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In this study we have synthesized a series of functionalized graphene oxide-based 

composites with carboxylates, amines, hydroxyls, etc. attached to graphene nanosheets. The 

proposed functionalized graphene-based composites were characterized using different techniques 

including FTIR, Raman, TGA, and TEM techniques. The materials were investigated for use as 

corrosion inhibitors for carbon steel corrosion in oil field (Acidizing & CO2 saturated NaCl) 

corrosive environments using the weight loss (gravimetric), electrochemical experimental 

techniques combined with surface analytical techniques such as FTIR, SEM, AFM and XPS. The 

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 to estimate the relative stability of 

functionalized GOs to GO and to further understand the nature of the inhibitors interactions with 
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the steel surface so as to gain more insight into the adsorption mechanism of the studied 

compounds onto the steel surface. All the studied compounds showed excellent efficiency at all 

the studied temperatures and immersion time. Most of the compounds acted as mixed-type 

inhibitors, according to the PDP measurement. The studied compounds were observed to obey the 

Langmuir adsorption isotherm. SEM/EDS, AFM, FTIR and XPS examinations of the steel surface 

after 24 hoursô immersion in the blank and inhibited solutions confirmed the adsorption of the 

compounds to the steel surface, forming protective layers that protected the steel surface from the 

corrosive media aggressive attack. The TGA analysis reveals the functionalized GOs to exhibit a 

greater stability than GO. SERS intensity showed excellent correlation with the weight loss and 

electrochemical results. Results from computational analysis indicates that the molecules get 

adsorbed to the steel surface majorly via an interaction between the steel surface and aromatic 

rings of the GO moiety. The theoretical results affirm the results obtained from the experimental 

study, especially the TGA, TEM and PDP results. Because the GO was made from waste graphite 

powder, this research is important in addressing 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 the global energy supply [1]. The Asia/World Energy Outlook 2016 report of the 

IEEJ has predicted that fossil fuels will 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 energy at 14%, 

nuclear at 6% and hydropower at 2% [2]. As such, it is unlikely 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 downstream [3]. The upstream sector which is also refers to as the exploration and 

production (E & P) sector is involved in exploration, location and production of crude oil and 

natural gas from both offshore (underwater) and onshore (underground) fields [3]. The midstream 

sector is involved in the transportation (by rail, barge, pipelines, oil tanker and trucks) to refineries 

and end-users, 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 and other energy 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, 



2 

 

heating oil, fertilizers, asphalt, pesticides, synthetic rubber, antifreeze, propane and 

pharmaceuticals [3]. 

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 physical 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 natural combined 

states from which they were extracted, as such corrosion   can only 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 be electrochemical, chemical or 

metallurgical [4]. Corrosion is worth investigating in oilfield applications, because the problem of 

corrosion for the oil and gas industries cannot 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 

ñInternational Measures of Prevention, Application and Economics of Corrosion Technology 

(IMPACT) released 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 GDP.  The study found that by 

implementing best practices for corrosion prevention could save 375 ï 875 billion US dollars 

equivalent to 15 ï 35% of the cost of damage [3]. 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 corrosion problems in the upstream sector are the presence of CO2, H2S, 

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 usually into the wells 
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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 strong acid into wells to dissolve scales so as to 

enhance formation permeability; and the injection of CO2 and water so as to assist oil lifting [3]. 

Pipelines are the main components of the midstream sector in the oil and gas industry. Pipelines 

provide the most convenient means of transportation of oil and gases over long distances. The 

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 oil 

and gas 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 

United Statesô department of homeland security (DHS). Pipelines are essential to the economy and 

living standards, they deliver two-third of USA energy needs according to DHS [5]. 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 the line) is the primary corrosion mechanism 

that leads to failures in pipelines.  The presence of chloride and oxygen from external environment 

and organic acids such as acetic acid, CO2 and H2S gases, and free water in the oil fluid (internal 

environment) could 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 failures in the oil and gas 

industry [6,7]. Factors such as temperature, corrosive gases (CO2 and H2S) content, flow velocity, 

water chemistry, oil/water wetting, and surface condition 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 petrochemical 
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operations, corrosion problems are usually caused by the presence of water, caustic soda, HCl, 

H2SO4, H2S, and organic acids. These problems can sometimes lead to shutdown of the refining 

and petrochemical plants, thereby causing significant monetary loss [3]. 

 

1.1. Statement of Problem 

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, surfactants, drugs and synthetic polymers. 

These compounds suffer one or more setbacks of being expensive, involves tedious and expensive 

synthetic procedure, non-biodegradable, poor solubility, low shelf life and some do not work at 

elevated temperatures. 

 

1.2. Aim of the Research 

The aim of 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 using different techniques including 

FTIR, Raman, SEM, TEM, TGA and XRD. The materials will be investigated for their possible 

use as corrosion inhibitors for carbon steel corrosion in oil field acidizing environments (15% HCl) 

and CO2 saturated 3.5% NaCl environments. 
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1.3. Objective of the Research 

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

objectives: 

(i) To synthesize a series of functionalized graphene oxide-based composites such as 

carboxylates, amines, hydroxyls, etc. attached to graphene nanosheets.  

(ii) To characterize the synthesized materials using different techniques including FTIR, 

Raman, SEM, TEM, TGA and XRD. 

(iii) To evaluate the corrosion inhibition efficiency of the functionalized graphene oxide 

composites against carbon steel corrosion in 15% HCl solution at 25o, 60oC and 80oC 

using the weight loss and electrochemical measurement techniques. 

(iv) To evaluate the corrosion inhibition efficiency of the functionalized graphene oxide 

composites against carbon steel corrosion in CO2 saturated 3.5% NaCl solution at 

room and high temperatures using the electrochemical measurement techniques. 

(v) To characterize the corrosion products on the surfaces of both the inhibited and 

uninhibited carbon steel specimens from the weight loss experiments by  

- FTIR to predicts the functional groups in the inhibitor that may be involved in the 

corrosion inhibition process. 

- SEM/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.  
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(vii) To carry out quantum chemical calculations inorder to get an insight into the 

mechanism of adsorption of the studied compound. 

1.4. Approach, Tasks, and Phases 

The proposed research aims to investigate the corrosion inhibition efficiency of novel synthesized 

graphene oxide composite for carbon steel corrosion in oil field acidizing corrosive environments 

(15% HCl) and CO2 saturated 3.5% NaCl environments. The approach taken to accomplish the 

research aim and objectives (sections 1.2 & 1.3) is given in Table 1.1. 

The tasks required to achieve the approach are based on four phases (Table 1.1). 

Phase I include purchasing additional (test samples, and chemicals), installing, and running the 

potentiostat instrument which is going to be the major equipment of this project. It includes the 

synthesis of a series of functionalized graphene oxide-based composites such as carboxylates, 

amines, hydroxyls, etc. attached to graphene nanosheets.  

Phase II include the characterization of the material using different techniques including FTIR, 

Raman, SEM, TEM, etc. It also includes the preparation of specimen samples, test solutions, and 

inhibitor solutions. And carrying out weight loss and electrochemical measurement experiments 

at the different corrosive environments 

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

specimen surfaces by FTIR, AFM and SEM techniques from the weight loss experiments. 

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

to give more light on the effect of inhibitor concentration with performance. 
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Phase V include theoretical calculations (quantum), data analysis, 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 Phases and Tasks to Achieve Objectives. 

Phases Tasks 

Phase I 

Sample 

Preparation and 

Preparation of 

Acids and Inhibitor 

Solutions 

Task 1: Synthesis of a series of functionalized graphene oxide-based 

composites such as carboxylates, amines, hydroxyls, etc. attached to 

graphene nanosheets. 

Task 2: Installing, testing, and running the potentiostat 

Task 3: The carbon steel specimen will be mechanically cut into coupons with 

dimensions (3 cm x 3 cm) for weight loss experiments and (1cm x 1cm) which 

will be cold mounted in an epoxy material for electrochemical studies. 

Task 4: Grinding and polishing of the steel specimen to be used in carrying 

out weight loss and electrochemical measurements. 

Task 5: Preparation of the corrosive environments,  

Task 6: preparation of different inhibitor concentrations in the test 

environments 

 

 

Phase II 

Weight Loss and 

Electrochemical 

Measurements 

Task 1: characterization of the material using different techniques including 

FTIR, Raman, SEM, TEM, etc. 

Task 2: Weight loss measurement experiment in 15% HCl solutions at room 

temperature (25±1), 40, 60 and 80 oC 

Task 3: Electrochemical measurement experiments in 15% HCl solutions at 

25% 
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Task 4: Electrochemical measurement experiment in CO2 saturated 3.5% 

NaCl solutions at 25oC and higher temperatures 

 

Phase III 

Specimen Surface 

Characterization 

Task 1: Corrosion products on the surfaces of both the inhibited and 

uninhibited carbon steel specimens from the weight loss experiments will be 

characterized by FTIR, AFM and SEM/EDS techniques  

Phase IV 

SERS 

 

Task 1: Carrying out SERS experiment 

Phase V 

Data Analysis 

 

Task 1: Carrying out quantum chemical calculations 

Task 2: Analysis of weight loss, electrochemical results, SERS and results 

from theoretical calculations  

Task 3: Calculation of corrosion rates and inhibition efficiency from the 

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 ñcorrosionò originated from the Latin word ñcorrodereò which means to gnaw to 

pieces, to eat away, eat into, to destroy or waste gradually. Corrosion is manifested in many forms 

in our daily lives as corroded pipes, automobiles, 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 of metal extraction (Scheme 1). 

 

 

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

oxide with carbon as a reducing agent (Eqn 2.1).  

                    ςὊὩὕ σὅ O τὊὩ σὅὕ                                                                   2.1                                             

While corrosion of metallic iron to give an iron oxide (a brownish oxide) known as ñrustò is an 

oxidation process (Eqn 2.2). 

                   τὊὩ σὕ  O ςὊὩὕ                                                                                 2.2                                             

 

Metal 
Metallic 

Compound 

Corrosion 

Metal 

Extraction 

Energy + 
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2.1.1. Forms of Corrosion 

Corrosion can manifest in many forms such as general or uniform corrosion, pitting 

corrosion, crevice corrosion, galvanic corrosion, erosion corrosion, intragranular corrosion, 

fretting corrosion, stress corrosion cracking, de-alloying, exfoliation, and corrosion fatigue. These 

forms of corrosion 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 corrosion while the extrinsic mode of 

corrosion are the corrosion fatigue, erosion corrosion, galvanic corrosion, crevice or under-deposit 

corrosion, and fretting corrosion. 

2.1.1.1. General or Uniform Corrosion 

Uniform corrosion is characterized by corrosive attack 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 rare. 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 difference between 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 only occur 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 difference between the metals, 
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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 cathode, insulates 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 severe anodic 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 forms of corrosion and is very common in passive metals (active-passive). 

- Pitting Corrosion: Pitting corrosion is a localized form of corrosion by which 

ñcavitiesò or ñholesò are produced in a material. Pitting is considered to be more 

dangerous than uniform corrosion damage because it is more difficult to detect, 

predict and design against. Pitting corrosion occurs by the breakdown of passive 

film (mechanically or by Cl-, which is detrimental in breaking the passive film, 

paint failure and deposits). Pitting corrosion can be controlled by controlling the 

environment (reducing Cl- content), use of suitable alloy grade for a particular 

environment, lower solution acidity and O2 content, shot peen surface to reduce 

stresses, proper design, avoiding stagnation and keeping passive metals clean.  

- Crevice Corrosion: This is a localized form of corrosion that is usually associated 

with stagnant solution on the micro-environmental levels. Such stagnant micro-

environments tend to occur in shielded areas (crevices) such as those formed under 

gaskets, washers etc. Crevice corrosion usually occurs within narrow fissures 
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between metal/metal or metal/non-metal joints such as gaskets, bolts, flanges, or 

even under deposits, due to: limitation of the diffusion and migration of solution 

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 

opening up, regular inspection and thorough cleaning. 

 

2.1.1.4. Intergranular Corrosion (IGC)  

This is a localized attack along the grain boundaries immediately adjacent to the grain 

boundaries, with relatively little corrosion of the grain. The alloy, sensitive to IGC, 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 of one 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), low-carbon alloy modifications, 

stabiloization treatment (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 removal of one element 

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 



14 

 

preferential iron dissolution is a further example of selective leaching.  The selective removal of 

zinc from brass (dezincification) is another typical example of de-alloying. 

2.1.1.6. Erosion Corrosion 

Erosion corrosion is a kind of mechanically assisted corrosion which  

consists of an acceleration in the 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 of dissolved 

ions or solid corrosion products and swept mechanically from the surface [1]. Erosion 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, wear plates and 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 formation of vapour 

bubbles which collapse in the form of liquid near the metal surface. Cavitation occurs when fluidôs 

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 lb/in2) which can cause plastic deformation of metals [1]. Cavitation 

corrosion normally occurs in pump impellers, hydraulic turbines and surfaces in contact with high 

velocity fluids under high pressure. Cavitation corrosion can be controlled by selecting corrosion 

resistant alloy, cathodic protection 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 cracks may completely proceed through the 

metal which it may appeared virtually un-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 result of corrosion, it often appears as a brittle mechanical failure. 

Almost all metals are susceptible to SCC when they are under a well-defined SCC criterion. Some 

of the types of SCC are the Chloride SCC (occurs in austenitic stainless steels under tensile stress 

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 Cracking (SCC 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 crevice issues, 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 involves the combined effect of wear and corrosion 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 contacting surfaces [1]. 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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corrosion can be controlled by the use of low viscosity, greases, high tenacity oils and phosphate 

coatings in combination with lubricants [1]. 

2.1.1.10. Corrosion Fatigue 

This is the cracking of materials due the combined actions of a cyclic or fluctuating stress 

and a corrosive 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 corrosion when they act 

separately [1]. 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 ease of identification. 

 

 

2.2. Corrosion in Oil and Gas Industry 

The entire value chain in the oil and gas industry is built of steel of which carbon steel is the 

most common (Figure 2.2). Almost all oil and gas fields reside thousands of feet underground and 

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 cast. Corrosion problems are mainly encountered at the 

production, transportation, storage and refinery stages. General and localized corrosion are the 

most common corrosion problem encountered in the oil and gas industries. Internal corrosion due 

to stress corrosion cracking is another serious problem experienced in oil and gas pipelines [2]. It 

has also been reported that the combination of erosion and corrosion is one of the main causes of 

pipeline deterioration [3]. 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 down hole tubing expenses, and capital expenditures related to corrosion 

accounts for the remaining 320 million dollars [4].  

 

 

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 important stimulation techniques for 

improving oil production. Acidizing is used to enhance oil production by pumping high-

temperature acid into the well bore in order create channels in rocks to allow for oil and gas to 

reach the well and dissolve rubbles found in old 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 intended treatment, some of which are, hydrochloric acid (HCl), hydrofluoric acid (HF), 

acetic acid (CH3COOH), chloroacetic acid (ClCH3COOH), formic acid (HCOOH) and sulfamic 

acid (H2NSO3H) [5]. HCl (5 ï 28% w/w) is the most commonly used acid in acidizing treatment 

[5]. This technique of acidizing exposes the oil well which is usually made of carbon steel to the 

harsh corrosive environment.   

In the oil and gas industries, hydrocarbons containing a certain amount of dissolved carbon 

dioxide (CO2) are known as ñsweetò. On the other hand, hydrocarbons containing a certain amount 

of dissolved hydrogen sulphide (H2S) are known as ñsourò. From a geological point of view, the 

presence of carbon dioxide (CO2) and hydrogen sulphide (H2S) in oil and gas reservoirs is a 

consequence of several physicochemical processes that take place in the formation. H2S can also 

be generated by the microbial activity, a phenomenon known as ñreservoir souringò. 

Although oil and gas that are transported in pipelines are subjected to various treatments to remove 

impurities, they still retain some contaminants that can affect the physical integrity of the steel 

pipelines due to corrosion processes (CO2, H2S, microorganisms, etc.). When a steel pipeline 

transports a mixture of hydrocarbons and water containing dissolved CO2 or H2S, these gases can 

dissolve in the aqueous phase, decreasing pH and increasing their corrosive tendency. 
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H2S corrosion can lead to rapid and extensive damage to metals, including uniform 

corrosion, pitting, and stepwise cracking. Hydrogen sulphide can cause possible life-threatening 

situations if not properly handled. Workers exposed to H2S can experience serious short-term and 

long-term effects, including rapid unconsciousness, 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 been widely used as it has proven to be the most practical, economical, and 

efficient method of protecting oil wells against corrosion [6]. Inhibitors are added to the acid 

solution during the acidizing process to reduce the aggressive attack of the acid on oil wells. The 

effective acidizing inhibitors that are usually found in commercial formulations are acetylenic 

alcohols, alkenyl phenones, aromatic aldehydes, nitrogen-containing heterocyclics, and 

condensation products of carbonyls and amines [4 - 9]. These inhibitors are, however, effective 

only at high concentrations, toxic and not environmentally benign [10]. Polymer composites are 

also employed for corrosion protection, they are mostly non-biodegradable and non-eco-friendly. 

This has made it imperative to search for new, nontoxic, and environmentally friendly effective 

corrosion inhibitors. Naturally occurring biological compounds have been considered as possible 

corrosion inhibitors [11 - 19], most of which are organic compounds containing hetero atoms such 

as nitrogen, sulfur, phosphorus and/or oxygen atoms [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 end-group, like sodium octanoate, sodium 

decanoate. They form self-assembled monolayers (SAMs) 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-

https://inspectioneering.com/tag/pitting
https://inspectioneering.com/tag/hydrogen+induced+cracking
https://www.hindawi.com/journals/jpe/2013/354630/#B1
https://www.hindawi.com/journals/jpe/2013/354630/#B6
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assembly monolayers (SAMs) have been used as corrosion inhibitors for various application [22 

ï 27]. Sodium octanoate also knew as sodium caprylate has been used as a corrosion inhibitor for 

carbon steel corrosion in sulphuric acid, where the sodium caprylate yield a maximum corrosion 

efficiency of 77% [8]. Nwanebu et al. {Formatting Citation}, reported the use of sodium caprylate 

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

Graphene, a two-dimensional, ˊ-conjugation structure of carbon, has been used in several 

fields especially for their electrochemical and spectroscopic properties enhancement [1,2]. 

Graphene composites have been used for metal corrosion protection [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 metals. The efficiency 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 

reducing agent [12] or by making metal oxide ï graphene oxide nanocomposite and then reduce 

into metal oxide - graphene nanocomposite [13] or by sonication of the suspension of metal oxide 

with graphene [14] and tungsten oxide - graphene nanocomposite. 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, thermal 

and electrical conductivity, enhanced mechanical strength, high level of impermeability and 

hydrophobicity [15ï21]. Graphene is insoluble in an aqueous medium because of its lack of 

functional groups and hence itôs used as anti-coating materials [15,16]. However, graphene oxide 

(GO) and functionalized GOs could act as good corrosion inhibitors in the solution phase because 
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of the presence of various oxygen (O)-containing functional groups such as hydroxyls, epoxides, 

carboxyl and carbonyl on their surfaces [17ï19]. 

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, enhanced mechanical strength and high 

level of impermeability. Diazo pyridine functionalized graphene oxide (DAZP-GO) and diamino 

pyridine functionalized graphene oxide (DAMP-GO), have been evaluated as corrosion inhibitors 

against mild steel corrosion in 1 M hydrochloric acid and were reported to show inhibition efficiencies 

of 95.08% and 96.73% respectively at a concentration of 25 mg Lī1 [22]. Gupta et al. reported 

inhibition efficiencies of 94.65% and 92.04%, by aminoazobenzene functionalized graphene oxide 

(AAB-GO) and diaminobenzene functionalized graphene oxide (DAB-GO) respectively at 

concentration of 25 mgL ĭ against mild steel corrosion in 1M HCl [23]. 
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CHAPTER 3  

ACIDIZING  

3.1. N,N'-Bis-(2-aminoethyl)piperazine functionalized graphene oxide (NAEP-

GO) as an effective green corrosion inhibitor for simulated acidizing 

environment 

 

Abstract 

In this work we evaluated the corrosion inhibition efficacy of N,N'-Bis-(2-

aminoethyl)piperazine functionalized graphene oxide (NAEP-GO) against carbon steel in 15% 

HCl which simulate oil well acidizing environment by weight loss (at ambient and higher 

temperatures) and electrochemical measurement experiments. The GO was synthesized using 

waste graphite, after which N,N'-Bis-(2-aminoethyl)piperazine was grafted onto the GO. Both the 

GO and NAEP-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 efficiency was observed to increase with concentration and a maximum 

inhibition efficiency of 87% was observed for 25 ppm NAEP-GO at room temperature. The 

inhibitor exhibited excellent performance at the studied temperatures, however the performance 

decreases with increase in temperature. The inhibitor showed excellent efficiency of over 80% for 

all the studied immersion time. The PDP measurement revealed the NAEP-GO to acts 

predominantly as a cathodic-type inhibitor. The studied compound was observed to obey the 
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Langmuir adsorption isotherm. SEM/EDS, AFM surface morphology and FT-IR analyses of the 

corrosion product after 24 hoursô immersion in the NAEP-GO inhibited solution provide evidence 

of adsorption of NAEP-GO molecules on the steel surface to form the protective NAEP-GO film 

that blocked the steel surface from the aggressive acid attack. This study is of importance in solving 

two main environmental problems, corrosion and the problem of waste disposal as GO was 

prepared from waste graphite. 

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

 

3.1.1. 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 steel is low. Carbon 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 annually [1]. Petroleum sometimes exists 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 the most 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 maximum productivity 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 and chloroacetic acid, of which hydrochloric acid 

(5 ï 28% w/w) is the most common [2]. Typically, 15% HCl at 60 oC is used for the removal 
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carbonated minerals and iron oxides scales [3]. The 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 heterocycles [4ï10]. They are however, non-friendly to the environment, expensive, 

toxic, and efficacious only at high concentrations [11]. Therefore, there is a need to search for 

novel inhibitors that are nontoxic, environmentally friendly and cheap.  Natural and synthesized 

organic compounds containing heteroatom like as S, O and/or N have been reported as green 

corrosion inhibitors [12ï15]. However, they suffer the setback of not been scalable, as their 

processing and synthesis are usually tedious and expensive [16].  

Graphene derivatives have been used for protection of metals against corrosion in various 

corrosive environments [17,18]. Graphene 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 

chemical resistance and high level of impermeability. Graphene is however, not soluble in aqueous 

solution due to its lack of functionalities, hence itôs used as anti-corrosion coatings [17]. Graphene 

oxide (GO) and functionalized GOs are more soluble and functionalized GOs have been reported 

as good corrosion inhibitors [19ï22]. Gupta et al [23] reported amino- and diamino-azobenzene 

functionalized graphene oxides to exhibit impressive inhibition performances for corrosion of mild 

steel in 1M HCl. Diazo- and diamino- pyridine functionalized graphene oxides have been reported 

as excellent corrosion inhibitors for mild steel in 1 M HCl [24] . 
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N,N'-Bis-(2-aminoethyl)piperazine is a derivative of piperazine, it is an ethyleneamine that 

contains four nitrogen atoms; two primary and two tertiary. Ethyleneamines are used vastly in 

many applications as a result of their unique combination of 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 compounds [25]. Ethyleneamines are biodegradable, moderately toxic to aquatic lives [25]. 

N-(2-aminoethyl)piperazine has  LD50 of 2,097 mg/kg via oral administration for rat and a dermal 

LD50 of 866 mg/kg [26]. An inhibitor is considered to be green if it is biodegradable, has little or 

no toxicity and have LD50 values greater than 300 mg/kg [27].  

 In view of the above, we functionalized GO which was synthesized from inexpensive waste 

graphite with N,N'-Bis-(2-aminoethyl)piperazine and evaluates its efficacy against carbon steel 

corrosion in 15% HCl solution (which simulates oil & gas wells acidizing environments) at 

different immersion time at ambient and higher temperatures. Since 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. 

 

https://en.wikipedia.org/wiki/Piperazine


30 

 

3.1.2. Experimental 

3.1.2.1. Chemicals & Material 

N,N'-Bis-(2-aminoethyl)piperazine (C8H20N4)  (98%), HCl (Ó37%), graphite powder, H2O2 

(30%), KMnO4 (99%) , thionyl chloride (SOCl2) (97%), anhydrous N,N-dimethylformamide 

(99.8%) and API X60 carbon steel specimen. All reagents were obtained from Sigma Aldrich Inc.  

3.1.2.2. Synthesis & Characterization of NAEP-GO Inhibitor.  

3.1.2.2.1. Synthesis of NAEP -GO Inhibitor 

 Graphene oxide was first synthesized using waste graphite powder by the modified 

Hummerôs method described somewhere else [1]. After which GO was functionalized by N,N'-

Bis-(2-aminoethyl)piperazine (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 (SOCl2) at 70 °C for 12h under reflux with stirring so as to convert the carboxylic groups 

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/water mixture and then then finally with distilled water, 

after which the acyl-chloride 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 heated at 70 °C 

for 12h under reflux . Thereafter, the obtained NAEP-GO was filtered using a Whatman filter 

paper and washed with water several times and oven dried at 60 oC. Figure 3.1 gives a schematic 

illustrating N,N'-Bis-(2-aminoethyl)piperazine (NAEP) functionalized graphene oxide synthesis. 

 



31 

 

 

Figure 3. 1. Schematic showing the functionalization of graphene oxide with N,N'-Bis-(2-

aminoethyl)piperazine. 

 

3.1.2.2.2. Characterization of the Inhibitor 

The synthesized inhibitor was characterized by the FT-IR, FT-Raman and TEM techniques. 

The FT-IR spectrum was collected at a resolution of 4 cm-1 in a range of 4000 ï 400 cm-1 utilizing 

the Nicolet 6700 FT-IR spectrometer. The Raman spectrum was collected at an acquisition time 

of 60s and accumulation 2 at a range of 1000 -  3000 cm-1 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 collected using the JEOL field emission electron microscope of model JEM-2100F. 

  

3.1.2.3. 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 (0.079), Al (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 120 ï 800 grit silicon carbide abrasive papers after which the samples were rinsed in distilled 

water & acetone and dried utilizing a specimen dryer. Concentrated HCl was diluted appropriately 

with distilled water to a 15% HCl solution and then six concentrations of GO (10, 20, 30, 40, 50 

& 60 ppm) and seven concentrations (1, 3, 5, 10, 15, 20, & 25 ppm) of NAEP-GO in 15% HCl 

solutions were prepared and the efficacies of different GO and NAEP-GO concentrations were 

evaluated.  

 

3.1.2.4. Weight Loss Experiment 

The weight loss experiment was performed according to the ASTM G1 ï 03 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 bottles (Figure 3.2) for 24 hours at 

temperatures 25±1, 40, and 60 oC. The steel coupons were further 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 evaluated by immersing the steel coupons for 24 hours in 15% HCl 

containing different GO concentrations. At the end of each experiment, the coupons were removed 

from the test solutions, dipped in Clarkôs solution ((3500 ppm hexamethylene tetraamine in 18.5% 

HCl solution) 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 difference in weight, 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) 15 ppm NAEP-GO inhibited test solutions. 

 

3.1.2.5. Electrochemical Experimental Techniques 

The electrochemical experiment was carried out in a three-electrodes cell system utilizing 

the PGSTAT100N Autolab Potentiostat/Galvanostat from Metrohm consisting of Ag/AgCl 

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 measurement at a frequency range of 10 mHz to 100 kHz 
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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 potential range from OCP. Curve fittings and data analyses were done using 

the Nova software (version 2.1.4). 

 

3.1.2.6. Corroded Surface Characterization 

The effect of the adsorption of the inhibitor molecules on the surface morphology of the 

carbon steel was further 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 the Fiber-Lite 

MI-150 high intensity illuminator from Dolan-Jenner Industries.  

 

3.1.3. Results & Discussion 

3.1.3.1. Characterization of NAEP-GO Inhibitor  

FTIR technique is a very rapid and efficient characterization technique for characterizing 

GO and functionalized GO. Figure 3.3 shows the FTIR spectra of GO and NAEP-GO, the GO 

hydroxyl (O-H), epoxy (C-O-C) and carboxyl (C=O) corresponds to bands at 3379, 1048 and 1733 

cm-1 respectively [29ï31]. The functionalization of GO resulted to shift of the characteristics 

infrared GO bands, the GO O-H stretching vibrational band was shifted to 3373 in NAEP-GO 

while the GO C=O band was shifted to 1652 cm-1 (a typical C=O stretching vibrational band of a 

secondary amide (Figure 3.1)) [32] as a result of the formation of an amide in the NAEP-GO. The 
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C-O-C stretching vibration observed was slightly shifted 1046 cm-1 in NAEP-GO while the band 

at 1332 cm-1 in the spectra of both GO and NAEP-GO could be ascribed to the O-H bending 

vibration [30]. The additional band at 1488 cm-1 observed in NAEP-GO could be ascribed to the 

amide N-H bending and C-N stretching vibrational bands of NAEP [32,33], confirming the 

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

 

The Raman spectra of GO and NAEP-GO are shown in (Figure 3.4). Both the Raman 

spectra of GO and NAEP-functionalized GO shows the characteristics D (sp3 hybridized carbon 

atom) and G (sp2 hybridized carbon atom) bands. The D and G bands could be observed   at 1330 

and 1591 cm-1 for GO while a slight shift in these bands could be observed in the NAEP-GO with 

the D band at 1320 and the G band at 1583 cm-1. Functionalization and surface modification of 
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GO results in shift of the characteristics D and G bands [24,34]. Also ratio of the GO D-band to 

G-band intensity (ID/IG) was estimated at 1.33 while that of NAEP-GO was at 1.39. This indicates 

a percentage increase in the sp3 carbon atoms as a result of the grafting of the NAEP GO molecules 

on GO. 

 

Figure 3. 4. Raman spectra of GO and NAEP-GO. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 



38 

 

Figures 3.5a & 3.5b shows the TEM images of GO and NAEP-GO respectively. The TEM 

images of GO exhibits a flake-like shape, wrinkled and transparent structure of a typical single 

GO sheet (Figure 3.5a).  The functionalized GO (Figure 3.5b), still exhibit the typical flake-like 

and wrinkled structure of a typical GO composite with some distribution of white shadows over 

the structure, which can be ascribed to the grafted NAEP molecules. This corroborate the FTIR 

and FT-Raman spectra and further confirms the successful grafting of NAEP molecules on the GO 

sheets without distorting the original morphology of GO. Both GO and NAEP-GO could be seen 

to exhibit some darker regions, which can be attributed to stacking of some GO layers [35,36]. 

 

 

Figure 3. 5. TEM micrographs of (a) GO and (b) NAEP-GO. 

 

3.1.3.2. Weight Loss Experiment 

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

and GO inhibited solutions at 25±1 oC are listed in Table 3.1 while Table 3.2 gives that of the 
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uninhibited and NAEP-GO inhibited solutions at 25±1, 40, and 60 oC. The corrosion rate was 

computed utilizing Eqn 3.1.1. 

                              ὅέὶὶέίὭέὲ ὶὥὸὩάάȾώὩὥὶ
Ȣ

                                                       3.1.1 

where, W denotes average weight loss (g), A denotes total exposed surface area (cm2), T denotes 

immersion time (hr), & D denotes coupon density (g/cm3). 

 

Eqn 3.1.2 was used to calculate the percentage inhibition efficiency (%IE)  

                                                 ϷὍὉ  ρππ                                                       3.1.2 

where, CRB and CRI are corrosion rates for the blank and NAEP-GO inhibited test solutions. 

 

The GO inhibited solutions were observed to show lower corrosion rate in comparison to the blank 

15% HCl solution and this rate decreases with increase in GO concentration with a minimum 

corrosion rate at 50 ppm GO concentration with an inhibition efficiency of 40.76%, while an 

increase in corrosion rate was observed at higher GO concentration (60 ppm). This is because 

exfoliated GO particles tend to aggregate forming large graphite oxide particles via the ˊī́  

stacking. The grafting of NAEP on GO tends to stabilize the GO particles and increases its 

solubility in water, thus enhancing the adsorption of the modified GO to the metal surface as 

evident by the lower corrosion rate observed for the NAEP-GO grafted GO as compare to the bare 

GO solution. The corrosion rate values for NAEP-GO inhibited solutions were computed to be 

drastically lower as compared to the uninhibited 15% HCl solution and these rate decreases with 

increasing concentration of NAEP-GO. The lower corrosion rate value for the NAEP-GO inhibited 

solution is a result of NAEP-GO adsorption to the surface of the steel forming a protective surface 
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film and this blocks the corrosive medium from reaching the steel surface. The increase in 

inhibition efficiency with increasing NAEP-GO concentration is a consequence of increase 

number of adsorbed NAEP-GO molecules. The maximum inhibition percentage efficiency 

(87.30%) at 25 ppm NAEP-GO at 25±1 oC 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 oC. 

Concentration of 

GO (ppm) 

Weight Loss (g) ± 

Standard Deviation 

Corrosion Rate 

(mm/year) 

% IE 

Blank 0.189 ± 0.009 2.922 - 

10 0.134 ± 0.001 2.072 29.09 

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 ppm) at higher temperatures of 40, and 60 oC to see how 

temperature affects the performance of NAEP-GO. Metal corrosion rates generally increased with 

increased environmental temperature, this is consequence of increased average kinetic energy of 

the corrosive species [37]. The inhibition efficiency of NAEP-GO was observed to decrease from 
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at ambient temperature to 81.65% at 40 oC and 70.67% at 60 oC (Table 3.2).  Though a lower 

efficiency was observed at 60oC, the corrosion rate (15.61 mm/yr) at this temperature was far 

below the maximum acceptable corrosion rate (50.80 mm/yr) for high temperatures acidizing 

solutions [38].  

 

Table 3. 2. Weight loss measurement parameters for blank and NAEP-GO inhibited solutions at temperatures 

25±1 (ambient), 40 and 60 oC. 

Immersion 

Temperature 

Concentration of 

NAEP-GO (ppm) 

Weight Loss (g) ± 

Standard Deviation 

Corrosion Rate 

(mm/year) 

% IE 

 

 

 

 

25±1 oC 

Blank 0.189 ± 0.009 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 

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 oC Blank 0.665 ± 0.059 10.28 - 

25 0.122 ± 0.004 1.886 81.65 

     60 oC Blank 3.444 ± 0.106 53.24 - 

25 1.010 ± 0.013 15.61 70.67 

   

3.1.3.2.1. Effect of Immersion Time on NAEP-GO Performance 
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The effect of immersion time on the performance of NAEP-GO inhibitor was also 

evaluated. The coupons were immersed in the blank and 25 ppm inhibited NAEP-GO solutions 

for further 36, 48, 60 and 72 hours. No significant difference in inhibition efficiency was observed 

for the different immersion time (Table 3.3). The inhibitor exhibited excellent inhibition efficiency 

of over 83% for all the immersion 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 parameters for blank and NAEP-GO inhibited solutions at different 

immersion time at ambient temperature (25±1 oC). 

Immersion 

Time 

Concentration of 

NAEP-GO (ppm) 

Weight Loss (g) Corrosion Rate 

(mm/year) 

% IE 

 

24 hours 

Blank 0.189 ± 0.009 2.922 - 

25 0.024 ± 0.003 0.371 87.30 

 

36 hours 

Blank 0.198 ± 0.021 2.041 - 

25 0.032 ± 0.001 0.330 83.83 

 

48 hours 

Blank 0.231 ± 0.006 1.786 - 

25 0.039 ± 0.001 0.301 83.15 

 

60 hours 

Blank 0.255 ± 0.006 1.577 - 

25 0.041 ± 0.004 0.254 83.89 

 

72 hours 

Blank 0.351 ± 0.011 1.809  - 

25 0.053 ± 0.003 0.273 84.91 
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3.1.3.3. 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 solutions could be described by two depressed 

semicircular capacitance loops which corresponds to two-time 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 represents the time-constant  (Rf//CPEf) at the high frequencies region while  a 

double layer formation at the metal/electrolyte interface represents a time-constant (Rct//CPEdl) at 

the lower frequencies regions [39]. The similitude of the inhibited solutions impedance plots to 

that of blank indicates the NAEP-GO 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 inhomogeneity of the electrode surface[40]. The 

NAEP-GO inhibited solutions showed bigger Nyquist plots diameter than the uninhibited solution 

and the diameter increased as NAEP-GO concentration increases (Figures 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 NAEP-GO concentration suggests a 

direct correlation between NAEP-GO concentration and inhibition performance [41]. Increasing 

the NAEP-GO concentrations increases the interaction rate between the steel surface and the 

NAEP-GO molecules which in turn increases the amount of NAEP-GO molecules adsorbed onto 

the  to the steel surfaces [42].  

The Bode phase plots for all the test solutions could be seen to exhibit two peaks (Figure 

3.6b). The two distinguishable peaks observed for the solutions correspond to a two-time constant 
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and the Bode phase plots diameter for the NAEP-GO inhibited solutions could be seen to be larger 

than the diameter of the blank. The inhibited solutions diameter increases with increasing NAEP-

GO concentration just as the Nyquist plots. 

 In the Bode modulus plots (Figure 3.6c), the linear portions at intermediate frequency is 

less pronounced for the uninhibited solution than the inhibited solutions. 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) Bode phase (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 shown in Figure 3.6d. The fit 

accuracy for all the plots was between 0.005 & 0.036. The circuit consists of Rs (solution 

resistance), Rct (charge transfer resistance), Rf (film resistance), CPEf (film constant phase 
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element), n1 (phase shift 1), CPEdl (double layer constant phase element), & n2 (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 using Eqn 3.1.3: 

 

 ϷὍὉ  ρ   ρππ                                                                                              3.1.3 

where, Rp = Rf + Rct and  Ὑ  is the blank solution polarization resistance & Ὑ  is the inhibited 

polarization resistance. 

 

The surface adsorbed NAEP-GO layer is said to behave as CPE rather as a capacitor. 

Hence, CPE is used rather to get a more precise and better fit [43]. CPE impedance is computed 

from  Eqn 3.1.4 [44]; 

 

ὤ  ὣ Ὦ‫                                                                                                                3.1.4 

where, Yo denotes CPE magnitude, ɤ denotes angular frequency, n denotes phase shift & j the 

square root of -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 when n = -1 [45].  It can 

be seen that the values of n1 for both the blank and the NAEP-GO inhibited solutions are close to 

unity (Table 3.4), implying the formed oxide and/or adsorbed inhibitor layer was capacitive in 

nature. While the n2 for the higher inhibitor concentrations tends towards zero (Table 3.4), an 

indication that the formed double layer at the metal/electrolyte interface becomes more resistance 

towards electrochemical corrosion. Thus, the higher charge resistance (Rct) exhibited by the higher 

NAEP-GO concentration. Additionally, n can also provide a measure of surface heterogeneity with 

a smaller n value indicating a more heterogeneous surface [46,47]. The lower value of n2 for the 

higher NAEP-GO concentrations is an indication that the protected steel surface becomes more 
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heterogeneous as more inhibitor molecules get adsorbed to the surface. The inhibited solutions 

exhibited higher values of Rct and the Rf values in comparison to the blank (Table 3.4). This is due 

to the formed NAEP-GO film which shields the 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 solutions. The Yo1 value that is related to the protective NAEP-GO film is smaller for the 

inhibited solutions comparison to the blank solution. This is an indication of the formation of a 

less porous protective film that consists of the adsorbed NAEP-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 NAEP-GO 

inhibited solutions ambient temperature (25±1 oC). 

Concn of NAEP-

GO (ppm) 
Rs (W 

cm2) 

CPEf Rf (W 

cm2) 

CPEdl Rct (W 

cm2) 

Rp (W 

cm2) 

ɢ2 %IE 

  Yo1 (mWsn 

cm-2) 

n1  Yo2 (mWsn 

cm-2) 

n2     

Blank 0.256 0.369 0.849 63.87 37.10 0.669 14.04 77.91 0. 036 - 

1 0.349 0.241 0.805 262.0 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 56.83 312.1 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 0.355 107.9 365.1 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 0.859 279.4 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 more insight 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 non-destructive. Table 3.5 gives the 

parameters obtained from the LPR technique. No defined trend was observed in Ecorr values 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 the presence of the 

NAEP-GO inhibitor and this rate decreases with increasing NAEP-GO concentration. Also a much 

larger polarization resistances was observed for the inhibited solutions in comparison to the 

uninhibited solution. This indicates a higher resistance to corrosion in the presence of the NAEP-

GO inhibitor. Eqn 3.1.5 was employed to calculate NAEP-GO % IE: 

 

   ϷὍὉ  ρ                                                                                                               3.1.5 

where, Ὑ  denotes the polarisation resistance of the blank and Ὑ denotes the polarization 

resistance of the inhibited solutions. 

 

 

Increased inhibition efficiency was observed with increase in NAEP-GO concentration, this is a 

result of increased number of adsorbed NAEP-GO molecules to the steel surface with increasing 

concentration. And this is in consistent with the results obtained from weight loss & EIS 

measurements.   

 

 

 

 



49 

 

Table 3. 5. Linear polarization resistance parameters for the blank and NAEP-GO inhibited solutions at 

ambient temperature (25±1 oC). 

Concn of NAEP-

GO (ppm) 

Ecorr (mV vs 

Ag/AgCl) 

Icorr 

(µA cmï2) 

Polarization 

Resistance (ɋ) 

CR 

(mm/year) 

%IE 

Blank -380.9 306.6 85.00 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 77.91 334.5 0.904 74.59 

10 -402.7 77.54 336.0 0.900 74.70 

15 -400.8 73.61 354.0 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 mV 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 H2 gas evolution and the anodic dissolution of metals. Figure 3.7 gives the blank 

and inhibited solutions PDP plots. It could be seen from the figure that the inhibited solutions 

current densities are more affected at the cathodic arm. The values of the anodic Tafel slope (ɓa), 

cathodic Tafel slopes (ɓc), corrosion rate, corrosion potential (Ecorr), the cathodic and anodic 

current densities after Tafel fit are listed in Table 3.6. The inhibited solutions corrosion potential 

were more inclined towards the negative arm in comparison to the blank (Figure 3.7) and the Ecorr 
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values for the inhibited solutions were more negative than that of the blank (Table 3.6).   This 

suggests NAEP-GO acts mainly as a cathodic-type inhibitor [48]. 
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Figure 3. 7. Potentiodynamic polarization plots recorded for carbon steel in the test solutions. 

 

The values of Icorr for the inhibited solutions are very much low in comparison to blank 

solution, the lower Icorr value in the presence of NAEP-GO is a consequence of NAEP-GO 

adsorption to surface of the coupon forming the protective film that blocks the corrosive medium 

from reaching the steel surface. The value of Icorr values also decreases with increasing 

concentration NAEP-GO concentration. The decrease in Icorr values with increasing inhibitor 

concentration is due to increasing adsorption of inhibitor molecules on the steel surface. 

The inhibition efficiency of NAEP-GO inhibitor was calculated using Eqn 3.1.6: 

 

ὍὉὖὈὖϷ  ρ                                                                                                    3.1.6 
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where, denotes the Ὅ  denotes the corrosion current density for the blank solution while Ὅ  

denotes the corrosion current density for the inhibited solution. 

 

An increased inhibition efficiency with NAEP-GO concentration increase was also observed 

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

 

Table 3. 6. Potentiodynamic polarization measurement parameters for the blank and NAEP-GO inhibited 

solutions ambient temperature (25±1 oC). 

Concn of NAEP-

GO (ppm) 

Ecorr (mV vs 

Ag/AgCl) 

Icorr 

(µA/cm2) 

ɓa 

(mV/dec) 

ɓc 

(mV/dec) 

CR 

(mm/year) 

%IE 

Blank ï371.9 232.2 76.54 83.35 2.694 ï 

1 ï402.6 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 

 

 

3.1.3.4. Adsorption Isotherm 

Corrosion inhibitors generally shield metal surfaces from attack via the formation of barriers which 

can be single or more molecular layers by 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 obtained from the 
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weight loss & EIS experiments were utilized to understand the mode of NAEP-GO adsorption. 

Different models of adsorption isotherm, the Langmuir, Freundlich, and Tempkin isotherms were 

analyzed out of which the Langmuir adsorption isotherm model gave the best fit of all (Figure 

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

surfaces which is independent and homogeneous [50]. The theory is expressed as: 

 

  ὅὭ                                                                                                                      3.1.7                        

where, Ci is NAEP-GO concentration, Kad is equilibrium constant for the adsorption process, ẽ is 

extent of surface coverage and is evaluated as %IE/100 (where a correlation between extent of 

surface coverage & %IE is assumed) and KL & aL are Langmuir isotherm constants.  

 

Plotting Ci/ẽ vs Ci gives a linear graph with slope, aL/KL and intercept 1/Kad. The slope, aL/KL is 

numerically equal to the theoretical monolayer capacity [50]. Linear graphs having values of 

correlation coefficient (R2) 0.9995 & 0.9999 for the weight loss & EIS experimental data 

respectively (Figure 3.8a). This suggests the data to follow the Langmuir isotherm theory.  Table 

3.7 gives values of parameters obtained from the plots. The 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 theory [51].  

A relationship is said to exist between Kad and the Gibbs free energy of adsorption (ȹὋ ) 

and this relationship is expressed as given in Eqn 8 [27].  

 

 ῳὋ  ςȢσπσὙὝ ὰέὫρ ὢ ρπὑ                                                                                                     3.1.8 

where, R is molar gas constant (8.314JK-1mol-1), T is temperature (K), Kad is equilibrium constant 

for the adsorption process & ȹὋ , the Gibbs free energy of adsorption. 
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Figure 3. 8. (a)Langmuir, (b) Freundlich and (c) Tempkina dsorption isotherms plots for NAEP-GO adsorption 

on carbon steel surface in 15% HCl. 

 

A physisorption adsorption mechanism (electrostatic interaction between charged metal surface 

and charged inhibitor molecules) is suggested for ЎὋ  values Ò -20 kJ/mol while a chemisorption 

adsorption mechanism (this involves electron lone pair transfer from inhibitor molecules to the 

empty low-lying d-orbitals of metals) for ЎὋ  values Ó -40 kJ/mol while values of ЎὋ  between 

-20 kJ/mol and -40 kJ/mol suggests a mixed adsorption mechanism (both a physisorption and 

chemisorption) [52]. The study compound have ЎὋ  values of -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 inhibitor get adsorb to 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 

 

 

a 

c 

b 
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empty low-lying d-orbitals of the metal atoms.  And the negative value of ЎὋ  value indicates a 

adsorption process that is spontaneous and stable. 

 

Table 3. 7. Langmuir adsorption parameters of NAEP-GO adsorption to carbon steel surface in 15% HCl. 

Technique ῳὋ  (kJ/mol) Kads (ppm-1) Slope R2 

Weight Loss 37.724 4.057 1.145 0.9995 

EIS 37.941 4.427 1.250 0.9999 

 

3.1.3.5. Corroded Surface Characterization                   

The SEM micrographs for the surfaces of the bare steel and that of the steels immersed in 

the uninhibited & inhibited solutions are given in 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 surface with no cracks or dips 

(Figure 3.9e) making it to looks as much as the bare steel surface (Figure 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 the aggressive acid attack. Table 3.1. 1. 

Langmuir adsorption parameters deduced from weight loss and EIS data for the adsorption of NAEP-GO on carbon 

steel in 15% HCl. 

EDX spectra were collected to get the elemental composition of the steel surfaces in order 

to get further insight into the adsorption phenomena of the NAEP-GO molecules on the surface of 

the steel. The EDS spectra of the bare steel, unprotected steel and the protected steel surfaces are 

shown in Figure 3.9. The weight% of surface Fe for the unprotected steel is 46.5 (Figure 3.9d) 

about 50% lower to that of the bare steel surface, 94.7 (Figure 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 surface (Figure 3.9f) & (Table 3.8). This is a consequence of the formation of 

a protective barrier by the adsorbed NAEP-GO molecules which blocks the steel surface from 

attack by the corrosive chloride ions, thus preventing the steel from further dissolution. Also, N 

peak was seen in the spectra of the protected steel surface (Figures 3.9f), which must have come 

from the adsorbed NAEP-GO molecules. 
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Figure 3. 9. SEM micrograph & EDX spectrum of (a) & (b) polished bare steel surface, (c) & (d) carbon steel 

surface after 24 hoursô immersion in the blank solution, and (e) & (f) carbon steel coupon after 24 hoursô 

immersion in 25 ppm NAEP-GO inhibited solution. 
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Table 3. 8. Elemental composition of the bare polished carbon steel surface and the carbon steel surfaces 

immersed in the blank and NAEP-GO inhibited solutions at ambient. 

 Bare polished CS  CS immersed in 

blank 

CS immersed in 25 ppm NAEP-GO 

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 2.1 

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 media [53ï57]. 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 square roughness, Rq) and the maximum profile valley depth (Rv) are 

listed in Table 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 oC). 

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

Sample (nm) (nm) (nm) 

Bare CS 14.9 19.1 44.3 

CS immersed in blank 15% 

HCl 

127 159 424 

CS immersed in 25 ppm 

NAEP-GO inhibited solution 

34.9 40.6 85.2 

 

The Ra, Rq & Rv values of the bare steel surface are 14.9, 19.1 & 44.3 nm respectively. 

The slight surface roughness observed here (Figure 3.10a) is due to scratches gotten from grinding 

the surface and atmospheric corrosion. For the unprotected 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 respectively (Table 3.10).  It can be seen that the unprotected steel has a much higher 

values of roughness parameters in comparison to the values for the protected steel surface. This is 

very much evident in the 2D and 3D micrographs (Figure 3.10b & 3.10c), where the unprotected 

steel showed higher degree of surface roughness.  This is a consequence of the aggressive 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 adsorbed NAEP-GO 

molecules; hence the lower Ra, Rq & Rv values exhibited by the 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% HCl solution (c) carbon steel immersed in NAEP-GO inhibited solution. 

  

The FT-IR spectrum of the adsorbed NAEP-GO film (Figure 3.11) looks very much 

similar to that of NAEP-GO inhibitor (Figure 3.3). This confirms the adsorption of the NAEP-GO 

molecules on the carbon steel surface when immersed in the NAEP-GO inhibited solution. The 

NAEP-GO O-H, C=O, C-O, N=N, stretching and O-H bending vibrations at 3373, 1652, 1046, 

1488 and 1332, (Figure 3.3) were observed at 3379, 1673, 1051, 1488, and 1325 cm-1 respectively 

in the spectra of adsorbed NAEP-GO film (Figure 3.11). The additional band observed at 1579  in 

the spectra of NAEP-GO adsorbed film, can be ascribed to the N-H bending and C-N stretching 

vibrational bands of the amide functional group in NAEP-GO [45,58]. The presence of FTIR 

absorption bands of NAEP-GO on the adsorbed surface film confirms formation of NAEP-GO 

protective film on the carbon steel surface [45,59].  
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Figure 3. 11. FTIR spectra of adsorbed NAEP-GO film on the carbon steel surface. 

 

3.1.4. NAEP-GO Mechanism of Inhibition 

The adsorption of inhibitors on metal surface  adsorb is usually either via the chemisorption 

or physisorption or both mechanisms [40]. Inhibitor molecules could also get adsorbed on metal 

surfaces through what is called a retro-donation mechanism, where d-electrons from the surface 

Fe-atoms donates their excess electrons to the ˊ anti-bonding molecular orbitals of the inhibitor 

molecules [60,61]. A schematic describing the plausible mechanism of adsorption of NAEP-GO 

molecules on the steel surface is given by Figure 3.12. From the adsorption isotherm study (section 

3.4) the NAEP-GO 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 the NAEP-GO on 

the metal surface to be via both mechanisms with physisorption predominance. The NAEP-GO 
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molecules could also get adsorbed via the retro-donation mechanisms in which excess electrons 

on the steel surface are donated to the ˊ anti-bonding molecular orbitals of NAEP-GO. 
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Figure 3. 12. Plausible mechanism of adsorption of NAEP-GO molecules on the carbon steel surface. 
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Conclusion 

The mitigation of the corrosion of X60 carbon steel in 15% HCl solution by N,N'-Bis-(2-

aminoethyl)piperazine functionalized graphene oxide (NAEP-GO) inhibitor was evaluated using 

the weight loss and electrochemical techniques at room temperature (25±1 oC) and elevated 

temperatures (40 & 60 oC). 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 also investigated. The 

inhibitor efficiency was observed to increase with concentration and a maximum inhibition 

efficiency of 87% was observed for 25 ppm NAEP-GO at room temperature. The inhibitor 

exhibited excellent performance at the studied temperatures, however the performance decreases 

with increase in temperature. The inhibition efficiency for 25 ppm NAEP-GO of 87.30% at room 

temperature decreases to 81.65% at 40 oC to 70.67% at 60 oC. Though, much higher decrease in 

inhibition efficiency was in observed at 60 oC, the corrosion rate (15.61 mm/yr) was much lower 

than the maximum acceptable corrosion rate (50.80 mm/yr) for high temperature acidizing 

environments [38]. The inhibitor shows similar trend in efficiency of over 80% for all the studied 

immersion time in a range of 83.15 to 87.30%, suggesting that the inhibitor remain stable over 

time. PDP technique suggested NAEP-GO to act as a mixed-type inhibitor with cathodic 

predominance. EIS technique, contact angle measurement, SEM/EDS, AFM surface morphology 

and FT-IR analyses indicated NAEP-GO to protected the steel by adsorbing on the steel surface. 

The adsorption of NAEP-GO follows the Langmuir adsorption theory. The 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 (SO-GO) 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 order to the harsh 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 oxide (SO-GO) and evaluate its corrosion efficacy against X60 carbon 

steel in 15% HCl solution (which simulates the oil wells acidizing environment) by weight loss (at 

25, 40, 60 and 80 oC) and electrochemical (at 25 oC) measurement experiments. The inhibitor 

showed an efficiency of above 80% at temperatures 25, 40, and 60 oC in the weight loss 

measurement. The synthesized inhibitor was characterized by FT-IR, FT-Raman, TEM and NMR 

techniques. Contact angle measurements, SEM/EDS, AFM surface morphology and FT-IR 

analyses provide of the SO-GO 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 

(NMR); Atomic Force Microscopy (AFM); Carbon Steel (CS). 
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3.2.1. Introduction  

Carbo n 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 

and 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 annually [1]. 

Corrosion in oil well can results from corrosive elements such as H2S gas, CO2 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, which creates channels and enlarges old ones. Acidizing 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 in 

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 (5 ï 28% w/w), others 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 well [2]. The acidizing treatment subjects the well which 

is made of the carbon steel to the problem of corrosion. Hence, 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, nitrogen-containing heterocycles, aromatic aldehydes, 

quaternary salts and acetylenic alcohols [3ï8]. They are however, only efficient at high amounts, 

they are toxic and not friendly to the environment [9]. Therefore, a search for environmentally 
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benign and nontoxic corrosion inhibitors is necessitated. Biological compounds are mostly organic 

structures which contain hetero-based atoms like oxygen, nitrogen, phosphorus or/and sulfur atoms 

[10,11] have been reported as potential corrosion inhibitors [12ï19]. 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 end-group, like sodium octanoate, sodium 

decanoate. They form self-assembled-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 

octanoate 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 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 chemical resistance and high level of impermeability. Graphene is however, not 

soluble in aqueous solution due to its lack of functionalities, hence itôs used as anti-corrosion 

coatings [22]. Graphene oxide (GO) and functionalized GOs are more soluble and functionalized 

GOs have been reported as good corrosion inhibitors [23]. Diazo- and diamino-pyridine 

functionalized graphene oxides have been evaluated as corrosion inhibitors against mild steel 

corrosion in 1 M hydrochloric acid [24]. Amino- and diamino-azobenzene functionalized graphene 

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

HCl [25].  
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In this study, the corrosion efficacy of sodium octanoate functionalized graphene oxide 

composite against carbon steel corrosion in 15% HCl solution simulating oil wells acidizing 

environments was undertaken.   

 

3.2.2. Experimental  

3.2.2.1. Chemicals & Materials 

Sodium octanoate, HCl (Sigma Aldrich), graphite powder, H2O2, KMnO4, H2SO4 

tetrahydrofuran (THF), toluene, ethylene diamine, N,N'-dicyclohexylcarbodiimide (DCC),  and 

X60 carbon steel specimen.  

3.2.2.2. Synthesis and Characterization of the Inhibitor. 

3.2.2.2.2. Synthesis of the Inhibitor 

 Graphene oxide was synthesized using graphite powder by the Hummerôs method [23]. 

The obtained graphene oxide nanosheets were dispersed by ultrasonication in tetrahydrofuran 

(THF) in presence of 2M toluene [27]. Ethylene diamine was added in presence of N,N'-

Dicyclohexylcarbodiimide (DCC). The mixture was refluxed at 90 °C for 24 h. After cooling, the 

obtained material was treated with sodium octanoate in THF and 2M toluene, with the addition of 

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 and evaluation. Figure 3.13 

illustrates the synthesis procedure of the sodium octanoate functionalized graphene oxide (SO-

GO).   
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Figure 3. 13. Illustration of the synthesis procedure for the chemical grafting of octanoate onto graphene, 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 an FT-IR, FT-Raman, TEM and proton NMR 

techniques. The Nicolet 6700 FTIR spectrometer which has a KBr beam splitter and a DTGS 

detector was used to collect FT-IR spectra at a resolution of 4cm-1 and a range 4000 - 400cm-1. 

The Raman spectra were collected with the 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 JEM-2100F was employed to get the TEM images of the synthesized compounds. 1H NMR 

spectra were collected using the JEOL JNM-LA500 FT NMR system for deuterated DMSO 

solution of the GO and SO-GO. 

 

3.2.2.3. Evaluation  

Table 3.10 gives the chemical compositions of the used 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 mixture of epoxy/hardener with a 1 cm2 exposed surface area. All the samples 

were abraded mechanically using a silicon carbide paper of different grits (120 ï 800). After which 

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

Concentrated HCl solution was diluted appropriately with distilled water to give the 15% 

HCl solution, then eight concentrations (5, 10, 15, 20, 25, 30, 40 and 50 ppm) of SO-GO were 

prepared in aliquots of the acid.  

 

Table 3. 10. Elemental composition of the X60 carbon steel specimen used in the study. 

Element Cr C Si Mn Cu Ni Mo Al  Nb V Fe 

Composition 

(Wt%) 

0.121 0.125 0.52 1.830 0.296 0.091 0.079 0.043 0.053 0.078 Remainder 
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3.2.2.4. Weight Loss Experiment 

The weight loss experiment was performed in accordance to the ASTM G1-03 standard 

method [26] for the blank and 5-50 ppm SO-GO inhibited solutions. Pre-weighed carbon steel 

coupons were totally immersed in 100 ml acid solution contained in 250 ml glass bottle with and 

without the SO-GO inhibitor for 24 hours at temperatures 25, 40, 60 and 80 oC using a water bath 

(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 rate was calculated for each test solution 

from the mean value of weight losses (g).  

 

3.2.2.5. Contact Angle Measurement 

Sessile drop experiment was carried out to confirm SO-GO adsorption onto the surface of 

steel. The Attension Theta optical tensiometer by Biolin Scientific was utilized to measure the 

contact angle. Water droplets of drop out size of 5 µl at a drop rate of 2 µl/s were placed separately 

on polished bare steel surface, steel surfaces immersed in 15% HCl for 24 hours with and without 

SO-GO.   

 

3.2.2.6. Electrochemical Experiment 

The Gamry Potentiostat/Galvanostat (Model G-3000) apparatus was used to perform the 

electrochemical experiment. Measurements were performed in a three-electrodes cell system 

consisting of the working electrode (the test sample), counter electrode (graphite rod) and 

reference electrode (Ag/AgCl electrode). Three electrochemical techniques; potentiostatic EIS, 
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EFM and PDP were carried out to investigate the inhibition mechanism of SO-GO in the acidic 

solution at 25 oC. The working electrode was initially immersed in the test solutions for 1 hour 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 frequency range of 0.01 

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 mV and cycle of 32. After which the 

PDP was conducted at ±250mV potential range from OCP and 0.25 mV/s scan rate. Curve fitting 

was done utilizing the EChem Analyst 5.5 software. 

 

3.2.2.7. Characterization of Corroded Surface 

The blank and inhibited coupon steel surfaces after 24 h immersion were characterized by 

SEM/EDX, AFM and FTIR techniques to investigate the carbon steel surface morphology and the 

adsorption mechanism of SO-GO on the steel surface. The SEM/EDX micrograph were collected 

using the JEOL JSM-6610LV scanning electron microscopy and the Fiber-Lite MI-150 high 

intensity illuminator from Dolan-Jenner Industries was used to collect the AFM micrograph.  

 

3.2.3. Results and Discussion 

3.2.3.1. Characterization of SO-GO Inhibitor  

The functionalization of the synthesized GO was confirmed by FTIR spectroscopy. 

Graphene oxide (Figure 3.13) consists of various oxygen-containing functionalities which 

includes epoxide, hydroxyl, carboxylic acid, carbonyl, and quinone [28ï29]. The functionalization 
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of GO results in shifts of characteristics GO bands, Figure 3.14 shows the FTIR spectra of GO 

and SO-GO. The characteristics O-H, C=O and C=C stretching vibrational bands at 3439, 1736 

and 1630 cm-1 of GO show a shift to 3451, 1807 and 1633 cm-1 respectively in SO-GO. A decrease 

in intensity of the O-H and C=O bands of GO could be observed when functionalized, this is due 

to these groups in the functionalization process. The O-H bending vibration of GO at 1406 cm-1 

could also be seen to be shifted to 1461 cm-1 and its intensity drastically reduced confirming the 

functionalization of GO via the OH functional group. The epoxy C-O-C stretching vibration at 

1219 was shifted to 1265 cm-1 in the functionalized GO. The appearance of new characteristics C-

N and C-C stretch vibrational bands at 1095 and 1022 cm-1 confirms the functionalization of the 

GO as could be seen from the structure of the functionalized GO in Figure 3.13. 
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Figure 3. 14. FT-IR spectra of GO and SO-GO. 

 

The synthesized GO and its functionalization was further confirmed by Raman 

spectroscopy. The Raman spectra of GO and that of SO-GO (Figure 3.15) each shows the D (sp3 

hybridized carbon atom) and G (sp2 hybridized carbon atom) bands. The GO broad D and G bands 

which appeared to center at 1339 and 1597 cm-1 were shifted respectively to 1361 and 1579 cm-1 

after the functionalization. It has been reported that the functionalization and surface modification 

of GO results in shifting of the D and G bands of GO [24,30]. The ratio of the D-Raman band 

intensity to that of the G-Raman band intensity (ID/IG) of GO was found to be approximately 1.01 

while that of the SO-GO was 1.05. This indicates a percentage increase in the sp3 carbon 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 SO-GO. 

 

The surface morphologies GO and SO-GO were investigated using the transmission 

electron microscopy (TEM). Figures 3.16a and 3.16b shows the TEM images of GO and SO-GO. 

The TEM images of GO exhibits a flake-like shape, wrinkled and transparent structure of a typical 

single GO sheet.  The functionalized GO (Figure 3.16a and 3.16b), shows a composite stacked 

GO sheets with some dark shadows. However, the typical flake-like layer structure of GO was not 

destroyed, in conformity with the FTIR and FT-Raman 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) SO-GO and low resolution TEM images of (c) GO 

and (d) SO-GO. 

 

The NMR spectrum of the GO exhibits the characteristics chemical shift at 3.2 ï 3.5 ppm 

belonging to the aliphatic H-atoms and at 8.47 ppm for the aromatic H-atoms (Figures 3.17a). 

While for the NMR spectrum SO-GO (Figures 3.17b), in addition to the characteristics GO 

aliphatic and aromatic H-atoms chemical shifts centered at 3.40 and 8.00 ppm respectively, the 

following chemical shifts at 2.76 ï 2.66 ppm (triplet) which represents the SO methylene group 

alpha to SO carbonyl, at 2..45 -2.35 ppm (triplet) for methylene group beta to the carbonyl, at 1.88 

ï 1.79 (doublet) for NH of ethylene diamine, at 1.22 to 1.05 (triplet) for methylene group alpha to 

the SO methyl group and at 0.83 ppm for the SO methyl H-atoms were observed. These confirm 

the successful grafting of ethylene diamine and sodium octanoate on GO.  
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Figure 3. 17. 1H NMR spectra of (a) GO and (b) SO-GO. 

 

3.2.3.2. Weight Loss Experiment 

The corrosion parameters obtained from the weight loss experiment at the different 

temperatures (25, 40, 60 and 80 oC) are given in Table 3.11. At 25 oC, weight losses were obtained 

for inhibitor concentrations 5 ï 50 ppm. The rate of corrosion was computed in mm/year and mpy 

by Eqn 3.2.1. 

                              ὅέὶὶέίὭέὲ ὶὥὸὩάάȾώὩὥὶ
Ȣ

                                                       3.2.1 

where, W is average loss in weight loss (g), A is exposed surface area expressed (cm2), T is 

immersion time (hr) and D is steel density (g/cm3). 

 

The % inhibition efficiency was calculated utilizing Eqn 3.2.2.  

                                                 ϷὍὉ  ρππ                                                       3.2.2 

where, CRB and CRI are corrosion rates for the blank (uninhibited) and inhibited test solutions. 

 

 

 

a b 
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The values of corrosion rate decrease with increasing SO-GO concentration from 5 ï 25 ppm then 

slightly increase with further increase in SO-GO concentration. The lower corrosion rates in the 

presence of SO-GO is a consequence of strong interactions between the SO-GO molecule and the 

surface of the carbon steel facilitating SO-GO adsorption to the surface, this blocking the corrosive 

medium from attacking the surface. The dissolution of the steel in corrosive media is mitigated by 

the adsorbed SO-GO molecules which forms a protective SO-GO film that blocks the corrosive 

medium from reaching the steel surface. The degree of adsorption increases as SO-GO 

concentration increases, consequently, the increase inhibition efficacy with concentration reaching 

a maximum inhibition (87.35%) at 25 ppm SO-GO.  Weight loss measurement were also carried 

out for the lowest SO-GO concentration (5 ppm) and the concentration with the highest inhibition 

efficiency (25 ppm) at higher temperatures of 40, 60 and 80 oC to see temperature effect on the 

inhibition performance of SO-GO. It could be seen that the inhibition efficiency of SO-GO 

decreases with temperature increase, a significant decrease in inhibition efficiency was observed 

at 80 oC. However, the SO-GO inhibitor could still be seen to offer protection to the inhibited steel 

from the severe pitting experienced by the steel in the uninhibited acid solution at 80 oC (Figure 

3.18). The SO-GO inhibitor still shows excellent inhibition efficiency of over 80% at 40 and 60 

oC and a relatively poor efficiency of about 60% at 80 oC for the 25 ppm concentration (Table 

3.11). However, SO-GO shows excellent corrosion protection for the steel at 25, 40 and 60 oC. 

 

 

 



87 

 

Table 3. 11. Weight loss measurement parameters for the blank and SO-GO inhibited solutions at 25, 40, 60 

and 80 oC. 

Temperature oC Concn of SO-GO Weight Loss ± 

standard deviation 

%IE  

 ppm (g) 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 oC 20 0.0192 ± 0.0004 0.2968 ± 0.0066 87.07 

 25 0.0188 ± 0.0008 0.2906 ± 0.0131 87.35 

 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 

 

40 oC 

Blank 0.6653 ± 0.0590 10.2852 ± 0.9128 - 

5 0.1151 ± 0.0014 1.7794 ± 0.02192 82.70 

25 0.0967 ± 0.0014 1.4949 ± 0.02185 85.47 

 Blank 3.4439 ± 0.1062 53.2411 ± 1.6420 - 

60 oC 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 oC 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% HCl (b) 15% HCl solution with 5% 

SO-GO inhibitor.  

 

3.2.3.3. Contact Angle Measurement 

The contact angle measurement is an important measurement technique that can be 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 used. A water droplet contact angle of 0 to 90o is 

characterized by a hydrophilic surface while greater than 90o is characterized by a hydrophobic 

surface. Graphene oxide which is the main constituent of the SO-GO inhibitor is highly 

hydrophilic, it is made up of various 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 polished bare steel 
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and the steel surfaces immersed in the 15% HCl without and with SO-GO inhibitor is given in 

Figure 3.19. The contact angle of the polished bare steel (Figure 3.19a) was seen at 104.3o, this 

characterizes water repellent (hydrophobic) of a mirror-like steel surface. The contact angle for 

the uninhibited steel surface was seen at 82.0o, this 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 contact angle of 36.9o was seen, this confirm the adsorption of the highly 

hydrophilic SO-GO inhibitor molecules on the steel surface. The protection of steel surface by the 

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

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

 

 

 

a c b 

 

104.3 36.9 82.0 

 

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 SO-GO inhibited solution. 

 

It could be said that SO-GO adsorbed on the surface of the steel by the interactions of the 

hydrophilic end-group 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 exposed hydrophobic part of sodium octanoate, 

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

 

3.2.3.4. Electrochemical Experiment 

3.2.3.4.1. EIS Technique 

The efficacy SO-GO inhibitor was also investigated using the EIS technique. Figures 

3.20a-c gives the EIS plots (the Nyquist, Bode phase and Bode modulus respectively). The Nyquist 

plot for the blank was characterized by a single imperfect semi-circular  capacitive loop 

corresponding to a single time-constant in the Bode curves over the entire frequency range [31], 

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 depressed semi-circles which 

corresponds to a two-time constant in the Bode plots. A defective protective formed SO-GO film 

represents the time constant (Rf//CPEf) at the high frequency zone while the formed double layer 

at the electrolyte/metal interface represent the other time constant (Rct//CPEdl) at the low frequency 

zone [32]. The difference in the impedance plots between the inhibited and blank solutions 

indicates SO-GO inhibitor changes the steel corrosion mechanism to offer it protection.  

The Electrode surface roughness, inhomogeneity and presence of impurities resulted to the 

imperfect semi-circular capacitive arc [33]. The Nyquist plot diameter (Figure 3.20a) for the 

inhibited solutions were bigger than the diameter of the uninhibited solution. This is because SO-

GO molecules adsorbs on surface of the steel and form a protective SO-GO 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 SO-GO concentration shows a direct proportionality between 

amount of SO-GO molecules and inhibition performance. SO-GO molecules adsorb on the surface 

of the steel by forming  a dative covalent bond between the SO-GO heteroatoms and the carbon 

steel surface to give  a SO-GO/steel complex film which effectively blocks the steel surfaces from 

attack by the corrosive medium [34]. Increasing the SO-GO concentrations increases the 

interaction rate between the steel surface and SO-GO molecules, this in turn increases the amount 

of SO-GO molecules adsorbed onto the  to the steel surfaces [35].  
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d 

e 

 

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) equivalent 

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 plots (Figure 3.20b) 

respectively for the uninhibited and inhibited solutions. The single peak corresponds to a one-time 

constant for the blank solution while the two distinguishable peaks observed for the inhibited 

solutions correspond to a two-time constant. In the Bode plots, the diameter of the plots for blank 

uninhibited solution is smaller than those of the inhibited solutions. And the plot diameter for the 

inhibited solutions increases with SO-GO concentration increase just as it was seen in the Nyquist 

plots. 

 In the Bode modulus plots (Figure 3.20c), the linear portions at intermediate frequency is 

more pronounced for inhibited solutions. The increase in linearity with concentration increase, 

suggests increase in inhibition performance as concentration increases.  

The equivalent circuits given in Figure 3.20 were utilized for fitting the EIS plots. The fit 

accuracy for all the plots was between 0.507 × 10ī3 and 3.842 × 10ī3. The model (Figure 3.20d) 

utilizes Rs (solution resistance), Rct (charge transfer resistance), CPEdl (double layer constant phase 

element) and n2 (phase shift 2) while the model (Figure 3.20e) utilizes Rs (solution resistance), 

Rct (charge transfer resistance), Rf (film resistanc), CPEf (film constant phase element), n1 (phase 

shift 1), CPEdl (double layer constant phase element), & n2 (phase shift 2). Table 3.12 gives the 

electrochemical parameters obtained from fitting the EIS plots. The % efficiency of the inhibitor 

(%IE) was estimated using Eqn 3.2.3: 

 

 ϷὍὉ  ρ   ρππ                                                                                              3.2.3 

where, Ὑ  is the charge transfer resistance of the uninhibited solution and Rp (sum of Rf and Rct) 

is the polarization resistance of the inhibited solutions. 
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The surface adsorbed SO-GO 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 from  Eqn 3.2.4 

[36]; 

 

ὤ  ὣ Ὦ‫                                                                                                                3.2.4 

where: Yo denotes the magnitude of CPE, ɤ denotes angular frequency, n denotes phase shift & j 

is the square root of -1.  

 

 

Table 3. 12. Electrochemical impedance spectroscopy measurement parameters for the blank and SO-GO 

inhibited solutions at 25 oC. 

  CPEf   CPEdl      

Concn of 

SO-GO 

(ppm) 

Rs (W 

cm2) 

Yo1 (µWsn 

cm-2) 

n1 Cf (µF 

cm-2) 

Rf (W 

cm2) 

Yo2 (µWsn 

cm-2) 

n2 Cdl (µF 

cm-2) 

Rct (W 

cm2) 

Rp (W 

cm2) 

ɢ2 × 

10ï3 

%IE 

Blank 0.935 ï ï ï ï 464.5 0.766 187.3 169.7 ï 3.842 ï 

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 0.675 190.3 418.5 423.09 1.995 59.89 

15 0.444 69.88 0.904 6460 12.33 326.6 0.688 193.4 411.9 424.23 0.507 60.00 

20 0.390 65.10 0.913 10279 9.770 352.5 0.678 223.5 449.3 459.07 0.607 63.03 

25 0.419 25.39 1.000 20364 4.932 376.8 0.695 202.7 495.4 500.33 1.523 66.08 

 

Eqns 3.2.5  and 3.2.6 were used to calculate the double layer capacitance (Cdl) and film 

capacitance (Cf) [37]:  

 

ὅ                                                                                                                  3.2.5 

ὅ
                                                                                                                   3.2.6 
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where ɤmax = 2ˊfmax and fmax is the frequency at the apex of the Nyquist semicircle plot. 

The Rct values for the inhibited solutions are higher in comparison to the uninhibited solutions.  

 

This is due to the formed adsorbed SO-GO molecules, blocking the corrosive medium from 

reaching the steel surface, hence preventing it from further mass and charge transfer. The Yo2 and 

n2 value of the uninhibited (blank) solution was larger than those of the inhibited solutions and the 

inhibited solutions Cdl values were higher than the blank Cdl value indicating a decrease in the 

electrical double layer a consequence of the adsorbed SO-GO molecules. 

 

3.2.3.4.2. EFM Technique 

The EFM which is a very fast and non-destructive electrochemical technique was also use 

to evaluate the corrosion efficacy of SO-GO inhibitor. EFM has an internal self-check mechanism, 

the causality factors 2 (CF-2) & 3 (CF-3) to validate the accuracy of the measurement [38,39] and 

gives directly corrosion current and rate with no prior information of Tafel constants. These 

theoretical causality factors, CF-2 & CF-3, are designated values of 2 & 3 respectively and are 

usually compared with the obtained experimental CF-2 & CF-3 values. The closer the 

experimental values to the theoretical, the more accurate is the obtained results. The EFM is a 

harmonic technique; it depends on the non-linear 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 shown by Figure 3.21 [39,40]. The obtained 

electrochemical parameters are given in Table 3.13. The corrosion inhibition efficiency of the SO-

GO inhibitor was calculated using Eqn 3.2.7: 
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 ϷὍὉ  ρ                                                                                                       3.2.7 

where, Ὅ  and Ὅ   are the corrosion current densities of the uninhibited and inhibited solutions 

respectively. 

 

 

Figure 3. 21. Intermodulation spectra recorded for carbon steel in the (a) blank (b) 5 ppm SO-GO (a) 10 ppm 

SO-GO (a) 15 ppm SO-GO (a) 20 ppm SO-GO (a) 25 SO-GO at 25 oC. 
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The corrosion current density and rate of inhibited solutions were observed to be significantly 

lower than that of the blank (uninhibited) solution. This indicates that the SO-GO significantly 

reduced the carbon steel corrosion. 

 

Table 3. 13. Electrochemical frequency modulation parameters for the blank and SO-GO inhibited solutions 

at 25 oC. 

Concn of SO-

GO (ppm) 

Icorr 

(µA cmï2) 

ɓa 

(mV decï1) 

ɓc 

(mV decï1) 

CFï2 CFï3 CR 

(mm/year) 

%IE 

Blank 355.7 114.2 120.0 2.190 3.308 3.442 ï 

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 plots of PDP for both the uninhibited and inhibited solutions are shown in Figure 3.22. 

The cathodic current density and anodic current density (Icorrs) of inhibited solutions could be seen 

to be less than that of the blank solution. This is an that the SO-GO inhibitor could inhibit both the 

reductive hydrogen cathodic and oxidative metal dissolution anodic reactions [41,42]. The 

corrosion potentials for the inhibited solutions tends more in the negative arm in comparison to 

the blank. The values of ɓa (anodic Tafel slope), ɓc (cathodic Tafel slopes), Icorr (corrosion current 
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density), corrosion rate and Ecor (corrosion potential) obtained after the Tafel fit are presented in 

Table 3.14. The efficiency of SO-GO inhibitor was calculated using Eqn 3.2.8: 

 

ὍὉὖὈὖϷ  ρ                                                                                                    3.2.8 

where Ὅ  and Ὅ  are the Icorr values for the blank & inhibited solutions. 

 

Significantly lower Icorr and Ecorr values were obtained for the inhibited solutions and this 

decrease in values of Icorr and Ecorr in  the presence of SO-GO is ascribed to SO-GO adsorption to 

the surface of the steel [43]. This suggest that the SO-GO inhibitor significantly inhibits the  

 

Figure 3. 22. Potentiodynamic polarization plots recorded for carbon steel in the blank and SO-GO inhibited 

solutions at 25 oC. 

 

corrosion of carbon steel in the test solution. The Ecorr value of the blank was less negative than 

those of the inhibited solutions; however, there was no definite trend in the Ecorr value shift with 

increasing concentration of SO-GO. This suggests that SO-GO acts as a mixed-type inhibitor [44] 

and the inhibited solutions  ɓa and ɓc values were all smaller in comparison to blankôs.  However, 
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ɓc values were more affected than the ɓa values, an in indication that the SO-GO inhibitor acts 

predominantly as cathodic-type indicator [45].  

 

Table 3. 14. Potentiodynamic polarization measurement parameters for the blank and SO-GO inhibited 

solutions at 25 oC 

  PDP Method 

Concn of SO-GO 

(ppm) 

Ecorr (mV vs 

Ag/AgCl) 

Icorr 

(µA/cm2) 

ɓa 

(mV/dec) 

ɓc 

(mV/dec) 

CR 

(mm/year) 

%IE 

Blank ï391.0 72.30 77.20 133.1 0.839 ï 

5 ï431.0 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 

 

  

3.2.3.5. Corroded Surface Characterization                   

Figure 3.23 shows the SEM micrograph of the surfaces of the polished bare steel coupon 

and steel coupons immersed in the 15% HCl without and with SO-GO for 24 hours. The large 

amount of pitting and roughness could be seen in the surface of the unprotected coupon (Figure 

3.23b). However, the micrograph of the protected coupon surface (Figure 3.23c) exhibits a 

smoother surface with no pitting close to that of the polished bare steel surface (Figure 3.23a) and 

some deposition of the SO-GO 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-GO film on the steel coupon surface. 
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Figure 3. 23. SEM micrograph of carbon steel after 24 hoursô immersion in the (a) blank solution (b) SO-GO 

inhibited solution (c) polished bare carbon steel specimen. 

  

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

as to get further insight on the adsorption phenomena of the SO-GO molecules onto the steel 

surface. Figure 3.24 shows the EDS spectra of the surfaces of the polished bare steel coupon and 

steel coupons immersed for 24 hours in the 15% HCl without and with SO-GO. The weight% of 

Fe on the surface of the unprotected steel coupon was 75.1% (Figure 3.24b) about  

 

 

 

 

a b 

c 
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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 SO-GO inhibited solutions. 

 Bare polished CS  CS immersed in 

blank 

CS immersed in 25 ppm 

SO-GO inhibited solution 

Element Wt% Wt% 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 2.4 

Cl - 13.1 2.3 

N - 0.2 0.8 

 

 

20% lower to that of the bare steel surface, 94.7% (Figure 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 contained high amount of very chloride (13.1%). 

Significant lower Cl content was noticed in the existence of the SO-GO (2.3%) (Table 3.15), this 

designates the blocking of the corrosive chloride ions from attacking the steel surface. The SO-

GO inhibitor protects the steel 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 spectra (Figure 

3.24b), an indication that the SO-GO inhibitor also get adsorbed via the N-atom. 
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c 

a b 

 

Figure 3. 24. EDX spectra of (a) bare polished carbon steel specimen (b) carbon steel immersed blank 15% 

HCl after 24 hours (c) carbon steel immersed in SO-GO inhibited solution after 24 hours. 

 

AFM is a powerful surface characterization technique that can be used to fully see surfaces 

in both two-dimension (2D) and three-dimension (3D) down to the nanometer scale. AFM 

technique has been used to examine the effect of the inhibitor on surface topography and roughness 

of steel samples in corrosive media [46ï50]. Figure 3.25 shows 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% HCl without and with SO-GO. Table 3.16 gives the 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.  



103 

 

 

Figure 3. 25. 2D and 3D AFM surface images of (a) bare polished carbon steel (b) carbon steel immersed in 

uninhibited 15% HCl solution (c) carbon steel immersed in SO-GO inhibited 15% HCl solution. 

 

The Ra, Rq and Rv values for the bare polished carbon steel surface are 14.9, 19.1 and 44.3 

nm respectively. The slight roughness observed for the surface of the polished carbon steel surface 

(Figure 3.25a) could be due to scratch from polishing the surface and atmospheric corrosion. The 

Ra, Rq and Rv values for the surface of the uninhibited 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 

bare steel surface. The high degree of surface roughness for the uninhibited steel coupon (Figure 

3.25b) 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-GO inhibited steel coupon. The inhibited steel 

coupon showed a smoother and a much denser surface (Figure 3.25c). The smoother surface 

exhibited by inhibited steel coupon in comparison to the uninhibited coupon is a consequence of 

the formed SO-GO film which blocks the corrosive medium from reaching the steel surface. 

  

  

a c b 
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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 (Ra) 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 15% 

HCl 

127 159 424 

CS immersed in 25 ppm 

SO-GO inhibited solution 

35.3 46.3 131 

 

The adsorbed SO-GO film FT-IR spectrum confirms the SO-GO adsorption onto the 

surface of the steel. The SO-GO O-H, C=O, C=C, C-O-C, C-N, C-C stretching and O-H bending 

vibrations at 3451, 1807, 1633, 1265, 1095, 1022 cm-1 and 1461, (Figure 3.14) were shifted to 

3323, 1737, 1642, 1257, 1168, 1049 and 1382 cm-1 respectively (Figure 3.26). The broader and 

less intense O-H stretch vibration of the adsorbed SO-GO film in comparison to the pure SO-GO 

is said to be a result of SO-GO adsorption via its oxygen atoms.  
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Figure 3. 26. FTIR spectrum of adsorbed SO-GO film.  

 

3.2.4. SO-GO Corrosion Inhibition Mechanism 

The mechanism of adsorption of inhibitor molecules could be chemical (chemisorption), 

where ˊ electrons and/or lone pair of electrons from aromatic rings and/or heteroatoms are donated 

to the empty low-lying 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 steel surfaces via a retro-donation mechanism, where 

d-electrons from the surface Fe-atoms donates their excess electrons to the ˊ anti-bonding 

molecular orbitals of the inhibitor molecules [41]. The plausible mechanism of SO-GO adsorption 

is shown in Figure 3.27. SO-GO inhibits the corrosion of the carbon steel by adsorbing to the 

surface of the steel surface to form an SO-GO protective film. The mechanism of SO-GO 

adsorption could be said to be mainly by the physisorption mechanism according to the PDP 

measurement result which shows the SO-GO molecule to be predominantly cathodic. The SO-GO 

molecules also adsorbs by donating lone pair of electrons and/or ˊ electrons from the SO-GO 
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heteroatoms and/or aromatic rings to the iron low-lying d-orbitals. The adsorption of the SO-GO 

molecule via the donation of lone pairs of electrons is further proven by the presence of the 

inhibitor peaks in the FTIR spectra (Figure 3.26) of adsorbed SO-GO film on the steel surface. 

 

 

 

 

 

 

 

 

 

 

 

 

Physiosorption 

+ 

Chemisorption 

Retro-donation 
 

Figure 3. 27. Plausible mechanism of adsorption of SO-GO molecules on carbon steel surface in 15% HCl 

solution. 
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 Conclusion 

The mitigation of the corrosion of X60 carbon steel in 15% HCl solution by a novel synthesized 

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

1. The FT-IR, FT-Raman, TEM and NMR characterization techniques confirm the successful 

synthesis of SO-GO. 

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

oC). 

3. SO-GO inhibitor was observed to predominantly act as a cathodic-type inhibitor 

4. EIS technique, contact angle measurements, SEM/EDS, AFM and FT-IR analyses showed 

that SO-GO protected the steel surface by its adsorption onto the surface of steel surface to 

form the protective SO-GO film. 

5. The adsorption of SO-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 production. Acidizing 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 this study, dopamine functionalized graphene oxide (DA-GO) was assessed as an 

inhibitor against the corrosion of carbon steel in 15% HCl solution (simulating oil well acidizing 

medium) by means of the weight loss and electrochemical experiments. DA-GO exhibited 

excellent inhibition efficiency. SEM/EDX, AFM and FTIR examination of the carbon steel 

surfaces suggests the formation of a DA-GO protective film on the steel surface. The protective 

DA-GO film was mostly formed by the adsorption of DA-GO molecule onto the steel surfaces via 

an interaction between the Fe atoms/ions and the aromatic rings of DA-GO.    

 

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

The inhibition of carbon steel is very important both 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 materials 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 such as H2S gas, 

CO2 gas or organic acids present in the well or acidizing treatment of the well. 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 related to corrosion accounts for the remaining $320 million [1].  

 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 acid-soluble 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 increase the wellôs 

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 ï 28% w/w) hydrochloric acid, a combination 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 treatment [2]. 

Acidizing treatment however, subjects the oil wells that are mainly made of carbon steels to high 

corrosive 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 molecules adsorbed onto the surface 

of steel forming a protective film against the acid attack. Formulations of inhibitors with 

heteroatoms such as nitrogen-containing heterocyclics, carbonyls, amines, aromatic aldehydes, 

quaternary salts, alkenyl phenones, and acetylene alcohols are available commercially [3ï8]. 

These commercial inhibitors are however, expensive, effective only at high concentrations and not 

environmentally friendly [9].  

Naturally occurring biological molecules with heteroatoms such as N, O, P or S [10,11] 

were reported for inhibition [12ï14]. Dopamine (3,4-dihydroxyphenethylamine) is a natural 

chemical found in the human body. 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 body [15]. It is very soluble in water. A study on the use of poly-

dopamine synthesized by self-polymerization of dopamine hydrochloride in the presence of tri-

buffer as a corrosion inhibitor against mild steel corrosion in 1M HCl was reported [16]. 

Polydopamine is said to have strong adhesion to a variety of substrates such as graphene, carbon 

nanotubes, stainless steel, gold, silver, fibers, clays and so on [17]. The 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 

functionalization of graphene oxide (GO) which has a very large surface area for use as corrosion 

inhibitor. Dopamine has been reported to self-polymerize easily to polydopamine in basic solutions 

on metallic, polymeric and inorganic materials [20,21].    

Graphene composites have been used for metal 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 waste 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 coating [22]. 

Functionalized GO has been reported to show excellent corrosion inhibition performances [23,24]. 

Diazo- and diamino- pyridine functionalized GO has been reported as excellent corrosion 

inhibitors for mild steel in 1.0 M HCl [25]. Gupta et al [26] reported amino- and diamino-

azobenzene functionalized graphene oxides to exhibit impressive inhibition performances for 

corrosion of mild steel in 1M HCl.  

Only few studies on the use of functionalized GO as corrosion inhibitor in highly acidic (15% HCl) 

have been reported [27ï30]. In all the studies, toxic solvents such as DMF, toluene and THF were 

employed in GO functionalization. Here we have synthesized dopamine functionalized GO (DA-

GO) using water which is eco-friendlier and cheaper and investigated its corrosion inhibition 

efficacy against carbon steel corrosion in 15% HCl solution by the weight loss and 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 beneficial material to solve the corrosion problem. 

 

3.3.2. Experimental  

3.3.2.1. Chemicals & Material 

Dopamine, HCl from Sigma Aldrich, graphite powder, H2O2, KMnO4, H2SO4 and AISI 

1018 carbon steel specimen. The chemical compositions of the carbon steel specimen are 

summarized in Table 3.3.1. 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. 

 

 

b 

a 
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of 0.5 cm to give an exposed area of 12 cm2 (Figure 3.28) & (1 cm by 1cm) to give a total exposed 

surface area of 1 cm2 for the weight loss & electrochemical experiments respectively. The 

electrochemical test sample was cold-mounted in a mixture of epoxy/hardener (Figure 3.287b). 

Before every experiment, the test sample was wet polished with a self-adhesive waterproof SiC 

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

by a specimen dryer. The original concentration of 500 ppm DA-GO was prepared. Test solutions 

were prepared first by diluting concentrated hydrochloric acid to 15% after which various 

concentrations (å10, 20, 30, 40 and 50 ppm) of GO and (1, 2, 3, 4 and 5 ppm) of DA-GO in aliquots 

of the 15% HCl solution 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 

(Wt%) 

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 

 

3.3.2.2. Synthesis. 

3.3.2.2.1. DA-GO Inhibitor 

 GO was first prepared from waste graphite by the modified Hummerôs method [31]. 

After which GO was functionalized by dopamine. First, GO was treated with thionyl chloride 

(SOCl2) for 12h at 70 °C under reflux and stirring in order 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, acyl-chloride functionalized 

graphene was synthesized. This obtained material was separated and then reacted with the 
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dopamine solution. The system was maintained at for 12h at 70 °C under reflux and stirring in 

order to allow the reaction between dopamine and graphene with the loss of HCl. The pH was 

controlled by Tris and HCl to 8.5. Thereafter, the obtained DA-GO was filtered and washed, 

followed by drying.  

3.3.2.2.2. Characterization of DA-GO Inhibitor 

DA-GO inhibitor was characterized by FT-IR, Raman, and TEM techniques. The FT-IR 

spectrum was collected over a wavelength of 4000.0 to 400.0 cm-1 at 4cm-1 resolution by the 

Nicolet 6700 FT-IR spectrometer with a DTGS KBr detector, a global IR source and a KBsr beam 

splitter. Raman spectrum was collected at a 30 s data acquisition and accumulation of 4 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 field emission electron microscope 

(model JEM-2100F).  

 

3.3.2.3. Weight Loss Experiment 

The weight loss experiment was conducted according to ASTM G1 ï 03 standards [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 solutions (Blank 15% HCl, GO inhibited 

15% HCl solutions and DA-GO inhibited 15% HCl solutions) contained in 250 ml glass bottle at 

room temperature for a period of 24 h. Then the coupons were removed from the test solutions, 

thoroughly washed, rinsed with distilled water and 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 

performance of unmodified GO. 

 

3.3.2.4. Electrochemical Experiments  

Electrochemical tests were also performed for all the test solutions by a Metrohm Autolab 

Potentiostat/Galvanostat PGSTAT100N. Experiments were performed using a three-electrode cell 

system where Ag/AgCl electrode was used as the reference electrode, graphite rod as the counter 

electrode and the 1.0 cm2 exposed surface area cold-mounted carbon steel as working electrode. 

Four electrochemical measurement techniques; the electrochemical frequency modulation (EFM), 

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 working electrode 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 10 mV and cycle 

of 32 followed by the EIS measurement at a frequency range of 10 mHz 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). 

 

3.3.2.5. 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 DA-GO solutions were examined using the SEM/EDX, 
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AFM and FTIR techniques to investigate the surface roughness, morphology, and sorption of DA-

GO molecule onto carbon steel surface. SEM/EDX micrographs were collected using a JEOL 

JSM-6610LV scanning electron microscope. And the AFM spectra and data were collected in a 

contact mode with a Fiber-Lite MI-150 high-intensity illuminator from Dolan-Jenner Industries. 

 

3.3.3. Results with Discussion 

3.3.3.1. Properties of DA-GO Inhibitor  

FTIR spectra of GO and the dopamine functionalized GO (DA-GO) is given in (Figure 

3.329) The functionalization of GO resulted in a shift of the characteristics O-H stretching broad 

peak centered at 3439 cm-1 of GO to 3343 cm-1 and the C=C stretching vibrational band at 1630 

cm-1 of GO very slightly shifted to 1632 cm-1. Weak C=O shoulder band in DA-GO spectrum 

after the functionalization is an indication that GO may have interacted with dopamine via the GO 

carbonyl groups. The C=O 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 GO O-H stretching vibrational band 

could be observed in the functionalized GO (DA-GO). The increase in intensity is a result of the 

additional O-H groups from dopamine. A new characteristic C-N stretching vibration band at 1098 

could also be observed in DA-GO spectrum.   

Figure 3.30 depicts Raman spectra of GO and DA-GO. It is reported that the 

functionalization of GO results in shifting of the characteristics D (sp3 hybridized carbon atom) 

and G (sp2 hybridized carbon atom) bands [25,33].  The D and G bands centered at 1350 cm-1 and 

1608 cm-1 to 1351 cm-1 and 1512 cm-1 in the dopamine functionalized GO (DA-GO). Also, the 

intensities ratio of D-band and G-band, ID/IG, was calculated to be 1.034 and 0.996 for GO and 
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DA-GO. This indicates an increase in the number of sp2 carbon atoms as a result of the added 

dopamine having more sp2 than sp3 carbon atoms.   

 

 

a 

c 

b 

 

Figure 3. 29. FTIR spectra of (a) GO (b) DA-GO and (c) adsorbed DA-GO film.  

 

 

Figures 3.31a and 3.31b show the TEM micrographs of GO and DA-GO respectively. 

The TEM micrographs were collected to confirm the functionalization of GO with dopamine. The 

TEM micrograph of GO shows the typical GO wrinkled, flake-like and transparent structural shape 

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

some white shadows distributed over the GO sheets. However, the typical flake-like layer structure 
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of GO was not destroyed, in conformity with the FTIR and FT-Raman results and further 

corroborate the successful grafting of the functionalization molecules on the GO sheets.  

 

 

Figure 3. 30. Raman spectra of GO and DA-GO. 
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Figure 3. 31. TEM micrographs of (a) GO and (b) DA-GO. 

    

3.3.3.2. Weight Loss Experiment 

Tables 3.18 and 3.19 give the parameters of corrosion from weight loss measurements by 

GO and DA-GO inhibitors. The corrosion rates (in mm/year) were evaluated utilizing Eqn 3.3.1. 

                              ὅέὶὶέίὭέὲ ὶὥὸὩάάȾώὩὥὶ
Ȣ

                                                       3.3.1 

where W is weight loss in g, A is total exposed surface area (cm2), T is the exposure time (h), and 

D is the carbon steel density (7.87g/cm3). 

 

                                                 ϷὍὉ  ρππ                                                       2 

where blank corrosion rate is CRB. Corrosion rate is CRI for the GO and DA-GO inhibited 

solutions. 

 

 

 

     

a b 



126 

 

Table 3. 18. Weight loss measurement parameters for blank and GO inhibited solutions at room temperature. 

Concentration of 

GO (ppm) 

Weight Loss (g) Corrosion Rate 

(mm/year) 

% IE 

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 parameters for the blank and DA-GO inhibited solutions at room temperature. 

Concn of DA-GO 

(ppm) 

Weight Loss 

(g) 

Corrosion Rate 

(mm/year) 

Efficiency 

(% 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% HCl. The corrosion rate declines with adding more GO concentrations with the 

minimum corrosion rate at 30 ppm GO concentration 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% at 50 ppm (Table 3.18). This may be due to aggregation of the GO particles 

as the number of GO particles increases.  It has been reported that exfoliated GO particles tend to 

aggregate to form large graphite oxide particles via the ˊī́  stacking [34]. The grafting of 

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 (DA-GO) (Table 3.19). The values of corrosion rate (CR) 

of DA-GO inhibited solutions were observed to be drastically lower than that of the blank 15% 

HCl, the values of CR of the inhibited solutions decrease with increasing DA-GO concentrations. 

The lower CR observed for the inhibited solutions is due to the adsorption of DA-GO molecules 

on the carbon steel surface due to the strong interaction between the steel surface and DA-GO 

molecules forming a protective DA-GO layer on the steel. This could prevent acid attacking the 

steel. The extent of coverage of the carbon steel surface by the protective DA-GO film molecules 

increases with an increase in the number of DA-GO molecules (increase in the concentration of 

DA-GO), the observed decreasing CR with increasing DA-GO concentrations. Inhibition efficacy 

of 80.69% was observed for the highest concentration (5 ppm) of DA-GO.  

   

3.3.3.3. Electrochemical Experiments 

3.3.3.3.1. EFM Measurement 

The EFM technique is non-destructive and very fast, it has what is called an internal self-

check mechanism called the causality factors and 2 (CF-2) and 3 (CF-3) which have designated 

values of 2 and 3 use to validate the accuracy of a measurement [35]. 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 experimental results. 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 dual-frequency perturbation to measure current response at the sums, 

differences and multiples of input frequencies; this minimizes interferences from background noise 

during measurements. EFM technique is also harmonic it depends on the non-linear nature 

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 and DA-GO 

inhibited solution. Inhibition efficacy of DA-GO was calculated as Eqn 3.3.3: 

  

 ϷὍὉ  ρ                                                                                                       3.3.3 

where, Ὅ  and Ὅ   are corrosion current densities of the uninhibited and inhibited solutions. 
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Figure 3. 32. Intermodulation spectra recorded for carbon steel in the (a) blank, (b) 1 ppm DA-GO, (c) 2 ppm DA-GO, (d) 

3 ppm DA-GO, (e) 4 ppm DA-GO and (f) 5 ppm DA-GO inhibited solution at room temperature. 

 

The CR of DA-GO inhibited solutions were observed to be low compared to that of blank (15% 

HCl). An indication of the formation of a protective that DA-GO layer on the surface of the steel 

blocking it from the acid environment, thus, reducing the 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 DA-GO inhibited solutions 

at room temperature. 

Concn of DA-

GO (ppm) 

Icorr 

(mA cmï2) 

ɓa 

(mV decï1) 

ɓc 

(mV decï1) 

CFï2 CFï3 CR 

(mm/year) 

%IE 

Blank 2.912 105.1 112.1 1.989 2.456 33.78 ï 

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 and DA-GO inhibited media to 

investigate the performance of DA-GO inhibitor. The Nyquist and Bode modulus graphs of blank 

and DA-GO inhibited solutions are shown in Figures 3.33a & 3.33b. Nyquist plots for both the 

blank and DA-GO inhibited showed depress semi-circle capacitance loops which correspond to a 

single time constant representing an imperfect inhibitor coating which tend not to allow electron 

transfer (Rf//CPEf) at the high frequency region, where CPEf represents the constant phase element 

(CPE) at the electrolyte/DA-GO film interface and a double layer created by DA-GO film/metal 

substrate interface (CPEdl) with no resistance between the metal substrate and DA-GO film at the 

low frequency [36]. The impedance graphs of the blank and DA-GO solutions are similar 

indicating that DA-GO decreases the carbon steel CR with no change in the mechanisms of 

corrosion. 
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The imperfection of the semi-circular 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 surface film [37]. Nyquist plots diameter for DA-

GO media were higher than that of blank. As capacitive arc diameter increased with using more 

DA-GO concentration, it indicates adsorption DA-GO 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 corrosions. The growing diameter of Nyquist plot capacitive 

loops with more DA-GO suggests a direct relation of DA-GO concentrations with its inhibition 

efficacy [38]. Increasing DA-GO concentrations improves the interaction rate of the carbon steel 

surface and DA-GO molecules this, in turn, increases the amount of adsorbed DA-GO on the steel 

surface [39].  

The linear portion at the intermediate frequency of Bode modulus curves of DA-GO 

inhibited media were more than the blank Figure 3.33b) and the linearity increased with the 

increase in DA-GO, 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 accuracy for all 

the plots was between 0.037 × 10ī3 and 0.678 × 10ī3. The elements of equivalent circuit are the 

solution resistance (Rs), layer constant phase element (CPEf), film resistance (Rf) phase shift 1 

(n1), double layer constant phase element (CPEdl) and phase shift 2 (n2), Table 3.21. DA-GO 

percentage inhibition efficiency (%IE) is calculated by Eqn. 3.3.4: 

 

 ϷὍὉ  ρ   ρππ                                                                                              3.3.4 

where, Ὑ and Ὑ is the charge transfer resistances of the blank and DA-GO 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. Hence, CPE was utilized instead, to get a precise fit. CPE 

impedance is calculated by Eqn 3.3.5 [40]; 

 

ὤ  ὣ Ὦ‫                                                                                                                3.3.5 

where Yo is CPE magnitude, while ɤ is angular frequency, and n is a phase shift while j is the 

square root of -1.  

 

Rf values for DA-GO solutions were higher of blank (Table 3.21) since the adsorption of the 

protective DA-GO onto the steel and effectively shields the carbon steel surfaces from acid, thus, 

protecting it from further mass loss. The values of Yo1 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 DA-GO molecules as compared to the highly porous & very weak thin film 

corrosion product formed on steel immersed in blank solution. Thus, the observed significant 

higher Yo1 values of the blank (significant capacitance) as compared to that of DA-GO inhibited 

solutions.  Also, the Yo2 values of DA-GO inhibited media were lower than blank solution (Table 

3.21). 
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Figure 3. 33. (a) Nyquist, (b) Bode modulus plots recorded for the carbon steel in the blank and DA-GO 

inhibited solutions, fitted Nyquist curve for (c) blank 15% HCl & (d) 3 ppm DA-GO and (e) equivalent circuit 

used for fitting the test solutions impedance curves. 

  

  

 

a 

d c 

e 

b 
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Table 3. 21. Electrochemical impedance spectroscopy measurement parameters for the blank and DA-GO 

inhibited solutions at room temperature. 

  CPEf  CPEdl   

Concn of DA-GO 

(ppm) 

Rs (W 

cm2) 

Yo1 (mWsn 

cm-2) 

n1 Rf (W 

cm2) 

Yo2 (mWsn 

cm-2) 

n2 ɢ2 x 

10-3 

%IE 

Blank 0.490 2.311 0.824 8.388 3438 0.316 0.678   ï 

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 0.322 0.038 78.88 

5 0.370 0.171 0.812 62.76 182.0 0.342 0.037 86.63 

 

 

3.3.3.3.3. PDP Measurement 

The PDP tests were performed to study the impact of DA-GO onto the anodic metal 

dissolution and cathodic H2 gas evolution. PDP curves for both the blank and DA-GO inhibited 

media are depicted in Figure 3.34. The cathodic and anodic current densities (Icorrs) of the inhibited 

solutions could be seen to be less than blank solution. Thus, DA-GO inhibits both the reductive 

hydrogen evolution cathodic and oxidative metal dissolution anodic reactions [41,42]. The 

corrosion potentials (Ecorr) 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 the more negative direction compared with the blank. Table 3.22 lists the values 

collected from electrochemical parameters after Tafel fit. These parameters are the potential of 

corrosion (Ecorr) with corrosion current density (Icorr) and anodic Tafel slope (ɓa) and cathodic 
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Tafel slope (ɓc) values and CR. The inhibition effectiveness (%IE) of DA-G inhibitor was 

evaluated by Eqn 3.3.6: 

 

ὍὉὖὈὖϷ  ρ                                                                                                   3.3.6 

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

 

The Icorr and Ecorr values of DA-GO inhibited solutions were observed to be lower than 

blank. The low values of the Icorr and Ecorr of DA-GO inhibited media can be attributed to the 

blocking of the carbon steel surface by surface adsorbed DA-GO molecules [43], thus the observed 

significant decrease in CR of DA-GO inhibited. The Ecorr value of the blank solution was more 

negative than that of the 1 ppm and less negative than that of the higher DA-GO concentrations, 

no certain trend in the Ecorr value shift was however noted with more DA-GO concentrations. Some 

of the values of ɓa and ɓc of the inhibited media were lower than that of blank with the ɓc values 

more affected than the ɓa values. An indication that DA-GO inhibitor acts mainly as a cathodic-

type indicator [44].  
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Figure 3. 34. Potentiodynamic polarization plots recorded for carbon steel in the blank and DA-GO inhibited 

solutions. 

 

Table 3. 22. Potentiodynamic polarization and linear polarization resistance measurements parameters for the 

blank and DA-GO inhibited solutions at room temperature. 

 PDP Method LPR Method 

Concn of DA-GO 

(ppm) 

Ecorr (mV vs 

Ag/AgCl) 

Icorr 

(µA/cm2) 

ɓa 

(mV/dec) 

ɓc 

(mV/dec) 

CR 

(mm/yr) 

IE (%) Rp 

(ɋcm2) 

CR 

(mm/yr) 

IE (%) 

Blank ï379.5 2498.9 73.10 124.3 29.00 ï 8.722 34.67 ï 

1 ï365.9 784.7.8 67.68 92.47 9.105 68.60 36.67 8.244 76.21 

2 ï386.7 431.9 69.91 82.07 5.017 82.70 37.98 7.962 77.04 

3 ï414.5 409.4 150.3 70.97    4.751 83.62 58.50 5.168 85.09 

4 ï403.4 384.7 114.9 138.3 4.464 84.61 76.82 3.936 88.65 

5 ï401.3 343.5 146.5 124.9 3.986 86.26 97.46 3.102 91.05 
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3.3.3.3.4. LPR Measurement 

The LPR measurement was performed also to evaluate the inhibition performance of DA-GO 

against carbon steel corrosion in the 15% HCl solution. The LPR technique is non-destructive and 

allows for CR measurement in real-time. A small polarization voltage of ±10 mV, when a linear 

of E/I with Icorr is usually chosen in this technique so as to prevent a significant disruption of the 

corrosion processes to ensure accurate measurement, Table 3.22 gives the LPR obtained CR while 

polarization resistance (Rp) values of blank as well as DA-GO inhibited environments. Percentage 

of inhibition effectiveness (%IE) of DA-GO is calculated by Eqn 3.3.7: 

 

   ὍὉϷ  ρ                                                                                                               3.3.7 

where, Ὑ  and Ὑ are the polarization resistances of both blank as well as DA-GO environments. 

 

The CR and Ὑ  values of DA-GO inhibited solutions were observed to be significantly lower and 

higher than that blank. Ὑ value improves with increasing DA-GO concentrations while the CR 

decreases with an increase in DA-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.  

 

 3.3.3.4. Isotherm 

Corrosion 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 loss and PDP test data were utilized to 
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acquire the adsorption mechanism of DA-GO molecules on the steel surface. Several adsorption 

isotherm models such as the Langmuir, Freundlich, and Tempkin isotherms were tested.  The 

Langmuir adsorption isotherm model fit to experimental dat. The Langmuir isotherm indicates a 

independent homogeneous monolayer of DA-GO molecules on steel surface [45]. The theory of 

Langmuir isotherm is expressed by Eqn 3.3.8: 

 

  ὅὭ                                                                                                                      3.3.8                        

where, Ci is DA-GO concentration, KL and aL are Langmuir isotherm constants, Kads is the 

equilibrium constant of the adsorption process and ẽ is the degree of surface coverage and is 

assessed as IE(%)/100 (suggesting a straight relation of degree of surface coverage with % efficacy 

of inhibition) [46].  

 

Ci/ẽ against Ci plot indicates a straight trend with a slope of aL/KL and an intercept 1/Kads and 

aL/KL is equal to the theoretically monolayer capacity [45]. The isotherms of adsorption acquired 

in weight loss and PDP tests are depicted in Figure 3.35. Straight lines graph with a correlation 

coefficient R2 of 0.992 and 0.999 for the weight loss and PDP data.  Kads is adsorption Gibbs free 

energy (ȹὋ ) as Eqn 3.3.9  

 

 ῳὋ  ὙὝὍὲρ ὢ ρπὑ                                                                                                     9 

where, T in Kelvin is temperature, R (8.314JK-1mol-1) is molar gas constant. 

 

ЎὋ  values Ò -20kJ/mol reveals a physisorption, that is electrostatic interactions between steel 

surface and inhibitor while ЎὋ  values around -40kJ/mol or greater suggests a chemisorption 

that is the possible transfer of lone electron pairs from the inhibitor molecules onto the steel empty 

low-lying orbitals [47]. The ЎὋ  values of -36.213 and -37.215kJ/mol were attained for the 
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weight loss and PDP data. The computed ЎὋ  values from the weight loss and the PDP tests are 

within the range of -20 to -40kJ/mol suggesting the adsorption of DA-GO on the steel surface to 

be via a combination of physical (physiosorption) and chemical (chemisorption) mechanism [48]. 

 

 

Figure 3. 35. Langmuir adsorption isotherm of DA-GO adsorption on carbon steel surface in 15% HCl in the 

presence of DA-GO. 

 

3.3.3.5. Steel Surface Examination                   

Figures 3.36a, c & e shows the SEM micrograph of the polished bare steel surface and 

that of the steel surfaces in 24 h in blank & DA-GO inhibited room temperature. The images of 

steel in blank media (Figure 3.36c) exhibited a great degree of surface roughness and cracks. 

However, in the presence of DA-GO inhibited solution (Figure 3.36e), the steel exhibits a 

smoother surface with some deposition of sheet-like materials over its surface. The sheet-like 

material could be said to be the adsorbed DA-GO molecules that protect the steel from highly 
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corrosive acid environment. This gives the steel surface of the inhibited solution a much smoother 

surface than that in the blank solution. DA-GO inhibited steel surface (Figure 3.36e) looks almost 

as smooth as that of the bare polished steel (Figure 3.36a). The little roughness or scratch observed 

in the polished bare steel surface is due to polishing. 

Figures 3.36b, 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 further insight into the adsorption phenomena of DA-GO onto 

the steel surface. The weight% of Fe on the surface of the steel immersed in the blank solution was 

63.1% (Figure 3.36d) about 40% lower than that of the bare steel surface, 95.6% (Figure 3.36b). 

The lower Fe amount for the steel in 15% HCl blank is as a result of high Fe dissolution in the 

solution. Also, a high amount of chloride (13.1%) (Figure 3.36d) could also be seen to be 

contained on the steel in blank media, suggesting the high acid attack which promotes hydrogen 

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 steel in DA-GO 

inhibited medium (Figure 3.36f). This suggests the formation of a protective barrier or film on the 

steel surface by DA-GO 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 carbon steel coupon (a) & (b), 

carbon steel surface after 24 hoursô immersion in the blank solution and carbon steel coupon after 24 hoursô 

immersion in 5 ppm DA-GO inhibited solution (e) & (f). 

 

AFM is a powerful surface technique that has been used to see surfaces 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 technique [49ï53]. The 2D and 3D AFM images of the surfaces of 

polished bare carbon steel and carbon steel in blank and DA-GO inhibited media are shown in 

Figure 3.37. The average roughness (Ra) values indicated by deviation in height; the root mean 

square roughness (Rq) represent the standard deviation of surface heights and max profile valley 

depth (Rv) are summarized in Table 3.23. The Ra, Rq & Rv values for the surface of carbon steel 

in blank (0.289, 0.365 and 0.806 µm) were significantly larger than those of the bare polished 

carbon steel (0.0889, 0.114 & 0.392 µm) and the carbon steel immersed in DA-GO inhibited 

solution (0.0999, 0.134 & 0.601 µm). The slight roughness observed for the bare carbon steel 

surface (Figure 3.37a) is a result of scratch from polishing and atmospheric corrosion. The very 

high values of the amplitude roughness values of the steel in the blank which is also evident, 

Figure 3.37b is a consequence of the aggressive acid attack on the unprotected steel surface.  The 

much lower values of the amplitude roughness parameters for the steel surface dipped in DA-GO, 

which exhibit a much smoother and denser surface (Figure 3.37c) is a consequence of the forming 

protective DA-GO on the steel surface, blocking it from the aggressive acid attack. 

FTIR spectrum of DA-GO film also confirms DA-GO molecules adsorbed onto the steel 

surfaces. The features O-H and C=C stretching vibrational band of DA-GO were shifted from 3343 

and 1632 cm-1 to 3344 and 1591 cm-1. An additional band at 1608 cm-1 associated with the Fe-C-

O stretching vibrational band was also observed for the adsorbed DA-GO film as can be seen in 

DA-GO and DA-GO film FTIR spectra (Figure 3.29). The less intense O-H stretching and C=C 

stretching vibrational bands of the adsorbed DA-GO film as compared to that of DA-GO 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% HCl 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 roughness (Rq) Maximum profile valley depth (Rv) 

Sample (µm) (µm) (µm) 

Bare polished CS 0.0889 0.114 0.392 

CS immersed in blank 

15% HCl 

0.289 0.365 0.806 

CS immersed in DP-

GO inhibited 15% HCl 

0.0999 0.134 0.601 

 

 

3.3.4. Mechanism of DA-GO Corrosion Inhibit ion  

The adsorption mechanism of inhibitor molecules could be chemical (chemisorption), where 

inhibitor heteroatoms as well as aromatic rings donates lone electrons pair and ˊ electrons to the 

empty low-lying d-orbital of iron atoms/ion,  or physical (physisorption), where protonated 

inhibitor interacted with adsorbed Cl ions on carbon steel surface or both phenomena [54]. 

Inhibitor molecules can also adsorb on steel surfaces via a retro-donation mechanism, where d-

electrons from the surface Fe-atoms donate their excess electrons to the ˊ anti-bonding molecular 

orbitals of the molecules of inhibitor. The plausible mechanisms of adsorption of DA-GO molecule 

onto the surface of the carbon steel are shown in Figure 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 low-lying d-orbitals of Fe or/and via the retro-donation mechanisms as evident by the EDX 

spectra where no heteroatom was observed in the EDX spectrum of DA-GO inhibited solution and 

the FTIR spectra of the adsorbed DA-GO surface film where an additional Fe-C-O band was 

observed. 
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Figure 3. 38. Plausible mechanism of adsorption of DA-GO molecules on carbon steel surface in DA-GO 

inhibited solution. 

 

 

 

  



146 

 

Conclusion 

The mitigation of carbon steel corrosion in 15% HCl solution by dopamine functionalized 

graphene oxide (DA-GO) was studied. DA-GO inhibitor was characterized by FT-IR, 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 indicated DA-GO inhibitor to act as a mix-type inhibitor. EIS results 

exhibited that DA-GO inhibitor protects the steel surface without changing the carbon steel 

corrosion mechanism. SEM, EDS, AFM as well as FT-IR analyses showed that DA-GO molecules 

protect the carbon steel by adsorption forming a protective DA-GO layer. DA-GO 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 assessed the corrosion inhibition performance of DAH-GO and DAO-GO against 

the corrosion of carbon steel in 15% HCl, simulating oil/gas well acidizing environment utilizing 

the experimental weight loss & electrochemical measurement techniques at ambient and high 

temperatures. Waste graphite was used to make the GO, which was then grafted with the 

diaminoamines (DAH & DAO). FTIR, Raman, TEM and TGA methods were used to characterize 

the GO and the functionalized GOs. The FTIR, Raman, and TEM methods all demonstrate that the 

GO was successfully synthesized and that the diaminoalkanes on the GO surface were successfully 

grafted. The TGA analysis suggested both DAH-GO and DAO-GO to be more stable than GO 

with DAO-GO being marginally more stable than DAH-GO. The effect of temperature and 

concentration on the inhibitors' performance was also investigated. At room temperature, the 

inhibition efficiency of DAH-GO increased with concentration, reaching a maximum of 82% while 

that of DAO-GO reaches a maximum of around 86% at concentration of 5 ppm for both. The 

inhibitors performed well at extremely low concentration at the temperatures tested, however as 

the temperature rises, the inhibitor's performance reduces. The inhibitors could be said to function 

mostly as an inhibitor of the cathodic kind, according to the PDP measurement. The examined 

compounds were found to follow the Langmuir adsorption theory. After 24 hours of immersion in 

the inhibited solutions, AFM, SEM/EDS surface morphology, & FTIR examinations of the 

corrosion products revealed that the functionalized GOs molecules adsorbed on the steel surface 

to form a protective coating that shielded the steel surface from strong acid attack. DFT 
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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 molecules' interactions with the steel surface. The results 

obtained from the DFT calculations supported the experimental results. Because GO is made from 

scrap graphite, this study is critical in addressing two major environmental concerns: corrosion 

and waste management. 

Keywords; Functionalized graphene oxide; Thermogravimetric analysis; Adsorption, HOMO-

LUMO, Electrophilicity 
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3.4.1. Introduction  

Oil &  gas wells acidizing is one of the most important and popular stimulation techniques 

for enhancing oil and gas production. Acidizing 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 treatments are hydrochloric acid, hydrofluoric acid, acetic acid, formic acid, 

chloroacetic acid, sulfonic acid and nitric acid, of which the use of 5ï28% HCl is most common 

[1]. Scale removal treatment usually employs the use of  HCl (15%) at 60 oC for carbonated 

minerals and iron oxides scale  removal of [2]. Acidizing technique however, exposed 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 highly corrosive acid media. The 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 Engineers (NACE), with $589 million in surface pipeline and facility costs, $463 

million in downhole tubing expenses, and another $320 million in corrosion-related capital 

expenditures [3]. The use of corrosion resistant materials, cathodic protection, coatings, and the 

addition of corrosion inhibitors are the four common ways for controlling corrosion, with inhibitor 

addition being the most practical, cheap, and efficient method of protecting oil and gas operational 

facilities. Corrosion inhibitors are usually added to the acids, to mitigate the attack of acid on the 

steel. Corrosion inhibitors often adsorbed to the steel surface, providing a layer that protects it 

from acid attack. Some of the commercially available corrosion inhibitors employed during 

acidizing process are the formulations containing aromatic aldehydes, acetylenic alcohols, 

nitrogen containing heterocyclics, quaternary ammonium salts and carbonyls [4]ï[9]. These 
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inhibitors are costly, hazardous, environmentally unfriendly and efficacious only at very high 

amounts [10]. As a result, new inhibitors must be found that are not only inexpensive but also 

ecologically benign, nontoxic, and effective at considerably lower concentrations. 

Graphene, a two-dimensional carbon-conjugation structure, has been employed in a variety 

of domains, mostly due to its improve electrochemical and spectroscopic properties [11], [12]. 

When compared to traditional protective solutions such as polymeric coatings and inert metals, 

graphene has the advantages of low cost, high impermeability, wide surface area, and high thermal 

resistance [13], as well as being environmentally friendly. Metal corrosion prevention has been 

achieved using graphene composites. Graphene derivatives have purportedly used as anti-

corrosive coating agents for marine and other corrosive environments due to their various 

distinctive attributes, such as high chemical resistance, large surface area, high thermal stability, 

enhanced mechanical strength, high level of hydrophobicity and impermeability [13]ï[19]. 

Graphene is however, insoluble in aqueous media due to the lack of functional groups, it is used 

as an anti-corrosion coating material [14], [15]. The efficiency of the graphene can be enhanced 

by surface modification with various functional groups. GO can be prepared by method of 

oxidation of graphite with strong acids, thermal and chemical exfoliation of graphite oxide. GO 

can be functionalized either by covalent or noncovalent means [20]. The 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 surface. Covalent functionalization is 

achieved via chemical reactions such as addition (where organic substances combine with GO 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 epoxy groups of GO is 
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targeted, where in most cases, the amine functional groups bearing lone pair of electrons of organic 

molecules attack the GO epoxy group) [21], [22]. Of all the chemical reactions, the nucleophilic 

substitution is considered to be a much more scalable method for GO functionalization due to its 

ease, can occur at room temperature and in aqueous medium. Due to the presence of multiple 

oxygen-containing functional groups such as epoxides, hydroxyls, carbonyl, and carboxyl on their 

surfaces and edges, GO and functionalized GOs could behave as excellent corrosion inhibitors in 

the solution phase [16]ï[18]. The inhibition of mild steel corrosion in 1M HCl by diazo pyridine 

and diamino pyridine functionalized GOs have been reported [23]. At a concentration of 25 mgL-1, 

Gupta et al. discovered that aminoazobenzene and diaminobenzene functionalized GOs inhibit the 

corrosion of mild steel in 1M HCl with efficiencies of 94.6 and 92.04%, correspondingly. 

According to certain research, functionalized graphene oxide can be used as a corrosion inhibitor 

for carbon steel in acidic solutions (15% HCl) [24]ï[26]. 

A number of amines have been reported as corrosion inhibitors for different corrosive 

environment [27ï38]. Herrag et. al. [29] investigated the performance of three diamines 

(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 performance and carbon chain 

length. The performances of two amines (1,8-diaminooctane and tetraethylenepentaamine) and 

their ethoxylated and propoxylated derivatives were investigated  as corrosion inhibitors  against 

carbon steel corrosion in HCl (1M) [39].   

In this work we have prepared GO using the Tourôs method [40], which is a much safer 

method than the famous Hummerôs method of GO preparation. The GO was functionalized via the 

nucleophilic substitution reaction where the lone pair electrons of the amine functional groups of 
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the diaminoalkanes attack the epoxy group of GO. The performance of the two Ŭ,ɤ-

diaminoalkanes (diaminohexane and diaminooctane) functionalized GO compounds were 

investigated against the corrosion of X60 carbon steel corrosion in 15% HCl utilizing weight loss 

(at ambient (25±1), 40 and 60 oC temperatures) and electrochemical experiments. The effect of the 

adsorbed functionalized GOs on morphology of the carbon steel surfaces was also examined 

employing the SEM/EDS, AFM and FTIR techniques. 

 

3.4.2. Experimental and Computational Procedure 

3.4.2.1 Experimental 

3.4.2.1.1. Materials and Chemicals 

API X60 carbon steel specimen, diaminohexane, diaminooctane, dimethyl-formamide, 

graphite powder, H2O2 (30%), KMnO4, H2SO4 (96 %w/w), and H3PO4 (85 %w/w).  

 

3.4.2.1.2. Synthesis of GO and Functionalized GOs (DAH-GO and DAO-GO) 

  The GO was synthesized using the Tourôs method [40], utilizing waste graphite powder. 

In brief, a mixture of 3g of graphite powder and 18g of KMnO4 was slowly added to ice-cold 

mixture of 360 ml H2SO4 (96%) and 40 ml H3PO4 under stirring. The mixture was heated for 12 

hours at 50 oC 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 ml H2O2 (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 solid was then washed several times 

with 10% HCl 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 for 1h) and dried. 500 ppm of the obtained GO in anhydrous 

DMF was subjected to ultra-sonication 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 hours at room temperature and the resulting product isolated (centrifugation followed by 

several washing with ethanol/water 1:1 mixture) and oven dried at 60 oC. Figure 3.39 illustrates 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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3.4.2.1.3. Characterization of GO and diaminoalkanes functionalized GO 

The FTIR, Raman, TEM and TGA techniques were employed to characterized the GO, 

DAH-GO and DAO-GO. The Nicolet 6700 FTIR spectrophotometer was used to FTIR spectra at 

a resolution 4 cm-1 within a 4000 ï 400 cm-1 range. The LabRAM HR Evolution Raman 

spectrophotometer was employed to collect the Raman spectra within a 1000 -  3000 cm-1 range at 

an accumulation of 2s and acquisition of 60s using a laser excitation wavelength of 633 nm (50 

%), the microscope 50x objective lens and 600 gr/mm gratings. The JEOL field emission electron 

microscope (model JEM-2100F) 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 at a flow rate of 50 ml/min in a temperature range 

of 25ï800 ÁC.  

  

3.4.2.1.4. Test Specimens and Solutions Preparation    

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 Fe(remainder) are the components of the carbon steel specimen 

used.  The test specimen used for the weight loss was cut into dimensions of 3.0 cm x 3.0 cm x 1.0 

cm (given a total surface area of 30 cm2) while that used for the electrochemical experiment was 

cut into dimensions of 1.0 cm x 1.0 cm x 1.0 cm, cold-mounted into an epoxy/hardener mixture 

leaving a total surface area of 1 cm2. The specimens were abraded with silicon carbide abrasive 

papers (120ï800 grit sizes), then cleaned using distilled water & acetone and dried. After diluting 

adequately concentrated HCl (37%) to make the 15% HCl solution, six concentrations (1, 2, 3, 4, 
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5 & 6 ppm) of DAH-G0 and DAO-GO were prepared in aliquots 15% HCl and their performances 

evaluated.  

 

3.4.2.1.5. Weight Loss Experiment 

The weight loss experiment followed the ASTM G1 ï 03 protocol [41]. For 24 hours, pre-

weighed carbon steel specimens were immersed completely in duplicates in 100ml of the test 

solutions housed in a 250 ml glass container kept at ambient temperature (25±1), 40, and 60 oC. 

After that, each test sample was removed, washed thoroughly, rinsed with distilled water and 

acetone, dried, and weighed. The weight loss was calculated using the difference in weight before 

and after the specimens were immersed, and the average weight loss used to calculate the corrosion 

rate. 

 

3.4.2.1.6. Electrochemical Experiment 

The Metrohm PGSTAT100N Autolab Potentiostat/Galvanostat was utilized to performed 

the electrochemical experiment. The experiment was conducted using the three-electrodes cell 

configuration with the cold-mounted test specimen, graphite rod and Ag/AgCl electrode as the 

working, counter and reference electrodes respectively. The test specimen was totally immersed 

into the test solution for one hour at open circuit potential (OCP). Three approaches were used 

(EIS, LPR, and PDP). The EIS was recorded within a range of frequency (10 mHz to 100 kHz) 

and a 10 mV amplitude. The LPR recorded between a potential range of ±10mV potential from 

OCP and at a scan rate of 0.125 mV/s. The PDP was recorded between a of ±250mV potential 
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range from OCP and a scan rate of 0.25 mV/s. The Nova software (version 2.1.5) was used to fit 

the curves.  

 

3.4.2.1.7. Immersed Steel Surface Analysis 

The effect of inhibitor molecule adsorption on the surface morphology of test samples 

dipped in the test solutions (blank, DAH-GO & DAO-GO inhibited solutions) at ambient 

temperature for 24 hours was examined using the SEM/EDX, AFM, and FTIR techniques. A JEOL 

JSM-6610LV scanning electron microscope was used to capture SEM pictures and EDX spectra. 

Dolan-Jenner Industries' Fiber-Lite MI-150 high-intensity illumination was used to collect the 

AFM images.  

 

3.4.3. Results and Discussion 

3.4.3.1. Characterization of GO and the Functionalized GOs 

3.4.3.1.1. FTIR Characterization  

The FTIR spectroscopic technique is regarded as a very important tool for the 

characterization of functional groups [20]. The FTIR spectra of GO, DAH-GO and DAO-GO is 

given in Figure 3.40. The GO exhibits the following characteristics IR band, a broad band around 

3100-3500 cm-1 attributed to the O-H stretching vibration, two weak bands at 2922 & 2852 cm-1 

attributed to the asymmetric & symmetric C-H stretching vibrations, a weak band at 1736 cm-1 

attributed to the C=O stretching vibration, a strong band at 1630 cm-1 attributed to C=C stretching, 
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a medium band at 1406 cm-1 attributed to the O-H bending vibration and a weak band at 1215 cm-

1 attributed to the epoxy C-O stretching vibration [20], [42]. In the functionalized GOs, a shift of 

the characteristics GO bands was observed and in some cases changes in GO band intensity were 

also observed. For both the DAH-GO & DAO-GO (Figure 3.40a & 3.40b), a medium & broader 

band was observed in the region of 3100 ï 3600 cm-1, this is attributed to the N-H stretching 

vibration of the diaminohexane overlapping with the O-H stretching vibrational band of GO. The 

GO asymmetric & symmetric vibrations were respectively shifted to 2979 & 2940 cm-1 in DAH-

GO and 2981 & 2946 cm-1 in DAO-GO. Additional bands were observed at 2885 & 2820 cm-1 in 

DAH-GO and 2884 & 2827 cm-1 in DAO-GO attributed respectively to the C-H asymmetric & 

symmetric vibrations of the aliphatic C-H group in the DAH and DAO confirming the successful 

functionalization of the GO with the diaminoalkanes. The C=C stretching vibration in GO were 

shifted to 1615 cm-1 in both DAH-GO and DAO-GO. The O-H bending vibration in GO was 

shifted to 1360 cm-1 in DAH-GO and 1359 cm-1 in DAO-GO. The epoxy C-O stretching vibration 

of GO appears almost invisible and the appearance of another additional band at 1060 & 1059 cm- 

1 in DAH-GO & DAO-GO respectively attributed to the C-N stretching vibration for both cases 

provide evidence of the 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.  

 

b 
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3.4.3.1.2. Raman Characterization 

The D and G-bands are the main attributes in Raman spectra of carbon. The D-band which 

is generated by zone boundary phonons corresponds to the number of sp3 carbon atoms and 

provides information about defects while the G-bands is a result of the doubly degenerate zone 

centre, the E2g mode and is present in all carbon based materials [42], [43]. A shift in the G-band 

to a lower value is attributed to the restoration of the graphitic sp2 network [44]. Figure 3.41 shows 

the Raman spectra of GO, DAH-GO and DAO-GO. The GO D-band was shifted from 1337 cm-1 

to 1332 and 1331 cm-1 in DAH-GO and DAO-GO respectively. While the GO G-band observed 

at 1598 cm-1 was shifted to a lower frequency in both DAH-GO (1587 cm-1) and DAO-GO (1592 

cm-1) suggesting some restoration of the graphitic sp2. This is due to the fact that GO 

functionalization occurs mainly by the interaction of the amines with the defect sites containing 

oxidizing groups (epoxy) [42]. The degree of oxidation in graphene or covalent functionalization 

of GO is indicated by the ratio of the D-band intensity to the G-band intensity (ID/IG). The ID/IG for 

GO was estimated at 0.975, an amount slightly low than that of DAH-GO (1.161) and DAO-GO 

(1.128), this is a consequence of the functionalization of GO to DAH-GO and DAO-GO.  
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Figure 3. 41. Raman spectra of GO, DAH-GO and DAO-GO. 

 

The slightly higher value of DAH-GO ID/IG as compared to that of DAO-GO may be explained 

that more molecules of DAH are attached in GO in the case of DAH-GO than the case of DAO 

and also explains the lower G-band absorption frequency observed in DAH-GO as compared to 

DAO-GO. 

 

3.4.3.1.3. TEM Characterization 

The low and high resolution TEM images of GO, DAH-GO & DAO-GO are shown in 

Figures 3.42. The TEM images of GO, DAH-GO and DAO-GO at the low magnification shows 

the flake-like shape, wrinkled structure typical of GO sheets (Figures 3.42a, 3.42c & 3.42e).  At 
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the higher magnification, we could see a folded and crumpled morphology for GO (Figures 

3.42b), This is due to the oxygen-containing functional groups on the surface of GO [45]. This 

folded and crumpled morphology is more pronounced in both DAH-GO & DAO-GO (Figures 

3.42d & 3.42f). This is a consequence of greater degree of hydrogen bonding between the amine 

molecules of DAH-GO & DAO-GO [46], [47]. We could see that the functionalized GO retained 

the layered GO structure even after functionalization. The dark portions of the images (Figure 

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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