubleelagapacitance (@ and film

capacitance (¢[37]:

0 —_— 3.25

Y - 3.26
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whereymax=  Zaxahd faxis the frequency at the apex of the Nyquist semicircle plot.
The Rt values for the inhibited solutionseahigher in comparison to the uninhibited solutions.

This is due to the formed adsorbed-&0 molecules, blocking the corrosive medium from
reaching the steel surface, hence preventing it from further mass and charge fae3fgrand

nz value of tle uninhibited (blank) solutiowas larger than those of the inhibited solutions and the
inhibited solutionsCq values were higher than the blanlg @alue indicating a decrease in the

electrical double layer a consequence of the adsorbe@@@holecules.

3.23.4.2. EFM Technique

The EFM which is a very fast and ndestructive electrochemical technique was also use
to evaluate the corrosion efficacy of &I inhibitor. EFM has an internal selfieck mechanism,
the causality factors 2 (CE) & 3 (CF3) tovalidate the accuracy of the measurenj@@t39]and
gives directly corrosion current and rate with no prior information of Tafel constants. These
theoretical causality factors, €& CF-3, are designated values of 2 & 3 respectively and are
usually compared with the obtained experimental-2C& CF3 values. The closer the
experimental values to the theoretical, the more accurate is the obtained results. The EFM is a
harmonic techniquet depends on the ndimear nature of corrosion process to obtain information

about corrosion rate and Tafel constants.

The intermodulation spectra which are plots of current responses against frequencies of the
uninhibited and inhibited solutions are osin by Figure 3.21 [39,40] The obtained
electrochemical parameters are givematle 3.13 The corrosion inhibition efficiency of the SO

GO inhibitor was calculated using E@rR2.7:
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b"00 p — 3.27

where,;O and©O are the corrosion current densities of the uibiidd and inhibited solutions
respectively.
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Figure 3.21. Intermodulation spectra recorded for carbon steel in the (a) blank (b) 5 ppm S&@O (a) 10 ppm
SO-GO (a) 15 ppm SOGO (a) 20 ppm SGGO (a) 25 SOGO at 25°C.
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The corpsion current density and rate of inhibited solutions were observed to be significantly

lower than that of the blank (uninhibited) solution. This indicates that th&SQignificantly

reduced the carbon steel corrosion.

Table 3.13. Electrochemical frequency modulation parameters for the blank and S&@50 inhibited solutions

at 25°C.
Concn of S@ lcorr ba b CFi 2 CFH 3 CR %lE
GO (ppm) ) ) )
(WA cm'?) | (mV dec?) | (mV dec?) (mm/year)
Blank 355.7 114.2 120.0 2.190 3.308 3.442 T

5 118.1 121.7 138.1 1.883 3.107 1.371 66.80
10 114.3 108.4 131.1 2.015 2.803 1.326 67.87
15 107.2 120.0 138.6 1.917 2.954 1.244 69.82
20 99.77 113.2 131.9 2.161 3.254 1.158 71.95
25 98.60 105.1 127.5 1.964 3.103 1.144 72.28

3.2.3.4.3. PDP Technique

The plotsof PDP for both the uninhibited and inhibited solutions are showigire 3.22
The cathodic current density and anodic current densiy) tef inhibited solutions could be seen
to be less than that of the blank solution. This is an that th@ S@hibitor could inhibit both the
reductive hydrogen cathodic and oxidative metal dissolution anodic rea¢fit@®?] The
corrosion potentials for the hibited solutions tends more in the negative arm in comparison to
t he bl The values of ©ba

ank. ( a ncer (borrosio aurfent|
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density), corrosion rate anddecorrosion potential) obtained after the Tafel fié @resented in

Table 3.14 The efficiency of SGGO inhibitor was calculated using E§.2.8

‘O@ O p — 3.28

whee'O and©O are the dorrvalues for the blank & inhibited solutions.

Significantly lower tor and Eorr Values were obtained for the inhibited solutions and this
decrease in values abk and Eorin the presence of SGQO is ascribed to S@GO adsorption to

the surface of the stejl3]. This suggest that the SGO inhibitor significantly inhibits the
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Figure 3. 22. Potentiodynamic polarization plots recorded for carbon steel in the blank and S@O inhibited
solutions at 25°C.

corrosion of carbon steel in the test solution. The #alue of the blank was less negative than
those of the inhibited solutions; however, there was no definite trend indhealtie shift with
increasing concentration of SGO. Thissuggests that SGO acts as a mixetype inhibitor[44]

and the inhijgainde®d!l soe$ uwveowmasal b small er i n
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b.val ues wer e mor egvalaek, fareic indecationtthiata®O-GO hnkibitdr acts

predominantly as cathodigpe indicatof45].

Table 3. 14. Potentiodynamic polarization measurement parameters for the blank and S@O inhibited
solutions at 25°C

PDP Method
Concn of SGGO Ecorr (MV Vs I corr Da Be CR %IE

(ppm Ag/AgCl) (LA/Cn?) (mV/dec) (mV/dec) | (mml/year)

Blank 1391.0 72.30 77.20 133.1 0.839 T
5 1431.0 28.90 70.90 114.8 0.335 60.03
10 -430.0 25.80 68.50 90.10 0.300 64.32
15 -428.0 24.90 63.90 70.70 0.289 65.56
20 -430.0 20.40 64.40 94.50 0.237 71.78
25 -432.0 19.30 66.60 90.20 0.224 73.31

3.23.5. Corroded Surface Characterizaibn

Figure 3.23shows the SEM micrograph of the surfaces of the polished bare steel coupon
and steel coupons immersed in the 15% HCI without and witG8Cor 24 hours. The large
amount of pitting and roughness could be seen in thecguofiathe unprotected couporidure
3.23). However, the micrograph of the protected coupon surfemre 3.23) exhibits a
smoother surface with no pitting close to that of the polished bare steel f&rfpaoe 3.23) and
some deposition of the SGO molecules could be seen distributed over the steel surface The
smoother surface shown by the inhibited coupon in comparison to uninhibited coupon is a

consequence of the due to protective SO film on the steel coupon surface.
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Figure3.23. SEM mi crograph of carbon steel after 260hoursbd
inhibited solution (c) polished bare carbon steel specimen.

EDX analysis was carried out on the steel to get the elemental composition ettteigaces so

as to get further insight on the adsorption phenomena of th& @nolecules onto the steel
surface Figure 3.24shows the EDS spectadd the surfaces of the polished bare steel coupon and
steel coupons immersed for 24 hours in the 15% Wwilout and with S@50. The weight% of

Fe on the surface of the unprotected steel coupon was 7bigétg 3.24b) about
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Table 3.15. Elemental composition of the bare polished carbon steel surface and the carbon steel surfaces
immersed at 25 oC in blank and SGGO inhibited solutions.

Bare polished CS| CSimmersedin| CS immersed i25 ppm
blank SO-GOinhibited solution

Element Wt% Wit% Wt%

Fe 94.7 75.1 85.8

C 4.0 8.4 7.6

Mn 1.3 0.8 1.0

o - 2.5 24

Cl - 13.1 2.3

N - 0.2 0.8

20% lower to that of the bare steel surface, 94 Figfufe 3.24a). The lower amount of Fe for the
uninhibited steel is as a result of dissolution of Fe from the steel surface. The blank solution
immersed steel surface could also be seen to contaigecamount of very chloride (13.1%
Significant lower Cl content was noticed in the existence of th&82.3%)(Table 3.15), this
designates the blocking of the corrosive chloride ions from attacking the steel surface.-The SO
GO inhibitor protects thsteel surface by the formation of a protective film on the surface of the
steel. An additional nitrogen peaks could also be seen in the inhibited solution EDS $jigatea (

3.24), an indication that the SGO inhibitor also get adsorbed via theabdm.
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Figure 3.24. EDX spectra of (a) bare polished carbon steel specimen (b) carbon steel immersed blank 15%
HCI after 24 hours (c) carbon steel immersed in SEO inhibited solution after 24 hours.

AFM is a powerful surface characterization technique that can be used to fully see surfaces
in both twadimension (2D) and thredgimension (3D) down to the nanometer scale. AFM
technique has been used to examine the effect of the inhibitor on surfacapbyagnd roughness
of steel samples in corrosive me@®i 50]. Figure 3.25shows the AFM micrograph (2D and
3D) of the surfaces of the polished bare steel coupon and steel coupons immersed for 24 hours in
the 15% HCI without and with SGO. Table 3.16 givesthe average roughness (Ra) which
signifies height deviation; root mean square roughness (Rq) which represent the surface heights

standard deviation and maximum profile valley depth (Rv) values
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Figure 3. 25. 2D and D AFM surface images of (a) bare polished carbon steel (b) carbon steel immersed in
uninhibited 15% HCI solution (c) carbon steel immersed in SAGO inhibited 15% HCI solution.

The Ra, Rg and Rv values for the bare polished carbon steel surface ar6.148d144.3
nm respectively. The slight roughness observed for the surface of the polished carbon steel surface
(Figure 3.25) could be due to scratch from polishing the surface and atmospheric corrosion. The
Ra, Rg and Rv values for the surface of thehibited steel are 127, 159 and 424 nm respectively.
These values are very much higher than that of the bare carbon steel surface, suggesting that the
carbon steel surface immersed in the blank solution has higher surface roughness than the polished
baresteel surface. The high degree of surface roughness for the uninhibited steel Eagyoen (
3.2%) is due to the aggressive acid attack. A significant lower values of Ra (35.3 nm), Rq (46.3
nm) and Rv (131 nm) were obtained for the-SO inhibited steel @upon. The inhibited steel
coupon showed a smoother and a much denser sufaped 3.25). The smoother surface
exhibited by inhibited steel coupon in comparison to the uninhibited coupon is a consequence of

the formed SAGO film which blocks the corroge medium from reaching the steel surface.
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Table 3.16. AFM parameters for the surfaces of bare polished carbon steel and carbon steel immersed in blank

and SO-GO inhibited solutions.

Average roughness (R§ RMS roughness (Rq] Maximum profile valley depth (Rv
Sample (nm) (nm) (nm)
Bare polished CS 14.9 19.1 44.3
CS immersed in blank 159 127 159 424
HCI
CS immersed i25 ppm 35.3 46.3 131
SO-GO inhibited solution

The adsorbed SGO film FT-IR spectrum confirms the SGO adsrption onto the

surface of the steel. The S8&0 OH, C=0, C=C, CO-C, CN, C-C stretching and @ bending

vibrations at 3451, 1807, 1633, 1265, 1095, 1022 amd 1461, Figure 3.14) were shifted to

3323, 1737, 1642, 1257, 1168, 1049 and 1382 mspetively (Figure 3.26). The broader and

less intense A stretch vibration of the adsorbed & film in comparison to the pure S®O

is said to be a result of SGO adorption via its oxygen atoms.

104




SO-GO FILM

% Transmittance

O-Har.

3500 3000 2500 2000 1500 1000 500
Wavelength (ecm™)

Figure 3.26. FTIR spectrum of adsorbed SGGO film.

3.24. SO-GO Corrosion Inhibition Mechanism

The mechanism of adsorption of inhibitor molecules could be chemical (chemisorption),
where °~ electrons and/or |l one pair of electror
to the empty lowlying d-orbitals of iron atom/ion; or physical (physisorption), where protonated
inhibitor molecules interacts with chloride ions already adsorbed on the coupon surface or both
[37]. Inhibitor molecules can also adsorb on stadbses via a retrdonation mechanism, where
d-electrons from the surface det oms donates their e-bandings el e
molecular orbitals of the inhibitor moleculgdl]. The plausible mechanism of S&D adsorption
is shown inFigure 3.27. SO-GO inhibits the corrosion of the carbon steel by adsorbing to the
surface of the steel surface to form an-SGO protective film. The mechanism of S&D
adsorption could be said to be mainly by the physisorption mechanism according to the PDP
measurement ralf which shows the S@O molecule to be predominantly cathodic. The GO

mol ecules also adsorbs by donating | o6@ pair
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heteroatoms and/or aromatic rings to the iron-lgiwg d-orbitals. The adsorption of tf&0-GO
molecule via the donation of lone pairs of electrons is further proven by the presence of the

inhibitor peaks in the FTIR spectiigure 3.26) of adsorbed SO film on the steel surface.

» Physiosorption

A
A

v

Chemisorption
________________ — Retrodonation

Figure 3. 27. Plausible mechanism of adsorption of S@O molecules on carbon steel surface in 15% HCI
solution.
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Conclusion
The mitigation of the corrosion of X60 carbon steel in 15% HCI solution by a novel synthesized

SO-GO inhibitor was evaluated andethelow conclusions were drawn from the study:

1. The FFIR, FT-Raman, TEM and NMR characterization techniques confirm the successful
synthesis of SE50.

2. SO-GO exhibited excellent inhibition efficiency at the studied temperatures (25, 40 and 60
°C).

3. SO-GO inhbitor was observed to predominantly act as a cathiygie inhibitor

4. EIS technique, contact angle measurem@&EM/EDS, AFM and FIIR analyses showed
that SOGO protected the steel surface by its adsorption onto the surface of steel surface to
form the potective SGGO film.

5. The adsorption of S@GO inhibitor could be said to be via its heteroatoms.
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3.3.Graphene Oxide grafted with Dopamine as an efficient Corrosion Inhibitor

for Oil Well Acidizing Environments

Abstract

The acidizing of oil wells is a very significant stimulation technique that has being in use
for many decades to improve oil productigkcidizing enhances oil production, however, it
exposes the well that is made up of carbon steel to the highly corrosive acid medium. The use of
corrosion inhibitor is the most practical and cheapest means for protecting carbon steel from
corrosion. In thisstudy, dopamine functionalized graphene oxide {3#) was assessed as an
inhibitor against the corrosion of carbon steel in 15% HCI solution (simulating oil well acidizing
medium) by means of the weight loss and electrochemical experiment&MAXxhibitel
excellent inhibition efficiency. SEM/EDX, AFM and FTIR examination of the carbon steel
surfaces suggests the formation of a-B® protective film on the steel surface. The protective
DA-GO film was mostly formed by the adsorption of {0 molecule ontde steel surfaces via

an interaction between the Fe atoms/ions and the aromatic rings-GIDA

Keywords: Acidizing; Dopamine functionalized graphene oxide; Corrosion Inhibition
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3.31. Introduction

The inhibition of carbon steel is very importarttio economically and environmentally
due to its wide applications in many industries. Carbon steels are the main skeletons and backbones
of the oil and gas industries; this is because of their relatively low cost. Carbon steels are the most
used steel matials for the construction of oil and gas wells however, their resistant to corrosion
is low. The corrosion of oil and gas wells usually results from corrosive elements suhgeasH
CO: gas or organic acids present in the well or acidizing treatmeheokell. The total cost of
corrosion in the industry of gas as well as oil is estimated annually at $1.372 billion of which
pipeline failures account for $589 million, down hole tubing expenses account for $463 million,
and capital expenditures relatedcbrrosion accounts for the remaining $320 millibh

Acidizing treatments have been applied to oil and gas wells bearing rock formations for
many years. Acidizing is the most widely employed stimulation practice in the oil industry. It helps
to dissolves acigolube constituents within underground rock formations, removes material at the
wellbore face, thus, increase the flow rate of oil and gas out of production wells. Acidizing
treatment is the pumping of acid into an oil or gas bore well so as to increaseltHe Gve
productivity. Various acids used in the acidizing treatment of bore wells are hydrochloric acid,
acetic acid, nitric acid, formic, hydrofluoric acid, chloroacetic acid, and sulfonic acid. The most
common of which is (5 28%"Y/w) hydrochloric acid, @ombination of these acids are also used.
Acidizing treatments are categorized into three; acid washing, matrix acidizing and fracture
acidizing, the type of acid used depends on the nature of the well and the anticipated tf2atment
Acidizing treatment however, subjects the oil wells that are mainly made of carbon steels to high
corrosve acid environments. The employment of inhibitors is the most practical, one of the best

and cheap methods used to mitigate corrosion in the oil and gas wells. Corrosion inhibitors are
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added as chemical additives to the acid, where the inhibitor moledgesbed onto the surface

of steel forming a protective film against the acid attack. Formulations of inhibitors with
heteroatoms such as nitrogeontaining heterocyclics, carbonyls, amines, aromatic aldehydes,
guaternary salts, alkenyl phenones, andyséeee alcohols are available commercidBy 8].
These commercial inhibitors are however, expensive, effective onlyhatbiggentrations and not

environmentally friendly9].

Naturally occurring biological molecules with heteroatoms such as N, O, F16;19]
were reported for inhibitiorf12i 14]. Dopamine (3,4dihydroxyphenethylamine) is a natural
chemical found in the humadrody. Dopamine is an organic chemical of the phenethylamine and
catecholamine families, it functions as both a hormone and a neurotransmitter, and plays several
vital roles in the brain and the bofiy5]. It is very soluble in water. A study on the use of poly
dopamine synthesized by selblymerization of dopamine hydrochloride in the presence -of tri
buffer as a corrosion inhibitor against mild steel corrosion in 1M HCI was rep@t&id
Polydopamine is said to have strong adhesion to a variety of substrates such as graphene, carbon
nanotubes, stainless steel, gold, silver, fibers, clays and §b7pnThe chemical structure of
dopamine contains the amine and catechol functional groups which can be easily modified by
functionalization crosslinking[18,19] These make dopamine a good candidate for
functionalzation of graphene oxide (GO) which has a very large surface area for use as corrosion
inhibitor. Dopamine has been reported to-gmfymerize easily to polydopamine in basic solutions

on metallic, polymeric and inorganic materig,21].

Graphene composites have been usedhial protection against corrosion. Compared to
other materials used for metallic protection such as the use of inert metals, imidazoline derivatives,

and polymeric coatings, graphene is environmentally benign and cheap, as graphene can be
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prepared from wste graphite. Graphene is impermeable; it has a large surface area, high
mechanical strength and chemical resistance. Graphene is however, insoluble in an aqueous
medium due to lack of functionalities thus, it is used as an anticorrosion cdaghg
Functionalized GO has been reported to show Eeatorrosion inhibition performancf3,24].

Diazo and diamine pyridine functionalized GO has been reported as excellent corrosion
inhibitors for mild steel in 1.0 M HCI[25]. Gupta et a[26] reported aminoand diamine
azobenzene functionalized graphene oxides to exhibit impressive inhibition performances for

corrosion of mild steel in 1M HCI.

Only few studies on the use of functionalized GO as corrosion inhibitorhiytagidic (15% HCI)

have been reportd@7i 30]. In all the studies, toxic solvents such as DMF, toluene and THF were
empdoyed in GO functionalization. Here we have synthesized dopamine functionalized GO (DA
GO) using water which is edoendlier and cheaper and investigated its corrosion inhibition
efficacy against carbon steel corrosion in 15% HCI solution by the wegghahd electrochemical
method and supported surface characterization techniques such as AFM, SEM/EDS and FTIR.
The GO, which is the major raw material, is prepared from waste graphite and this gives this work

dual the benefit of converting waste into biézial material to solve the corrosion problem.

3.32. Experimental

3.32.1. Chemicals & Material

Dopamine, HCI from Sigma Aldrich, graphite powdepCz KMnOa, H:SQr and AlSI
1018 carbon steel specimen. The chemical compositions of the carbon stemhespeare

summarized imable 3.31. Carbon steel samples were cut to (2.0 cm x 2.0 cm) with a thickness
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Figure 3.28. Photos of carbon steel coupons used for the (a) weight loss and (b) electrochemical experiments.
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of 0.5 cmto give an exposed area of 124qfigure 3.28 & (1 cm by 1cm) to give a total exposed

surface area of 1 chfor the weight loss & electrochemical experimengspectively The
electrochemical test sample was ecoldunted in a mixture of epoxy/harden&rgure 3.28D).

Before every experiment, the test sample was wet polished with-adbel§ive waterproof SiC

paper of grit 120 800 (Bramet), rinsed by deionized water then with acetone followed with drying

by a specimen dryer. The original concentratdb600 ppm DAGO was prepared. Test solutions

were prepared first by diluting concentrated hydrochloric acid to 15% after which various
concentrations (a10, 20, 30, 40 an@Dinauosp m) of

of the 15% HCI solutin were prepared.

Table 3.17. . Elemental composition of the carbon steel specimen used in the study.

Element C Si Mn S Cr Mo Ni Al Cu Nb Sb N Fe

Composition 0.132 0.066 0.795 0.002 0.020 0.009 0.015 0.051 0.006 0.004 0.008 0.023 98.8
(Wit%)

3.32.2. Synthesis.

3.32.2.1. DAGOInhibitor

GO was first prepared from waste [3draphit
After which GO was functionalized byopamine. First, GO was treated with thionyl chloride
(SOCWb) for 12h at 70 °C under reflux and stirring irder to convert the carboxylic groups to acyl
chlorides. Using thionyl chloride, the carboxyl groups could be converted to acyl chloride and
hydroxy groups to chlorine functionalities. As a result of this stage;cidgtide functionalized

graphene was syhesized. This obtained material was separated and then reacted with the

119



dopamine solution. The system was maintaineral2h at 70 °C under reflux and stirring in
order to allow the reaction between dopamine and graphene with the loss of HCI. Tres pH w
controlled by Tris and HCI to 8.5. Thereafter, the obtained@®was filtered and washed,

followed by drying.

3.3.2.2.2.Characterization of DAGO Inhibitor

DA-GO inhibitor was characterized by HR, Raman, and TEM techniques. The-IRl
spectrum wasollected over a wavelengthf 4000.0 to 400.0 crhat 4cm! resolution by the
Nicolet 6700 FFIR spectrometer with a DTGS KBr detector, a global IR source and a KBsr beam
splitter. Raman spectrum was collectgd 30 s data acquisition and accumulatiof using the
Horiba LabRAM HR Evolution Raman spectrometer equipped with an internal HeNe 17 mW laser
at a 633 nm excitation wavelengths using a grating 600 gr/mm. The TEM morphological images
of DA-GO and that of GO were collected using the JEOL fieldssion electron microscope

(model JEM2100F).

3.32.3. Weight Loss Experiment

The weight loss experiment was conducted according to ASTM @&l standard§32].
The weight loss experiment was done in duplicate. The carbon steel coupons were firstly weighed
before they were dipped in pairs in 150 ml of the test solution®KBl&% HCI, GO inhibited
15% HCI solutions and DASO inhibited 15% HCI solutions) otained in 250 ml glass botti
room temperature for a period of 24 h. Then the coupons were removed from the test solutions,
thoroughly washed, rinsed with distilled watind acetone, dried with a specimen dryer and their

respective weight taken again. The average weight loss for each test solution was then used to
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calculate the respective corrosion rate (CR). GO inhibited solutions were also tested to see the

performane of unmodified GO.

3.32.4. Electrochemical Experiments

Electrochemical tests were also performed for all the test solutions by a Metrohm Autolab
Potentiostat/Galvanostat PGSTAT100N. Experiments were performed using-aléuteede cell
system where §/AgCl electrode was used as the reference electrode, graphite rod as the counter
electrode and the 1.0 éraxposed surfacarea coldmounted carbon steak working electrode.
Four electrochemical measurement techniques; the electrochemical frequen@tiorodaFM),
potentiostatic electrochemical impedance spectroscopy (EIS) and linear polarization resistance
(LPR) with potentiodynamic polarization (PDP) were performed out to study the mechanism of
inhibition of DA-GO at room temperature. The workingattede firstly allowed to attain steady
state in the respective test solutions at open circuit potential (OCP) then EFM was performed at a
base frequency of 1 Hz, multiplier A of 2 while multiplier B of 5, amplitude of 10an¥f cycle
of 32 followed by thé€ElS measurement at a frequency range ahHz to 100 kHz an amplitude
of £10 mV. Then LPR measurements were then performed at +10mV potential, from OCP at 0.125
mV/s scan rate. PDP measurements were performed at a +250mV from OCP at scan rate 0.250

mV/s. Data analyses and plots were performed using Nova software (2.1.4).

3.32.5. Steel Surface Examination

The surfaces of the polished bare carbon steel coupons and the carbon steel coupons
immersed for 24 h in the blank and 5 ppm-B® solutions were examed using the SEM/EDX,
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AFM and FTIR techniques to investigate the surface roughness, morphology, and sorptien of DA
GO molecule onto carbon steel surface. SEM/EDX micrographs were collected using a JEOL
JSM-6610LV scanning electron microscope. And the AEpéctra and data were collected in a

contact mode with a Fibeiite MI-150 highintensity illuminator from Dolafdenner Industries.

3.3.3. Results with Discussion

3.33.1. Properties of DAGO Inhibitor

FTIR spectra of GO and the dopamine functionalized (B®-GO) is given in(Figure
3.329 The functionalization of GO resulted in a shift of the characteristiessfretching broad
peak centered at 3439 enof GO to 3343 cnt and the C=C stretching vibrational band at 1630
cm-! of GO very slightly shifteda 1632 cm®. Weak C=0 shoulder band in BBO spectrum
after the functionalization is an indication that GO may have interacted with dopamine via the GO
carbonyl groups. The C=0 band appeared as a very weak shoulder band attached to the C=C band
in DA-GO (Figure 3.29. An increase in the intensity of the GOHDstretching vibrational band
could be observed in the functionalized GO (B). The increase in intensity is a result of the
additional GH groups from dopamine. A new characteristiblGtretching vbration band at 1098

could also be observed in BBO spectrum.

Figure 3.30 depicts Raman spectra of GO and -G®. It is reported that the
functionalization of GO results in shifting of the characteristics B lgpridized carbon atom)
and G (sphybridized carbon atom) ban§5,33] The D and G bands centered at 1356 and
1608 cm' to 1351 cmand 1512 cmin the dopamine functionalized GO (B®Q). Also, the

intensities ratio of Eband and &band, b/lg, was calculatedo be 1.034 and 0.996 for GO and
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DA-GO. This indicates an increase in the number éfcapbon atoms as a result of the added

dopamine having more $fhan sp carbon atoms.
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Figure 3.29. FTIR spectra of (a) GO (b) DAGO and (c) adsorbed DAGO film.

Figures 3.
The TEM microg

TEM micrograph

3la and 3.3t show the TEM micrographs of GO and B3O respectively
raphs were collected to confirm the functionalization of GO with dopamine. The

of GO shosithe typial GO wrinkled, flakdike and transparent structural shape

(Figure 3.31a). DA-GO micrographKigure 3.31b) shows a composite of stacked GO sheets with

some white shad

ows distributed over the GO sheets. However, the typicdikiddlager stucture
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of GO was not destroyed, in conformity with the FTIR andR&@man results and further

corroborate the successful grafting of the functionalization molecules on the GO sheets.
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Figure 3.30. Raman spectra of GO and DAGO.
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Figure 3.31. TEM micrographs of (a) GO and (b) DAGO.

3.33.2. Weight Loss Experiment

Tables3.18and3.19give the parameters of corrosion from weight loss measurements by

GO and DAGO inhibitors.The corrosion rage(in mm/yeay were evaluated utilizing Egn 3.3.1

01 1 €l IBBTOQWI 3.31

where W is weight loss in g, A is total expdsairface area (ci) T is the exposure time (h), and
D is the carbon steel dens{#87g/cni).

p ‘00 — PpPTT 2

where blank corrosion rate is @RCorrosion rate is CRor the GO and DAGO inhibited

solutions.
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Table 3.18. Weight loss measurement parameters for blank and GO inhibited solutions at room temperature.

Concentration of ~ Weight Loss (g) Corrosion Rate % IE
GO (ppm) (mm/year)
Blank 1.466 56.66 -
10 1.107 42.78 24.50
20 0.949 36.68 35.26
30 0.830 32.08 43.38
40 1.194 46.15 18.55
50 1.390 53.72 5.19

Table 3.19. Weight loss measurement grameters for the blank and DA-GO inhibited solutions at room temperature.

Concn of DAGO Weight Loss Corrosion Rate Efficiency
(ppm) (9 (mm/year) (% IE)
Blank 1.466 56.66 -

1 0.473 18.28 67.74
2 0.442 17.08 69.86
3 0.415 16.04 71.69
4 0.365 14.11 75.10
5 0.283 10.94 80.69

The GO inhibited solutions could be seen to show slightly lower corrosion rates compared
with blank 15% HCI. The corrosion rate declines with adding more GO concentrations with the
minimum corrosion rate ab3pm GO concentt@n which has an inhibition efficiency of 43.38%.

Further increase in GO concentration showed remarkable decrease in GO efficiency from 43.38%
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at 30 ppm to 5.19% &0 ppm {Table 3.18. This may be due to aggregation of the GO particles

as the number of G particles increasest has been reported that exfoliated GO particles tend to
aggregate to form | arge 1gr agptha8dkeilTheograitidgeof par t i
dopamine on GO tends to stabilize the GO particles and increases GO solubility in water, thus
enhancing GO adsorption onto the carbon steel surface, thus the higher inhibition efficiency
observed for the dopamine grafted GO (B®) (Table 3.19. Thevalues of corrosion rate (CR)

of DA-GO inhibited solutions were observed to be drastically lower thatnofithe blank 15%

HCI, the values of CR of the inhibited solutions decrease with increasirG@A&oncentrations.

The lower CR observed for the inhibited solutions is due to the adsorption-&@#Awolecules

on the carbon steel surface due to the stintegaction between the steel surface and®a
molecules forming a protective D&O layer on the steel. This could prevent acid attacking the
steel. The extent of coverage of the carbon steel surface by the protect@©Diln molecules
increases withraincrease in the number of BBO molecules (increase in the concentration of
DA-GO), the observed decreasing CR with increasing@?concentrations. Inhibition efficacy

of 80.69% was observed for the highest concentration (5 ppm) eGDA

3.33.3. Hectrochemical Experiments

3.33.3.1. EFM Measurement

The EFM technique is netlestructive and very fast, it has what is called an internal self
check mechanism called the causality factors and 22)Gihd 3 (CF3) which have designated
values of 2 and 8ise to validate the accuracy of a measurerf&5ijt The closer the obtained

experimental values of the causality factor to the designated theoretical values the experimental,
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the more accurate the obtained experirakergsults. The EFM technique gives directly CR of
measurements with no prior knowledge of the Tafel constants. The EFM is an intermodulation
technique that uses a ddetquency perturbation to measure current response at the sums,
differences and multipk of input frequencies; this minimizes interferences from background noise
during measurements. EFM technique is also harmonic it depends on theeaomature

corrosion process to obtain information about CR and Tafel constants.

Figure 3.32 and Table 3.20 give the plots of current responses against frequencies
(intermodulation spectra) and the obtained electrochemical parameter of the blank -&1d DA

inhibited solution. Inhibition efficacgf DA-GO was calculated as Eqgn 3.3.3

b"00 p — 3.33

where,O andO are corrosion current densities of the uninleihiand inhibited solutions.
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Figure 3.32. Intermodulation spectra recorded for carbon steel in the (a) blank, (b) 1 ppm DAGO, (c) 2 ppm DAGO, (d)
3 ppm DA-GO, (e) 4 ppm DAGO and (f) 5 ppm DA-GO inhibited solution at room temperature.

The CR of DAGO inhibited solutions were observed to be low compared to that of blank (15%
HCI). An indication of the formation of a protective that {0 layer on the surface of the steel
blocking it from the acid environment, thus, reduding rate of corrosion of the steel in the test

solution.
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Table 3.20. Electrochemical frequency modulation parameters for the blank and DAGO inhibited solutions
at room temperature.

Concn of DA lcorr ba b CFi 2 CFH 3 CR %lE
GO (ppm) ) ) )
(mAcm? (mVde'l) (mVdecd) (mm/year)
Blank 2.912 105.1 112.1 1.989 2.456 33.78 T
1 0.984 62.58 72.32 2.492 2.308 11.42 66.19
2 0.599 61.64 65.97 1.640 2.915 6.950 79.43
3 0.556 83.85 96.15 1.720 2.897 6.447 80.91
5 0.145 40.16 44.04 2.137 2.728 1.681 95.02

3.3.3.3.2. EIS Measurement

EIS measurements were also carried out for blank andGDAinhibited media to
investigate the performance of B@O inhibitor. The Nyquist and Bode modulgrephs of blank
and DA-GO inhibited solutions are shovim Figures 333a & 3.33. Nyquist plots for both the
blank and DAGO inhibited showed depress setntcle capacitance loops which correspond to a
single time constant representing an imperfect inhibitor coating which tend not to allow electron
transfer (R/CPE) at the high frequency region, where GRipresents the constant phase element
(CPE) at the electrolyte/D&O film interface and a double layer created by-G@ film/metal
substrate interface (CRiEwith no resistance between the metal substnateDAGO film at the
low frequency[36]. The impedance graphs of the blank and-G@ solutions are similar
indicating that DAGO decreases the carbon steel CR with no change in the mechanisms of

corrosion.
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The imperfectiorof the semicircular loop and capacitive arc is a result of the electrode
surface roughness, inhomogeneity of reaction rates on the carbon steel surface, presence of
impurities and varying thickness of the adsorbed surfacd3ifiln Nyquist plots diameter for DA
GO media were higher than that of blank. As capacitive arc diameteased with using more
DA-GO concentration, it indicates adsorption {0 molecules on the steel. The adsorbed DA
GO molecules blocked the carbon steel from the corrosive acid attacks and thus, enhances the steel
resistance to the electrochemical ceroms. The growing diameter of Nyquist plot capacitive
loops with more DAGO suggests a direct relation of BBO concentrations with its inhibition
efficacy[38]. Increasing DAGO concentrations improves the interaction rate of the carbon steel
surface and DAGO mdecules this, in turn, increases the amount of adsorbe@D/An the steel
surface39].

The linear portion at the intermediate frequency of Bode modulus curves @G@A
inhibited media were moréan the blankFigure 3.33b) and the linearity increased with the
increase in DAGO, which suggests enhancing inhibition efficacy with increasing concentrations
of DA-GO.

Figure 3.33e depicts the equivalent circuit utilized to fit EIS plot. The fit accyriac all
the plots was between 0.037 X 4@nd 0.678 x 10. The elements of equivalent circuit are the
solution resistance @R layer constant phase element (@PEmM resistance Rr) phase shift 1
(nm), double layer constant phase element (@P&d phase shift 2 ), Table 3.21 DA-GO

percentage inhibition efficiency (%IE) is calculatedHyn.3.34:

P00 p — p T 334

where,Y and’Y is thecharge transfer resistances of the blank and@® uninhibited solutions.
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Due to the imperfection of the electrode surface, it is said to behave like a constant phase
element or CPE rather as a capacitor. HeG&E was utilized instead, to get a precise fit. CPE

impedance is calculated by E@r85 [40];

A O Q 3.35
whereYoi s CPE magni tude, w h i nd e is aphaseshift avimlg jusltreer f r e c

square root ofl.

Rr values for DAGO solutions were higher of blanKdgble 3.21) sincethe adsorption of the
protective DAGO onto the steel and effectively shields the carbon steel surfaces from acid, thus,
protecing it from further mass los3.he values ofY o1 for DA-GO inhibited media were lower

than blank. This indicates the formation of a highly less porous film consisting of the corrosion
product and adsorbed D&O molecules as compared to the highly porovesy weak thin film
corrosion product formed on steel immersed in blank solution. Thus, the observed significant
higherY o1 values of the blank (significant capacitance) as compared to that-@®mhibited
solutions. Also, th& o2 values of DAGO inhilated mediawvere lower than blank solutioifgble

3.21).
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Figure 3. 33. (a) Nyquist, (b) Bode modulus plots recorded for the carbon steel in the blank and D&O
inhibited solutions, fitted Nyquist curve for (c) blank 15% HCI & (d) 3 ppm DA-GO and (e) equivalent circuit
used for fitting the test solutions impedance curves.
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Table 3. 21. Electrochemical impedance spectroscopy measurement parameters for the blank and {0
inhibited solutions at room tempeature.

CPE CPEy
Concn of DAGO Rs(W Yo (MW" n Rr (W Y o2 (MWS N G X %IE
(ppm) cne) cnr?) cn¥) cnr?) 108
Blank 0.490 2.311 0.824 8.388 3438 0.316 0.678 T
1 0.334 0.480 0.781 13.00 275.6 0.257 0.288 35.48
2 0.254 0.976 0.685 23.51 208.7 0.263 0.088 64.32
3 0.363 0.825 0.692 38.72 315.3 0.441 0.049 78.34
4 0.458 0.666 0.715 39.72 130.6 0.32 0.038 78.88
5 0.370 0.171 0.812 62.76 182.0 0.342 0.037 86.63

3.33.3.3. PDP Measurement

The PDP tests were performed to study the impact ofd@Aonto the anodic metal
dissolution and cathodicfas evolution. PDP curves for both the blank and@® inhibited
media are depicted Figure 3.34 The cathodic and anodic current densitiggdlof the inhibited
solutions could be seen to be less than blank solution. Thu&®@Anhibits both the reductive
hydrogen evolution cathodic and oxidative atetlissolution anodic reactionfg1,42] The
corrosion potentials ) of the lowest concentration (1 ppm) inhibited media were shifted
slightly to less negative direction while that of the other concentrations (2, 3, 4 & 5 ppm) were all
displaced towards thaore negative direction compared with the blardble 3.22lists the values
collected from electrochemical parameters after Tafel fit. These parameters are the potential of

corrosion (Eor) With corrosion current densitycél) and anodi @) addedtimdic s | op
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Taf el sl ope ( bThe inhibiidn eféestiversess d%IE} Rf. D& inhibitor was

evaluated by EqB.36:

‘O@ O p — 3.36

where,O andO are the corrosion current densities for blank and inhibited solutions.

The korr and Eorr values of DAGO inhibited solutions were observed to be lower than
blank. The low valug of the {or and Eor 0f DA-GO inhibited media can be attributed to the
blocking of the carbon steel surface by surface adsorbe@OAnolecule$43], thus the observed
significant decrease in CR of DAO inhibited. The Er value of the blank solution was more
negative tlan that of the 1 ppm and less negative than that of the high€®A&oncentrations,
no certain trend in theckr value shift was however noted with more {0 concentrations. Some
of t he yan doketee inbidited media were lower than thatoof a n k wivalues t he b
mor e af f e c{velubs. Ahiraination tha DABO inhibitor acts mainly as a cathodic

type indicatoff44].
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Figure 3. 34. Potentiodynamic polarization plots recorded for carbon steel in the blank and DAGO inhibited
solutions.

Table 3.22 Potentiodynamic polarizationand linear polarization resistance measurements parameters for the
blank and DA-GO inhibited solutions at room temperature.

PDP Method LPR Method
Concn of DAGO  Ecor (MV VS lcorr Ba Be CR IE (%) Ro CR IE (%)
(ppm) Ag/AgCl) (LA/cmM?) (mV/idec)  (mV/dec) (mmiyr) (g@dm (mmlyr)
Blank 1379.5 2498.9 73.10 124.3 29.00 T 8.722 34.67 T
1 1365.9 784.7.8 67.68 92.47 9.105 68.60 36.67 8.244 76.21
2 1386.7 431.9 69.91 82.07 5.017 82.70 37.98 7.962 77.04
3 1414.5 409.4 150.3 70.97 4,751 83.62 58.50 5.168 85.09
4 1403.4 384.7 114.9 138.3 4.464 84.61 76.82 3.936 88.65
5 1401.3 3435 146.5 124.9 3.986 86.26 97.46 3.102 91.05
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3.33.3.4. LPR Measurement

The LPR measurement was performed also to evaluate the inhibition performanceGid DA
against carbon steel cogmion in the 15% HCI solution. The LPR technique is-destructive and
allows forCR measurement in reéime. A small polarization voltage of £10 mV, when a linear
of E/l with lcorr is usually chosen in this technique so as to prevent a significanptiisrof the
corrosion processes to ensure accurate measurerable 3.22gives the LPR obtained CR while
polarization resistance fRvalues of blank as well as B&O inhibited environments. Percentage

of inhibition effectiveness (%IE) of DAO is calclated byEgn 3.3.7:

op p — 3.37

where,’Y and’Y are the polarization resistances of both blankelsas DAGO environments.

TheCR andY values of DAGO inhibited solutions were observed to be significantly lower and
higher than that blankY value improves with increasing D&O concentrations while the CR
decreases with an increasddA-GO concentrations. This is due to adsorption of protective DA
GO on steel which blocks its surface from acid. The observed trend in inhibition efficiency was in

line with the results of weight loss, EFM, EIS as well as PDP.

3.33.4. Isotherm

Corrosim inhibitors shield steel surfaces from attack by creating barrier of molecular layers. The
inhibitor molecules form the protective barrier by adsorption on the steel surface via physical or

chemical interaction with the steel surface. The weight lossP®el test data were utilized to
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acquire the adsorption mechanism of 3® molecules on the steel surface. Several adsorption
isotherm models such as the Langmuir, Freundlich, and Tempkin isotherms were tested. The
Langmuir adsorption isotherm model fitéaperimental dat. The Langmuir isotherm indicates a
independent homogeneous monolayer ofFGA molecules on steel surfah]. The theory of

Langmuirisotherm is expressed by 1E§.38:

- _50 3.38

where, Gis DA-GO concentration, Kand a are Langmuir isoterm constants, s is the
equilibrium constant of the adsorption proces
assessed as IEj#200(suggesting a straight relation of degree of surface coverage with % efficacy

of inhibition) [46].

Ci/ & against Ci pl ot i ndi cuKtadanmtersepliKasiargiht tr e
a/Kr is equal to the theoretically monolayer capapi]. The isotherms of adsorption acquired

in weight loss and PDP tests are depicteBigure 3.35 Straight lines graph with a correlation
coefficient R of 0.992 and 0.999 for the weight loss and PDP dtasis adsorption Gibbs free

energy (0O ) as Ea 3.3.9

w0 YUY QEQ p1T O 9

where, T in Kelvin is temperature, R (8.3149Hol ) is molar gas constant.

YO valuesO-20kJ/mol reveals a physisorption, that is electrostatic interactions between steel
surface and inhibitor whil®'O  values around40kJ/mol or greater suggests a chemisorption
that is the possible transfer of loneatten pairs from the inhibitor molecules onto the steel empty

low-lying orbitals[47]. The YO values 0f-36.213 and-37.215kJ/mol were attained for the
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weight loss and PDP data. The comp& values from the weight loss and the PDP tests are
within the range 0f20 to -40kJ/molsuggesting the adsorption of BBO on the steel surface to

be via a combination of physical (physiosorpjiand chemical (chemisorptipmechanisnj48].
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Figure 3. 35. Langmuir adsorption isotherm of DA-GO adsorption on carbon steel surface in 15% HCI in the
presence of DAGO.

3.33.5. Steel Surface Examination

Figures 3.3@, ¢ & e showsthe SEM micrograph of the polished bare steel surface and
that of the steel surfaces id & in blank & DAGO inhibited room temperature. The images of
steel in blank mediaHgure 3.36) exhibited a great degree of surface roughness and cracks.
However, in the presence of DBO inhibited solution Kigure 3.36), the steelexhibits a
smoothersurface with some deposition of shéké materials over its surface. The shidet

material could be said to be the adsorbed®®@ molecules that protect the steel from highly
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corrosive acid environment. This gives the steel surface of the inhibiteétbaad much smoother
surface than that in the blank solution. {0 inhibited steel surfac&igure 3.36) looks almost
as smooth as that of the bare polished skegl(e 3.36). The little roughness or scratch observed

in the polished bare steel surtais due to polishing.

Figures 3.3®, d, & f shows the EDS spectra of the bare steel surface and that of the steel
in blank & DA-GO inhibited media. The EDX analysis was done to get the elemental composition
of the steel surfaces in order to get furtheight into the adsorption phenomena of 38 onto
the steel surface. The weight% of Fe on the surface of the steel immersed in the blank solution was
63.1% Figure 3.36l) about 40% lower than that of the bare steel surface, 9%:igfdré 3.36).

The lowerFe amount for the steel in 15% HCI blank is as a result of high Fe dissolution in the
solution. Also, a high amount of chloride (13 1%igure 3.3&l) could also be seen to be
contained on the steel in blank media, suggesting the high acid attack whiobtgsdydrogen

gas evolution cathodic reaction and hence enhances the Fe dissolution anodic reaction. A less
chloride content (4.9%) and a more Fe content (80.8) was observed on the steelG® DA
inhibited mediun(Figure 3.3€). Thissuggest the formatin of a protective barrier or film on the

steel surface by DASO molecules, which blocks it from attack acid and hence reduces the Fe

dissolution.
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Figure 3.36. SEM micrograph & EDX spectrum of the surface of polished bare adon steel coupon (a) & (b),
carbon steel surface after 24 hoursdé i mmersion in the
immersion in 5 ppm DA-GO inhibited solution (e) & (f).

AFM is a powerful surface technique that has been used gusees fully down to the

nanometer scale unit in both two and three dimensions (2D and 3D) down to the nanometer. The
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effect of corrosion inhibitors on the surface roughness and topography of steel samples has been
investigated with the AFM techniqué9i 53]. The 2D and 3D AFM images of the surfaces of
polished bare carbon steel and carbon steel in blank an@O®Anhibited media are shown in
Figure 3.37. The average roughness (Ra) values indicated by deviation in height; the root mean
square roughrss (Rq) represent the standard deviation of surface heights and max profile valley
depth (Rv) are summarized Trable 3.23 The Ra, Rg & Rv values for the surface of carbon steel

in blank (0.289, 0.365 and 0.806 pm) were significantly larger than thoe dfare polished

carbon steel (0.0889, 0.114 & 0.392 um) and the carbon steel immersedGODAhibited

solution (0.0999, 0.134 & 0.601 um). The slight roughness observed for the bare carbon steel
surface Figure 3.37a) is a result of scratch from pdii;ig and atmospheric corrosion. The very

high values of the amplitude roughness values of the steel in the blank which is also evident,
Figure 3.3 is a consequence of the aggressive acid attack on the unprotected steel surface. The
much lower values dhe amplitude roughness parameters for the steel surface dipped@ODA

which exhibit a much smoother and denser surfeigri(e 3.37) is a consequence of the forming

protective DAGO on the steel surface, blocking it from the aggressive acid attack.

FTIR spectrum of DAGO film also confirms DAGO molecules adsorbed onto the steel
surfaces. The featuresi®and C=C stretching vibrational band of B3O were shifted from 3343
and 1632 cm to 3344 and 1591 cim An additional band at 1608 chassociated ith the FeC-

O stretching vibrational band was also observed for the adsorbe@d@®Am as can be seen in
DA-GO and DAGO film FTIR spectraKigure 3.29. The less intense-@ stretching and C=C
stretching vibrational bands of the adsorbedG@ film as ompared to that of DASO is a result

of DA-GO adsorption on the steel surface.
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Figure 3. 37. 2D and 3D AFM surface images for surfaces of (a) bare polished carbon steel, carbon steel
immersed in (b) blank 15% HCI solution and (c) DA-GO inhibited solution.
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Table 3.23. AFM parameters for the surfaces of bare polished carbon steel and carbon steel immersed in blank
and DA-GO inhibited solutions at room temperature.

Average roughness (Ra) RMS roughess (Rq) Maximum profile valley depth (Rv)

Sample (um) (um) (um)

Bare polished CS 0.0889 0.114 0.392

CS immersed in blank 0.289 0.365 0.806
15% HCI

CS immersed in DP 0.0999 0.134 0.601

GO inhibited 15% HCI

3.34. Mechanism of DAGO Corrosion Inhibit ion

The adsorption mechanism of inhibitor molecules could be chemical (chemisorption), where
inhibitor heteroatoms aswellasamm i ¢ ri ngs donates | one electr
empty lowlying d-orbital of iron atoms/ion, or physical (physisorption), where protonated
inhibitor interacted with adsorbed CI ions on carbon steel surface or both phenf@igna

Inhibitor molecules can also adsorb on steelag@s via a retrolonation mechanism, where d

electrons from the surfacefaet oms donate t heir ebwndiegsmeleceldrect r o
orbitals of the molecules of inhibitor. The plausible mechanisms of adsorptionGi#olecule

onto the surfae of the carbon steel are showrfFigure 3.38 DA-GO molecules could be said to
adsorbed via a chemisorption mechanism where the aromatic rings donate lone of electrons to the
empty lowlying d-orbitals of Fe or/and via the retdmnation mechanisms asi@ent by the EDX

spectra where no heteroatom was observed in the EDX spectrum@fDAhibited solution and

the FTIR spectra of the adsorbed {00 surface film where an additional -EeO band was

observed.
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OH

Figure 3. 38. Plausible mechanism of adsorption of DAGO molecules on carbon steel surface in D&O

inhibited solution.
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Conclusion

The mitigation of carbon steel corrosion in 15% HCI solution by dopamine functionalized
graphene oxide (DASO) was studied. DASO inhibita was characterized by HR, FT-Raman,
TEM and characterization techniques, and these techniques approve the successful grafting of GO
with dopamine. The study compound showed excellent inhibition efficiency (over 80%) at room
temperature. PDP results indted DAGO inhibitor to act as a mitype inhibitor.EIS results
exhibited that DAGO inhibitor protects the steel surface without changing the carbon steel
corrosion mechanisnSEM, EDS, AFM as well as FIR analyses showed that BBO molecules
protectthe carbon steel by adsorption forming a protective®® layer. DAGO inhibitor can be

to adsorb on the carbon steel via its aromatic rings.
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3.4. The inhibition performances of two diaminoalkanes functionalized GOs

against carbon steel corrosion in simulated oil well acidizing environment

Abstract

In this study, we assesstt corrosion inhibition performance of DABO and DAGGO against

the corrosion otarba ste¢in 15% HCI, simulating oil/gas well acidizing environment utilizing
the experimental weight loss & electrochemical measurement techratj@sbientand high
temperaturesWaste graphite was used to make the ®@@ich was then grafted with the
diaminoamines (DAH & DAO). FTIR, RamanTEM and TGAmethods were usdd characterize

the GO and the functionalized GO$e FTIR, Raman, and TEM methods all demonstrate that the
GO was successfully synthesized and that the diaminoalkanes on the GO surface wsséutlycc
grafted. The TGA analysis suggested both D&B and DAGGO to be more stable than GO
with DAO-GO being marginally more stable than DAFD. The effect of temperature and
concentration on the inhibitors' fi@mance was also investigate@lt room tenperature, the
inhibition efficiencyof DAH-GOincreased with concemattion, reaching a maximum of 82% while
that of DAOGO reaches a maximum of around 86% at concentration of 5 ppm forTihath
inhibitors performed wellat extremely low concentraticat the temperatures tested, however as
the temperature rises, the inhibitor's performance rediibesinhibitors could be said to function
mostly as an inhibitor of the cathodic kindccording to the PDP measuremdiite examined
compounds werfound to folow the Langmuir adsorption theofter 24 hours of immersion in

the inhibited solutionsAFM, SEM/EDS surface morphology, &TIR examinations of the
corrosion products revealed that the functionalized GOs molecules adsorbed on the steel surface

to form a protective coating that shielded the stsetface from strong acid attacOFT
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calculations were used to estimate the relative stability of functionalized GOs to GO and to further
understand the nature of the inhibitor molecul@®ractions with thetsel surface. The results
obtained from the DFT calculations supported the experimental ré&&edtsuse GO is made from
scrap graphite, this study is critical in addressing two major environmental concerns: corrosion

and waste management.

Keywords; Functonalized graphene oxide; Thermogravimetric analysis; Adsorption, HOMO

LUMO, Electrophilicity
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3.41. Introduction

Oil & gas wellsacidizingis one of the most important and popular stimulation techniques
for enhancing oil and gas production. éizing involves the pumping of highly concentrated acid
into wellbore or geological formation capable of oil and gas so as to improve the well productivity.
The pickling of well tubing, dissolving of rubbles in old and aging wells and removing of drilling
mud damage in newly drilled wells employ the use of acidizing techniques. Commonly used acids
in acidizing teatments are hydrochloric acitiydrofluoric acid, acetic acid, formic acid,
chloroacetic acid, sulfoniacid andnitric acid of which the use dbi 28% HCI is most common
[1]. Scde removal treatment usually emploff®e use of HCI (15%) at 68C for carbonated
minerals and iron oxides scatemoval of{2]. Acidizing technique howevgexposed the oil and
gas wells which are usually made of steel of which carbon steel is the most popular (due to low
cost) to the highyl corrosive acid mediarhe total annual cost of corrosion in the oil and gas
production industry is estimated to be $1.372 billion, according to the National Association of
Corrosion Engineer§NACE), with $589 million in surface pipeline and facility ¢®s$463
million in downhole tubing expenses, and another $320 million in corrgslated capital
expenditureg3]. The use oftorrosion resistant materials, cathodic protection, coatings, and the
addition of corrosion inhibitors are the four common ways for ctimgpcorrosion, with inhibitor
additionbeing the most practical, cheap, and efficient methodadépting oil and gas operational
facilities. Corrosion inhibitors are usually added to the acids, to mitigate the attack of acid on the
steel.Corrosion inhibibrs often adsorbetb the steel surface, providing a layeattiprotects it
from acid attack Some of the commercially available corrosion inhibitors employed during
acidizing process are the rfoulations containing aromatic aldehydes, acetylenic alcohols,

nitrogen containing heterocyclics, quaternamymoniumsalts and carbonyl§4]i[9]. These
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inhibitors are costly, hazardousnvironmentally unfriendly and efficacious only at very high
amouns [10]. As a result, new inhitors must be found that are not only inexpensive but also

ecologically benign, nontoxic, and effective at considerably lower concentrations

Graphene, a twalimensional carbogonjugation structure, has been employed in a variety
of domains, mostlylueto its improve electrochemical and spectroscopic propeftigs [12].
When compared to traditional protective solutions such as polymeric coatings and inert metals,
graphene has the advantages of émst, high impermeability, wide surface araag high thermal
resistancg13], as well as being environmentally friendMetal corrosion prevention has been
achievedusing graphee compositesGraphene derivatives have purportediged as ari
corrosive coating agemtfor marine and other corrosive environments dueh&r various
distinctive attributessuch as high chemical resistanieege surface areayigh thermal stability;
enhanced mechanical strength, high levelhgfirophobicity andimpermeability [13]i [19].
Graphene ifhiowever,insoluble in aqueous media due to the lack of functional groups, it is used
as an antcorrosioncoating materiaJ14], [15]. The efficiency of thegraphene can be enhanced
by surface modificabn with various functional groups. GO can be prepared by method of
oxidationof graphite with strong acigdshermal and chemica&xfoliation of graphite oxideGO
can be functionalized either by covalent or noncovalent njig@hs he covalent functionalization
of GO could be performed via the carboxylic acid groups on the edges, the epoxy/hydroxyl groups
on the basal plane or the functional oxygen groups on the su@aecalent functionalization is
achieved via chemical reactiossch as addition (where organic substances combiheG@t to
form a larger molecule)condensation (where organic molecules combined with GO to form a
single molecule with a loss of entropy), electrophilic substitution (involves the displacement of

hydrogen by an electrophile) and nucleophilic substitution (here the epoxygmuGO is
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targeted, whergn most caseshe amine functional groups bearing lone pair of electrons of organic
molecules attack the GO epoxy gro(ip}], [22]. Of all the chemical reactis, the nucleophilic
substitutionis considered to be a much more scalable method for GO functionalization due to its
ease, can occur at room tesngture and in aqueous mediubue to thepresence of multiple
oxygencontaining functional groups suchegsxides, hydroxyls, carbonyand carboxybn their
surfacesand edges, G@nd functionalized GOs could behave as excellent corrasivbitors in

the solution phasgl6]i [18]. The inhbition of mild steel corrosion in 1M HCI bgiazo pyridine

and diamino pyridine functi@lized GOsave been reportd@3]. At a concentration of 25 mgf,
Gupta et al. discoved that aminoazobenzeard diaminobenzene funatialized GOsnhibit the
corrosion of mild steein 1M HCI with efficiencies of 94.6 and 92.04%orrespondingly.
According to certain research, functionalized graphene oxide casetleas a corrosiinhibitor

for carbon steel in acidic sdlans (15% HCI)[24]i [26].

A number of amines have been reported as corrostubitors for different corrosive
environment [271 38]. Herrag et. al.[29] investigated the performance of three dizes
(diaminoethane, diaminopropane & diaminohexane) as corrosion inhibitors against steel.
Inhibition efficiency of 75.7, 79.1 and 85.2% was reported for diaminoethane, diaminopropane
and diaminohexane respectively indicating a correlation between parfoenand carbon chain
length. The performances of two amines (Hi@dminooctane antetraethylenepentaamine) and
their ethoxylated and propoxylatelerivatives were investigateas corrosion inhibitors agains

carbon steel corrosion HCI (1M) [39].

I n this work we have prlo@40} whthisGecOnuchsafeng t he
met hod than the famous Hummer s met hod of GO

nucleophilic substitution reaction where the lone pair electrons of theedumntional groups of
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the diaminoalkanes attack the epoxy group of GO. The performance of the - U, ¥
diaminoalkane (diaminohexane and diaminooctan)nctionalized GO compounds were
investigated against the corrosion of X60 carbon steel corrosion iHIB¥tilizing weight loss

(at ambient (25+10 and 60C temperaturésand electrochemical experiments. The effect of the
adorbed functionalized G® on morphology ofthe carlon steel surfaces wadso examined

employing the SEM/EDS, AFM and FTIR techoes.

3.42. Experimental and Computational Procedure

3.42.1 Experimental

3.42.1.1. Materials and Chemicals

APl X60 carbon steel specimgeiaminohexanediaminooctane, dimetmfbrmamide,

graphite powder, D2 (30%), KMnQOas, H.SQ4 (96 %"/w), andH3PQu (85 %8'/w).

3.42.1.2. Synthesis of G@nd Functionalized GOs (DABO and DAE50)

The GOwas synthesized using the Tous  m ¢40] hutlizing waste graphite powder
In brief, a mixture of 3g of @phite powder and 18g of KMnQvas slowly added to ieeold
mixture of 360 ml SO (96%) and 40 ml POy under stirring. The mixture was heated for 12
hours at 50C under stirring, after which it was left to cool over night at room temperature before
pouring it to a 400 ml deionized water ice and 3 mDK(30%) added. The obtained product was

firstly allowed to settled overnight and the supernatant decanted away. After which it was washed
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severally with water to remove residual acid. The remaining s@glthen washed several times

with 10% HCI and distilled water to remove unreacted metal salts, and the final product dissolved
in deionized water, the GO dissolved and unreacted graphite settles down. The dissolved GO
decanted, centrifuged (1000 rpm ftn) and dried. 500 ppm of the obtained GO in anhydrous
DMF was subjected to ultrsonication for 30 minutes after which 100 ml of diaminohexane and
diaminooctane solutions (1500 ppm) were each added to 100 ml aliquots. Each mixture was stirred
for 24 hoursat room temperature and the resulting product isolated (centrifugation followed by
several washing with ethanol/water 1:1 mixture) and oven dried°&@.&0gure 3.39illustrates a

scheme showing in brief, the functionalization of GO with diaminohexane.
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Figure 3. 39. Synthesis procedure for the functionalization of graphene oxide with diaminohexane.
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3.42.1.3 Characterization of GO and diaminoalkanes functionalized GO

The FTIR, Raman, TEM and TGA techniques were empldgecharacterized the GO,
DAH-GO and DAGGO. TheNicolet 6700 FTR spectrphotaneterwas used to FTIR spectra at
a resolution4 cm* within a 40007 400 cm? range. The LabRAM HR Evolution Raman
spectrphotaneterwas employed to collect the Raman specithima1000- 3000cm range at
an accumulation of 2s and acquisition60k usinga laser excitation wavelength 683 nm(50
%), the microscopedX objectivelens ands00 gr/mm gratingsTheJEOL fieldemission electron
microscope rhodel JEM2100F was employed to collect the TEM micrographs.
Thermogravimetric analysis (TGA) was performed with SDT Q600 V20.9 Build 20, Module DSC
TGA Standard machine in nitrogen atmosphere a

of258 00 AC.

3.42.1.4.Test Specimen and Solution®reparation

C (0.125), Ni (0.091), Cr (0.121), Mn (1.830), Nb (0.053), Cu (0.296), Mo (0.079), Si
(0.520), Al (0.043), V (0.078), and femainderjpre the components of the carbon steel specimen
used The test specimen uskm the weight loss was cut inthmensionof 3.0 cm x 3.0 cm x 1.0
cm (given a total surface area of 30 grwhile that used for the electrochemical experiment was
cut into dimensions of 1.0 cmX0 cm x 1.0 cmcoldmounted into an epoxy/hardener mpdu
leaving a total surface area of 1%rfihe specimens were abraded with silicon carbide abrasive
papers (120800 grit sizes), then cleaned usthigtilled water &acetoneand dried After diluting

adequately concentrateddH(37%) to make the 15%Cl solution, six concentrations (1, 2, 3, 4,

161



5 & 6 ppm) of DAHGO and DAGGO were preparei aliquots15% HCland their performances

evaluated.

3.42.1.5. Weight Loss Experiment

The weight loss experiment followed the ASTM GQ3 protocol41]. For 24 hours, pre
weighed carbon steel specimens were ims@e& completely in duplicas in100ml of the test
solutions housed in a 250 ml glass container kept at ambient temperattit} @5 and 60C.
After that, each test sampleas removed, wasbethoroughly rinsed with distilled water and
acetone, dried, and weighed. The weighs$ vas calculated using the difference in weight before
and after the specimens were immersed, and thrageraveight losased to calculate the corrosion

rate

3.42.1.6. Electrochemical Experiment

The MetronmPGSTAT100N Autolab Potdiostat/Galvanostat as utilized to performed
the electrochemical experimentThe experiment was conducted using timeeelectodes cell
configuration with the colinounted test specimen, graphite rod agdAgCl electrode ashe
working, counter and reference electrodepeetvely Thetest specimen was totally immersed
into the test solution for one hour at open circuit potential (OTIee approaches were used
(EIS, LPR, and PDP)The EIS was recorded witha range of frequencylQ mHzto 100 kHz)
and a 10 mV amplitue. The LPR recorded betwearmotential range of +10mV potentiaiom

OCPandat a scan rate of 0.125 mV/Bhe PDP was recorded between a of £250mV potential
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range from OCP and scan ra of 0.25 mV/sThe Nova softwaréversion 2.1.5was used to fit

the curves.

3.42.1.7. Immersed Steel Surface Analysis

The effect of inhibitor molecule adsorption on the surfacepimapgy of test samples
dipped in the test solutions (blanRAH-GO & DAO-GO inhibited solutiony at ambient
temperaturéor 24 hoursvas examined usinghe SEM/EDX, AFM, and FTIR techniques. A JEOL
JSM6610LV scanning electron microscope was used to a@HM pictures and EDX spectra
DolantJenner Industries' Fibéite MI-150 highintensity illumination wa used to collect the

AFM images

3.43. Results andDiscussion

3.43.1. Characterization of GO and the Functionalized GOs

3.43.1.1. FTIR Characterization

The FTIR spectroscopic technique is regarded as a very important tool for the
characterization of functional groufZ0]. The FTIR spectra of GO, DAKBO and DAQGGO is
given inFigure 3.40 The GO exhibits the following characteristics IR band, a broad band around
31003500 cmt* attributed to the €M stretching vibration, two weak bands at 2922 & 2852 cm
atributed to the asymmetric & symmetrick stretching vibrations, a weak band at 1736'cm

attributed to the C=0 stretching vibration, a strong band at 163@tnibuted to C=C stretching,
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a medium band at 1406 cnattributed to the @4 bending vibratn and a weak band at 1215 ¢cm

L attributed to the epoxy-O stretching vibratiofi20], [42]. In the functionalized GOs, shift of
thecharacteristic60O bandavas observed and in some cases changes in GO band intensity were
also observed. For both the DABIO & DAO-GO (Figure 3.40a & 3.4(), a medium & broade

band was observed in the region of 3108600 cm, this is attributed to the MMl stretching
vibration of the diaminohexane overlapping with @ stretching vibrational banof GO. The

GO asymmetric & symmetric vibrations were respectively shifte2# & 2940 crit in DAH-

GO and 2981 & 2946 crin DAO-GO. Additional bands were observed at 2885 & 2823 icm
DAH-GO and 2884 & 2827 ctin DAO-GO attributed respectively to thelC asymmetric &
symmetric vibrations of the aliphatici@ group in the BH and DAO confirming the successful
functionalization of the GO with the diaminoalkanes. The C=C stretching vibration in GO were
shifted to 1615 crmin both DAH-GO and DAGGO. The GH bending vibration in GO was
shifted to 1360 cmin DAH-GO and 1359 crhin DAO-GO. The epoxy @ stretching vibration

of GO appears almost invisible and the appearance of another additional band at 1060 & 1059 cm
1in DAH-GO & DAO-GO respectively attributed to theCstretching vibration for both cases
provide evidence athe formation of amines functionalized GOs via an interaction between the

GO epoxy group and the diaminoalkanes.
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Figure 3.40. FTIR spectra of (a) GO, DAH-GO & DAH -GO film and (b) GO, DAO-GO & DAO -GO film.
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3.43.1.2. Raman Raracterization

The D and Gbands are the main attributes in Raman spectra of carhei-band which
is generated by zone boundary phonons corresponds to the numbércaftsm atoms and
provides information about defects while theb@nds is a resutif the doubly degenerate zone
centre, the ) mode and is present in all carbon based mat¢4i2]s[43]. A shift in the Gband
to a lowewvalue is attributed to the restoration of the graphittaspwork[44]. Figure 3.41shows
the Raman spectra of GOAH-GO and DAGGO. The GO DBband was shifted from 1337 ¢m
to 1332 and 1331 ctin DAH-GO and DAGGO respectively. While the GO Band observed
at 1598 crrit was shifted to a lower frequency in both DAFD (1587 crit) and DAGGO (1592
cml) suggesting some restoration of the graphitié. sghis is due to the fact that GO
functionalization occurs mainly biye interaction of the amines with the defect sites containing
oxidizing groups (epoxy42]. The degree of oxidation in graphene or covalent functionalization
of GO is indicated by the ratio of theliand intensity to the ®and intensitylo/lc). Thelp/lc for
GO was estimated at 0.975, an amount slightly low than that of-B&H1161) and DAGGO

(1.128), this is a consequence of the functionalization of GO to-B&Hand DAGGO.
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Figure 3.41. Raman spectra of GO, DAHGO and DAO-GO.

The slightly higher value of DAHGO Ip/lg as compared to that of DAGO may be explained
that more molecules of DAH are attached in GO in the case of-B8Hhan the case of DAO
and also explains the lowerliand absorption frequency observed in D& as compared to

DAO-GO.

3.43.1.3. TEM Characterization

The low and highresolution TEM images of GO, DABGO & DAO-GO are shown in
Figures 3.42 The TEM images of GO, DA¥6O and DAGGO at the low magnification shows

theflake-like shape, wrinkled structure typical of GO shd€igures 3.42a, 3.4% & 3.42%). At
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the higher magfication, we could see a folded and crumpladrphologyfor GO (Figures
3.42), This is due to thexygencontaining functional groups dhe surface of GQ45]. This

folded and crumpled morphology is more pronounced in both {0&H& DAO-GO (Figures

3.44 & 3.47). This is a consequence of greater degree of hydrogen bonding betwaanribe
moleculesof DAH-GO & DAO-GO [46], [47]. We could see that tHanctiondized GO retained

the layered GO structure even after functionalization. The dark portions of the irfage® (

3.42 suggest stacking of some GO layers while the bright portions suggest little or no stacking

[26], [48].
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Figure 3.42. . Low & high magnifications TEM micrographs of GO (a & b), DAH-GO (c & d) and DAO-GO
(e &f).
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