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• Metals occur as minerals in the earth’s crust in the following chemical states: oxides, sulphides and to a lesser 
extent, in ‘native ‘form. A mineral from which the metal of interest can be extracted at a profit is called an 
‘ore’. Chemically, an ore may contain three classes of minerals, namely: (a) Value minerals (b) Secondary Value 
minerals and (c) Gangue minerals. 

• Ore preparation is a two-part process consisting of beneficiation and agglomeration. Beneficiation 
involves the separation of value mineral from the gangue while agglomeration is the process of reforming fine 
particles into larger lumps of appropriate size and strength. The main methods of agglomeration are sintering, 
nodulising, pelletizing and briquetting . 

 
• One of the outstanding properties of a metal is its tendency to ionize. This tendency is measured by means of electrode 

potentials. If the metals are arranged in a decreasing order of their electropositivities (reactivities), we have an  
‘activity or electrochemical series’. In this arrangement the metals may be sub-divided into three categories namely most 
electropositive, moderately electropositive and least electropositive. Very reactive elements exist mainly in the form of 
chloride, trioxo-carbonate (IV) and oxide ores. Moderately electropositive metal ores exist in the form of oxides, 
tetraoxo-carbonate (IV) and sulphides while ores of least electropositive metals exist in the form of sulphides and native 
(free) elements. The method of extraction (reduction) of a particular metal depends on its electropositivity or its position 
in the electrochemical series. Most electropositive metals are extracted by electrolysis of molten ores (electrometallurgy) while 
moderately electropositive metals are obtained by reduction of oxides (pyrometallurgy). Ores of least electropositive metals 
are extracted by thermal or chemical methods (hydrometallurgy). 

METALS: OCCURRENCE & EXTRACTION



• Metals are opaque, lustrous elements that are good conductors, malleable and ductile. In 
Chemistry, metals may be defined as elements that readily form cations (positive ions) and 
form metallic bonds with other metal atoms and ionic bonds with non-metals. Metals may also be 
described as a lattice of positive ions surrounded by a cloud of localized electrons. The 
metallurgist considers metals as elements that have overlapping conduction bands and valence 
bands in their electronic structure. They react with oxygen in the air to form basic oxides. 
Metals constitute over 80% of the elements in the periodic table. 

 
Metals are widely used in; 

• Construction – farming tools, bridges, household conveniences, building, communication etc. 

• Transportation – cars, buses, trucks, ships, airplanes etc. 

• Electric power generation and distribution. 

• Biomedical applications. 

• Ornaments and cooking utensils. 



• The process whereby a material breaks into its constituents atoms because of the chemical reactions with its surrounding 
is called Corrosion. Rusting of a metal is a commonly known type of electrochemical corrosion. In rusting, the metal actually 
undergoes electrochemical oxidation with oxygen as an oxidant. The metal oxide (rust) is then formed. This metal oxide 
(rust) is the damage that is of serious concern to most industries all over the world. Corrosion is not only limited to metals, 
it can also take place on other materials such as polymers and ceramics. Nevertheless, in polymers it is more often than 
none explained as degradation than corrosion although they are referring to a similar process. Amongst many metals,  
corrosion is experienced strongly in iron and steel. This is because the oxide that is formed during the process of oxidation does 
not hold firmly to the surface of the metal, as a result it moves off the metal easily. In the case of aluminum metal, an oxide 
coating that aluminum forms assist in bringing the oxide to strongly bond the surface of the metal thereby slowing down the 
corrosion(or stop further exposure to oxygen). 

• Corrosion is usually described by its results, with terms like rust, scaling, discoloration, oxidation, pitting, etc. The actual 
electrochemical process however is much less noticeable. The word "rust", describes the corrosion of iron and steel, one of the 
most noticeable effects of corrosion. 

• Corrosion acts upon engineered materials, usually metals. In essence, it changes a metal into a different substance that no longer 
has the same desired properties (e.g. strength, toughness, etc.). 

• You can consider corrosion to be the opposite of producing a metal. Iron, for example, is made by first mining iron oxide, and then 
introducing a large amount of energy to extract the iron. The resulting high-energy product is inherently unstable. Nature 
prefers low energy states. Iron transitions into a lower energy state by corroding. 

• Corrosion is a natural process driven by energy considerations. The process of extraction of metals from their ores stores up 
vast quantity of energy in the metal. Corrosion is therefore a means of releasing this stored – up energy. The metal because 
of its high energy is in an excited state / state of high energy. The corrosion process is a means of going to the lower energy 
state (the combined state). 

DEFINITION OF CORROSION



(aq) 

The process of rusting or corrosion takes place in multisteps. Firstly, iron is oxidized to ferrous (Fe2+) ions, 
according to the reaction 1 given below; 

Fe(s) → Fe2+
(aq) + 2e- (1) 

Then the (Fe2+) ions are oxidized to ferric ions (Fe3+), as indicated by reaction 2; 

Fe2+ 
(aq) → Fe3+ 

(aq) + e- (2) 

The third step is the reduction of oxygen by the electrons from reactions (1) and (2). This reduction is 
summarized by reaction (3) below; 

O2 (g) + 2H2O (l) + 4e- → 4OH- (3) 

The last step involves the reaction between Fe2+ and O2 to produce ferric oxide [iron (III) oxide]. Equation (4) 
illustrates this; 

4Fe2+ 
(aq) + O2 (g) + XH2O (l) → 2Fe2O3.XH2O (s) (rust) + 8H+ 

(aq) (4) 

 
• In dry conditions (where there is no moist) such as in places like desert, corrosion is much less slower than in 

a moist area where there is moisture carrying oxygen (O2). There are many other factors that influence the rate 
of corrosion of mild steel, including the presence of salt. This is true because the molten salt increases the 
conductivity of the aqueous solution that is formed at the surface of the metal. Because the conductivity is increased, 
the rate of electrochemical corrosion increases. The temperature of the system also affects the rate of 
corrosion of mild steel. The electrochemical reaction that causes corrosion consists of four factors  namely; 
Anode, Cathode, Electrolyte and Electronic circuit. 



Processes involved in the electrochemical cell to 

form Iron oxide (Rust)



There are many different types of corrosion that are known today namely;

i. Uniform corrosion: which is also known as general corrosion since the corrosion is caused by

direct chemical attacks on the substance.

ii. Galvanic corrosion: when two different metals are placed in contact under electrochemical

action.

iii. Concentration cell corrosion: when two metals or more are allowed to come into contact with

different concentration of the same solution.

iv. Pitting corrosion: this type of corrosion takes place at microscopic defects on a metal surface.

TYPES OF CORROSION



i. Crevice corrosion: also known as contact corrosion. It takes place right at the point of contact of the metal 

with the other metal or a metal with a non metal. 

ii.  Filiform corrosion: this type of corrosion takes place on substances that are painted. When moisture finds 

its way in the coating of the surface that is painted, the result is likely to be a filiform corrosion. 

iii.  Intergranular corrosion: the grain boundaries of a substance are attacked perhaps by a strong acid.  

iv. Stress corrosion cracking: this type of corrosion is also commonly abbreviated as SCC. The simultaneous 

effects of stress and the environment cause SCC.  

v.  Erosion corrosion: the harsh chemical environment combined with high fluid surface speeds lead to a 

corrosion known as erosion corrosion. 

vi. Dealloying: although this type of corrosion is not commonly encountered, it remains problematic. This process 
occurs when the alloy losses its atomic component of the metal and retains its corrosion resistance component 

on the metal surface. 

vii.  Corrosion in concrete: self explanatory type of corrosion. In the concrete material, there is a carbon steel 

among the components therein. While the steel is a very crucial component of the concrete for the strength 

purposes of the building, it is also important to note that steel is capable of undergoing corrosion. 

viii.  Refinery corrosion: this is the type of corrosion that results from the equipment surface that has been 

attacked by the strong acid.  

ix.  Microbial corrosion: also abbreviated as MIC, is caused by the activities of microbes. 



Metals corrode because we use them in environments where they are chemically unstable. Only copper and the precious metals (gold, 
silver, platinum, etc.) are found in nature in their metallic state. All other metals, to include iron-the metal most commonly used-are 
processed from minerals or ores into metals which are inherently unstable in their environments. 

This golden statue in Bangkok, Thailand, is made of the only metal which is thermodynamically stable in room temperature air.  All other 
metals are unstable and have a tendency to revert to their more stable mineral forms. Some metals form protective  ceramic 
films (passive films) on their surfaces and these prevent, or slow down, their corrosion process. 



• The effects of corrosion are experienced by many human beings if not all. Lives, jobs and health of the human 
beings are amongst the other things that are affected by the effects of corrosion. Some of the effects 
of corrosion are briefly discussed: 

•  Health effects: Human beings continuously make use of metals or metal products. These include the metal 
piercing on their bodies. The other known example is the applications of metallic plates and cups by human 
beings. When the metallic plates and cups are affected by corrosion, the human health can be at a gross risk. 

•  Safety effects: In this world there are so many crucial means of transportation that are made of metals. These 
include cars, airplanes and ships. If any of the metals that is used in the construction of a car is attacked 
by any type of corrosion, the safety of the passengers may not be guaranteed. The use of metals in the 
construction industries such as construction of bridges and even buildings is one more crucial example. 
If these metals are attacked by corrosion the safety effects are likely to be experienced. 

• Economic effects: The economy of each and every country has a share in the industries of that particular country. 
Petroleum industries continue to make use of metals for their fluid carrying pipes and tanks. These 
industries find themselves spending a great amount of money in their attempts to minimize corrosion. If 
a pipe or a tank breaks as result of corrosion, there will be a loss of production which in turn affects the 
economy. 

EFFECTS OF CORROSION



• Cultural effects: Many nations pride themselves in their heroes. These heroes include political heroes, religious 
heroes and many more. In South Africa alone, there are a number of statues of many political heroes. These 
statues are mostly made up of metallic products which can be attacked by corrosion. Corrosion attacks 
these precious statues thereby affecting the cultural beliefs of a particular nation. 

 
• Technological effects: Most of the technological gadgets are constructed from metallic products. These include 

electricity power stations and solar energy systems. When corrosion damages these metallic substances, 
the technological effect is experienced. 

 
• In the light of all the above mentioned effects of corrosion, control measures / 

procedures needs to be implemented in order to reduce or inhibit corrosion 
thereby prolong the life span of the metals or materials and prevent the return 
to the combined state (ore) from which they were initially obtained (“dust to 
dust” or “earth to earth”). 



• An inhibitor is a substance that slows down or retards a chemical reaction. 

• A corrosion inhibitor is a substance which when added to an environment, reduces the rate of attack by 
the environment. 

• The use of corrosion inhibitors is one of the best methods of combating corrosion. 

• In order that they can be used effectively, three factors must be considered, namely: 

✓ Identification of the corrosion problems, 

✓ The economics of the inhibition process. 

✓ The compatibility of the inhibitor with the process being used. 

 
• Types of Inhibitors 

There are six classes of inhibitors namely; 

✓ Passivating (anodic), 

✓ Cathodic, 

✓ Ohmic, 

✓ Vapour phase, and 

✓ Organic/Inorganic. 

CORROSION INHIBITION



• For the purpose of this lecture, I will concentrate only on the Organic/Inorganic type of inhibitors which happens 
to be the ones I have studied in the past 15 years. Organic and inorganic compounds constitute a large class of 
corrosion inhibitors, which as a general rule; affect the entire surface of a corroding metal when present in 
sufficient concentration. Most of the organic/inorganic compounds containing elements of Groups VB, VIB 
or functional groups of the type – NH2, =CO and –CHO are known to be effective inhibitors. The principal 
mechanism suggested by several researchers in the field of corrosion inhibition studies is ‘adsorption’. The 
inhibitor is adsorbed on the entire surface of the corroding metal and by so doing prevents attack from the 
corrodent. Organic inhibitors are adsorbed according to the ionic charge of the inhibitor on the metal’s 
surface. Cationic inhibitors e.g. amines (positively charged) or anionic inhibitors e.g. sulphonates 
(negatively charged) will be adsorbed preferentially, depending on whether the metal is charged positively 
or negatively. 

• The inhibitors may therefore be considered as two fundamental types namely; 

• Type A: Those which form a protective barrier film on anodes or cathodes by reaction between the metal and 
the environment. The Type A inhibitors functions in neutral or in some cases, alkaline solution in which the 
main cathodic reaction is an oxygen reduction reaction in which the corroding metal surface is covered 
by a film oxide or hydroxide. Type A inhibitors tend to produce a protective film or stabilize an already existing 
ore. 

• Type B: Those which are initially adsorbed directly onto the metal surface by interaction between surface 
charges and ionic and/ or molecular dipole charges. This division of inhibitor types results principally 
from the pH of the solution where they operate. 



MY CONTRIBUTIONS TO CORROSION INHIBITION
STUDIES USING SYNTHETIC ORGANIC/INORGANIC

INHIBITORS.



✓ The use of synthetic organic and inorganic compounds such as thiosemicarbazones and its 
derivatives, dyes (methyl red, methylene blue, methyl orange, thymol blue, solochrome black T etc), 
acetylphenothiazine, acetomidoaniline , and over 2000 compounds  etc as corrosion inhibitors 
and the effect of halides in different media. A few of the publications resulting from these researches 
are below: 

 
1. U. J. Ekpe, U. J. Ibok, B. I. Ita, O. E. Offiong and E. E. Ebenso, (1995). Inhibitory action of methyl and phenyl thiosemicarbazone derivatives on 

the corrosion of mild steel in HCl. Material Chemistry and Physics 40; 87 - 93. 

2. E. E. Ebenso, (1998). Inhibition of aluminium (AA3105) Corrosion in HCl by acetamide and thiourea. Nigerian Corrosion Journal. 1(1); 29 - 44. 

3. E. E. Ebenso, U. J. Ekpe, B. I. Ita, O.E.Offiong and U. J. Ibok, (1999). Effects of molecular structure on the efficiency of amides and TSC used for 
corrosion inhibition of mild steel in HCl. Materials Chemistry and Physics 60; 79 - 90. 

4. E. E. Ebenso, (2001). Inhibition of corrosion of mild steel in HCl by some Azo dyes. Nigerian Journal of Chemical Research. 6; 8 – 12. 

5. U. J. Ekpe, P. C. Okafor, E. E. Ebenso, O. E. Offiong and B. I. Ita (2001). Mutual effects of TSC derivatives on the acidic corrosion of aluminium. 
Bulletin of Electrochemistry 17(3); 131 - 135. 

6. E. E. Ebenso, P. C. Okafor, O. E. Offiong, B. I. Ita, U. J. Ibok and U. J. Ekpe (2001). Comparative investigation into the kinetics of corrosion 
inhibition of aluminium alloy (AA 1060) in acidic medium. Bulletin of Electrochemistry 17(10); 459 - 464. 

7. E. E. Ebenso, P. C. Okafor and U. J. Ekpe (2003) Studies on the inhibition of aluminium corrosion by 2-acetylphenothiazine in chloroacetic 
acids. Anti-Corrosion Methods & Materials 50(6); 414 - 421. 



. 1. E. E. Ebenso, (2003a). Effect of halide ions on the corrosion inhibition of mild steel in H2SO4 using methyl red. Part 1. Bulletin of 
Electrochemistry 19(5); 209 - 216. 

2. E. E. Ebenso, (2003b). Synergistic effect of halide ions on the corrosion inhibition of aluminium in H2SO4 using 2- 
acetylphenothiazine. Materials Chemistry and Physics 79(1); 58 – 70. 

3. P. C. Okafor, E. E. Ebenso, U. J. Ibok, U. J. Ekpe and M. I. Ikpi (2003) Inhibition of 4-acetamidoaniline on corrosion of mild steel 
in HCl solution. Transactions of SAEST 38 (3); 91 – 96. 

4. E. E. Ebenso, P. C. Okafor, U. J. Ekpe, U. J. Ibok and A. I. Onuchukwu (2004). The joint effects of halide ions and methylene blue 
on the corrosion inhibition of aluminium and mild steel in acid corrodent. Journal of Chemical Society of Nigeria. 29(1); 15 – 
25. 

5. E. E. Oguzie, B.N. Okolue, E. E. Ebenso, G. N. Onuoha and A. I. Onuchukwu (2004) Evaluation of the inhibitory effect of 
methylene blue dye on the corrosion of aluminium in HCl solutions. Materials Chemistry and Physics 87(2-3); 394 – 401. 

6. P. C. Okafor, E. E. Ebenso and U. J. Ekpe (2004). Inhibition of aluminium corrosion by some derivatives of thiosemicarbazone. 
Bulletin of Chemical Society of Ethiopia. 18(2): 181- 192. 

7. E. E. Ebenso, (2004). Effect of methyl red and halide ions on the corrosion of aluminium in H2SO4 . Part 2. Bulletin of 
Electrochemistry. 20(12); 551 - 559. 

8. E. E. Ebenso and E. E. Oguzie (2005) Corrosion inhibition of mild steel in acidic medium by some organic dyes.  Material Letters 
59 (17): 2163 – 2165. 



. 1. E. E. Oguzie and E. E. Ebenso (2006) Studies on the corrosion inhibitive effect of Congo red dye – halides mixture. Pigment 
and Resin Technology 35(1): 30 – 35. 

 
2. Alfred I. Onen, B.T. Nwufo, Eno E. Ebenso and Mbuthi R. Hlophe (2010) Titanium (IV) oxide as corrosion inhibitor for aluminium 

and mild steel in acidic medium. International Journal of Electrochemical Science 5: 1563 – 1573. 

 
3. Eno E. Ebenso, Ime B. Obot and L.C. Murulana (2010) Quinoline and its derivatives as effective corrosion inhibitors for mild 

steel in acidic medium. International Journal of Electrochemical Science 5: 1574 – 1586. 

 
4. Eno E. Ebenso, Ime B. Obot (2010) Inhibitive Properties, Thermodynamic Characterization and Quantum Chemical Studies of 

Secnidazole on Mild Steel Corrosion in Acidic Medium. International Journal of Electrochemical Science 5; 2012 – 2035. 

 
5. I.B. Obot, N.O. Obi- Egbedi, S.A. Umoren and E. E. Ebenso (2011) Adsorption and kinetic studies of fluconazole for the 

corrosion of aluminium in HCl solution. Chemical Engineering Communications 198; 711 – 725. 



.

✓ Synergistic, kinetics, adsorption and thermodynamic studies using synthetic polymers such as polyvinyl 
chloride (PVC), polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyacrylamide (PAA) and polyvinyl 
pyrrolidone (PVP) as corrosion inhibitors and the effect of halides in different media. Most of the published papers 
in this category results from the PhD Thesis work I supervised of one of my good students (Dr. Saviour A. 
Umoren). A few of the publications resulting from these researches are listed below: 

 
1. S.A. Umoren, O.Ogbobe, E.E.Ebenso and U.J.Ekpe (2006) Effect of halide ions on the corrosion inhibition of mild steel in acidic 

medium using polyvinyl alcohol. Pigment and Resin Technology 35 (5): 284 – 292. 

2. E. E. Ebenso, U.J. Ekpe, S. Umoren, Ekerete Jackson, O.K. Abiola and N. C. Oforka (2006) Synergistic effect of halide ions on 
the corrosion inhibition of aluminium in acidic medium by some polymers. Journal of Applied Polymer Science 100(4): 2889 
– 2894. 

3. S.A. Umoren, E.E.Ebenso, P.C.Okafor and O.Ogbobe (2006) Water soluble polymers as corrosion inhibitors of mild steel in 
acidic medium. Pigment and Resin Technology 35 (6): 346 - 352. 

4. S.A. Umoren, O.Ogbobe and E.E.Ebenso (2006) The adsorption characteristics and synergistic inhibition between 
polyethylene glycol and halide ions on the corrosion of mild steel in acidic medium. Bulletin of Electrochemistry 22 (4): 155 
– 167. 

5. S.A. Umoren, E.E.Ebenso, P.C.Okafor, U.J.Ekpe and O.Ogbobe (2007) Effect of halide ions on the corrosion inhibition of 
aluminium in alkaline medium using polyvinyl alcohol. Journal of Applied Polymer Science 103(5): 2810-2816. 



. 1. S. A. Umoren, O.Ogbobe, P.C. Okafor and E. E.Ebenso (2007) Polyethylene glycol and polyvinyl alcohol as 
corrosion inhibitors of aluminium in acidic medium. Journal of Applied Polymer Science 105(6): 3363 - 3370. 

 
2. S.A. Umoren and E.E.Ebenso (2007) The synergistic effect of polyacrylamide and iodide ions on the corrosion 

inhibition of mild steel in H2SO4. Materials Chemistry and Physics 106: 387- 393. 

 
3. S.A. Umoren, O.Ogbobe , I.O. Igwe and E.E.Ebenso (2008) Inhibition of mild steel corrosion in acidic medium using 

synthetic and naturally occurring polymers and synergistic halide additives. Corrosion Science 50(7): 1998 – 
2006. 

 
4. S. A. Umoren and E. E. Ebenso (2008) Blends of polyvinyl pyrrolidone and polyacrylamide as corrosion 

inhibitors for aluminium in acidic medium. Indian Journal of Chemical Technology 15(4): 355 – 363. 

 
5. S.A. Umoren, E.E.Ebenso and O.Ogbobe (2009) Synergistic effect of halide ions and polyethylene glycol on the 

corrosion inhibition of aluminium in alkaline medium. Journal of Applied Polymer Science 113: 3533 -3543. 



. ✓ The use of some quantum chemical ,molecular modeling , theoretical and Quantitative Structure Activity 
Relationship (QSAR) studies of compounds used as corrosion inhibitors [e.g. some sulphonamides (namely 
sulfaacetamide , sulfapyridine , sulfamerazine, sulfathiazole, sulfaguanidine, sulfamethazine, sulfamethoxazole 
and sulfadiazine); some antibiotics / antimicrobial drugs e.g rhodanine azo sulpha compounds (namely 5- 
sulphadiazineazo-3-phenyl-2-thioxo-4-thiazolidinone,5-sulphamethazineazo-3-phenyl-2-thioxo-4- 
thiazolidinone, 5-sulphadimethoxineazo-3-phenyl-2-thioxo-4-thiazolidinone, 5-sulphamethoxazoleazo-3- 
phenyl-2-thioxo-4-thiazolidinone]  using  density  functional  theory  (DFT)  at  the  B3LYP/6-31G  (d,p)  and 
BP86/CEP-31G* basis set levels and other semi empirical methods and ab initio calculations using the RHF/6- 
31G (d,p). Most of the published papers in this category results from the PhD Thesis work I supervised of one 
of another of my good students (Dr. Nabuk O. Eddy). A few of the publications resulting from these researches 
are listed below: 

 
1. Taner Arslan, Fatma Kandemirli , Eno E. Ebenso, Ian Love and Hailemichael Alemu (2009) Quantum chemical studies on the 

corrosion inhibition of some sulphonamides on mild steel in acidic medium . Corrosion Science 51 (1): 35 – 47. 

2.  Nnabuk O. Eddy, Udo J. Ibok, Eno E. Ebenso, Ahmed El Nemr and ElSayed H.El Ashry (2009) Quantum chemical study of the 
inhibition of the corrosion of mild steel in H2SO4 by some antibiotics. Journal of Molecular Modelling 15: 1085 – 1092. 

3.  Eno E. Ebenso, Taner Arslan, Fatma Kandemirli , Necmettin Caner, Ian Love (2010) Quantum chemical studies of some 
rhodanine azosulpha drugs as corrosion inhibitors for mild steel in acidic medium. International Journal of Quantum 
Chemistry 110 (5): 1003 – 1018. 



. 1. Eno E. Ebenso, Taner Arslan, Fatma Kandemirli, Ian Love, Cemil Ogretir, Murat Saracoglu and Saviour A. Umoren (2010) 
Theoretical studies on some sulphonamides as on corrosion inhibitors for mild steel in acidic medium. International Journal of 
Quantum Chemistry 110(5) : 2614 – 2636. 

 
2. Nnabuk O. Eddy, Eno E. Ebenso and Udo J. Ibok (2010) Adsorption, synergistic effect and Quantum chemical studies on ampicillin 

and halides for the corrosion of mild steel in H2SO4. Journal of Applied Electrochemistry 40(2): 445 – 456. 

 
3. Nnabuk O. Eddy and Eno E. Ebenso (2010) Quantum chemical studies on the inhibition potentials of some penicillin 

compounds for the corrosion of mild steel in 0.1M HCl. Journal of Molecular Modelling 16; 1291 – 1306. 

 
4. Eno E. Ebenso , David A. Isabirye and Nabuk O. Eddy (2010) Adsorption and Quantum chemical studies on the inhibition potentials 

of some thiosemicarbazides for the corrosion of mild steel in acidic medium. International Journal of Molecular Sciences 11; 
2473 – 2498. 

 
5. Nnabuk O. Eddy and Eno E. Ebenso (2010) Adsorption and Quantum chemical studies on cloxacillin and halides for the corrosion 

of mild steel in acidic medium. International Journal of Electrochemical Science 5; 731 - 750. 

 
6. Nnabuk O. Eddy, Stanislova R. Stoyanov and Eno E. Ebenso (2010) Fluoroquinolones as corrosion inhibitors for mild steel in acidic 

medium; experimental and theoretical studies. International Journal of Electrochemical Science 5; 1035 – 1058. 



.
1. Eno E. Ebenso, Ime B. Obot (2010) Inhibitive Properties, Thermodynamic Characterization and Quantum Chemical Studies of 

Secnidazole on Mild Steel Corrosion in Acidic Medium. International Journal of Electrochemical Science 5; 2012 – 2035. 

 
2. N.O. Eddy, B.I. Ita, N.E. Ibisi and E.E. Ebenso (2011) Experimental and Quantum Chemical studies on the Corrosion Inhibition 

Potentials of 2 – (2- Oxoindolin-3-Ylideneamino) Acetic acid and Indoline- 2,3-dione. International Journal of Electrochemical 
Science 6; 1027 – 1044. 

 
3. V.F. Ekpo, P.C. Okafor, U.J. Ekpe and E. E. Ebenso (2011) Molecular Dynamics Simulation and Quantum Chemical Calculations for 

the Adsorption of some thiosemicarbazone (TSC) derivatives on mild steel. International Journal of Electrochemical 
Science 6; 1045 – 1057. 

 
4. N.O. Obi-Egbedi, K.E. Essien, I.B. Obot and E. E. Ebenso (2011) 1, 2 – Diaminoanthraquinone as Corrosion Inhibitor for mild steel 

in hydrochloric acid: Weight loss and Quantum Chemical study. International Journal of Electrochemical Science 6; 913 – 930. 

 
5. N.O. Eddy, F.E. Awe, C.E. Gimba, N.O. Ibisi and E.E. Ebenso (2011) QSAR, Experimental and Computational Chemistry Simulation 

studies on the Inhibition potentials of some Amino Acids for the corrosion of mild steel in 0.1M HCl. International Journal of 
Electrochemical Science 6; 931 – 957. 



































Mitigating mild steel corrosion using environmentally benign Formamidine-
based thiuram disulfides as inhibitors: Electrochemical, surface and 

theoretical studies



• Synthesis and characterization of new
formamidine-based thiuram disulfides
compounds.

• To evaluate corrosion inhibitory properties of these
compounds using electrochemical methods
(Electrochemical Impedance Spectroscopy, Linear
Polarization, Tafel analysis), surface analyses and
quantum chemical calculations.

• To propose the possible mechanism of the corrosion
inhibition by applying thermodynamic, kinetics and
adsorption principles.

• Establish correlation between experimental results
and theoretical studies.

Objectives of the study

40



412023/03/31

Mitigation of metal 
corrosion

DFT calculation of 
descriptors of corrosion 

inhibitors, MC simulation 
studies

Incorporating ANN and 
QSAR, machine learning 

in predicting inhibitor 
efficacies of compounds 

used as inhibitors

Experimental

Gravimetric analysis, 
electrochemical studies 
(PDP and EIS), surface 

morphology studies (SEM, 
AFM, EDX, etc.)

Syntheses of organic 
compounds, nanomaterials like 

quantum dots (doped and 
undoped)

Theoretical

Fig. 1 Research project subdivisions.

Overview of the study…



Synthetic protocol for inhibitors
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Scheme 1. Synthesis routes for inhibitors DS1, DS2, DS3 and DS4. 



• They are easily synthesized, environmentally

benign and non-toxic.

• They are readily soluble in acidic and minimal

acetone mixture.

• Availability of multiple conjugated connections,
more than two heteroatoms (N and S), imine
functional group (−C=N−), multiple pi electron in

the aromatic rings.

• Effect of methyl, isopropyl and Cl-

substitution on the phenyl ring.

Inhibitor selection criteria
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• Materials:

✓Test material: Mild steel with composition (wt%)
C=0.076, Ni=0.039, P=0.015, Cr=0.050, S=0.030 and
Fe=99.456 was used electrochemical measurements
and surface studies

✓Cut mechanically to suitable dimensions

✓Abraded with different emery papers (600-1200
mesh)

✓Washed, cleaned and dried

Test solution:1 M HCl

✓ Inhibitor conc. 1.00, 0.75, 0.50, 0.25 and 0.10 mM

Corrosion Studies
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Electrochemical measurements:
• Metrohm AutoLab Potentiostat/Galvanostat (PGSTAT302N).

Potentiodynamic Polarization

• Working electrode allowed to corrode for stable 
OCP

• Potential rate: -250 mV to +250 mV to fluctuate 
the potential of WE

• Scan rate: 1 mV/s in relation to Ecorr

• Electrochemical parameters obtained from 
extrapolation

• Protection abilities calculated

Corrosion Studies: Methodology
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Extrapolation method

Three electrode cell



Electrochemical impedance spectroscopy:

• AC signal of 10 mV at a range of 10-1 to 105 Hz 
at OCP

• AutoLab Nova 2.1 and suitable Randle’s
equivalent circuit used in investigating the EIS
spectra

• Inhibition efficiency IE(%):

Corrosion Studies: Methodology

46

(%)
ct(i) ct

ct(i)

100
R R

IE
R

−
= 

Rct and Rct (i) are the charge transfer resistances of uninhibited and inhibited
systems



Surface morphology:
• Scanning electron microscopy (SEM) was carried

out at high accelerating voltage by SEM model
JEOL JSM-6610 LV. Atomic force microscopy (AFM)
analyses were done using Icon Brock instrument,
and data analyses, 3D images were obtained using
Nanoscope analysis software.

Quantum chemical calculations:
• Using the density functional theory (DFT) with the

B3LYP functional and 6-31G basis set with Gaussian
16

• Frontier molecular orbital energy parameters were
derived

Corrosion Studies: Methodology
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• DS1; R1 = R4 =H, R2 = R3 = methyl
• DS2; R1 = R4 =H, R2 = R3 = isopropyl
• DS3; R1 = R2 =  R3 = R4 = methyl
• DS4; R1 = R4 =H, R2 = Cl,  R3 = methyl

Fig. 3 Molecular structure of the studied inhibitors
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Fig. 4. OCP vs. time profile of mild steel in 1 M HCl without and with varying concentrations of (a) DS1, (b) DS2, (c)

DS3 and (d) DS4 at 30 C.
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Fig. 5 (a-d) Tafel polarization plots for mild steel corrosion in the absence and presence of 
various concentrations of DS1, DS2, DS3 and DS4.
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Table 2. EC parameters and %𝐼𝐸𝑃𝐷𝑃obtained from Tafel polarization measurements
Inhibitors Conc. (mM) −𝑬𝒄𝒐𝒓𝒓 (mV, Ag/AgCl) 𝛃𝒂 (mV/dec) −𝛃𝒄 (mV/dec) 𝒊𝒄𝒐𝒓𝒓 (µA/cm-2) %𝑰𝑬𝑷𝑫𝑷

Blank 0 445.37 125.79 (±1.24) 78.80 (±1.24) 378.41 (±1.88) -

DS1 0.10 445.11 112.99 (±1.02) 47.87 (±0.65) 38.75 (±1.36) 89.76

0.25 435.85 105.74 (±1.04) 36.45 (±1.12) 27.58 (±1.02) 92.71

0.50 444.13 107.44 (±1.15) 48.32 (±0.88) 24.66 (±0.96) 93.50

0.75 427.92 101.45 (±1.01) 29.67 (±0.54) 15.59 (±1.44) 95.88

1.00 422.90 107.25 (±1.12) 48.95 (±1.21) 5.30 (±0.98) 98.60

DS2 0.10 432.80 111.63 (±1.42) 61.72 (±0.88) 31.18 (±0.45) 91.76

0.25 449.15 129.19 (±1.24) 68.81 (±0.65) 19.70 (±0.66) 94.79

0.50 449.22 121.30 (±1.05) 73.73 (±0.96) 15.09 (±1.86) 96.01

0.75 441.43 127.40 (±1.21) 65.09 (±0.55) 10.59 (±0.65) 97.20

1.00 438.50 60.85 (±1.52) 43.43 (±1.42) 6.20 (±0.48) 98.36

DS4 0.10 446.52 112.48 (±1.26) 57.21 (±0.84) 135.98 (±1.32) 64.07

0.25 442.24 111.60 (±1.32) 52.13 (±1.24) 93.37 (±0.89) 75.33

0.50 438.64 107.52 (±0.98) 44.22 (±0.97) 81.12 (±1.42) 78.56

0.75 434.49 103.44 (±1.14) 41.44 (±1.26) 73.32 (±0.58) 80.62

1.00 433.96 104.45 (±1.18) 51.82 (±1.28) 62.17 (±1.06) 83.57
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Fig. 6 (a-d) Nyquist plots for mild steel corrosion without the inhibitors and in the presence 
of various concentrations of (a) DS1, (b) DS2, (c) DS3 and (d) DS4 .
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Fig. 7 (a) Simulated plot for DS1 in 1 mM HCl at 30 ºC  (b) Equivalent Randle circuit used in 
the analyses of EIS data.
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Table 3. EIS parameters for corrosion of mild steel varying conc. of Inhibitors
Inhibitors Conc. (mM) 𝑹𝒔 (Ω cm2) 𝑹𝒄𝒕 (Ω cm2) n 𝒀𝒐 (μΩ sn

cm−2)
-S %𝑰𝑬𝑬𝑰𝑺

Blank 0 3.50 (±0.06) 22.5 (±0.4) 0.873 243.0 0.64 -

DS1 0.10 2.18 (±0.02) 114.0 (±0.2) 0.869 213.0 80.26

0.25 2.61 (±0.01) 245.0 (±0.2) 0.867 168.0 90.81

0.50 2.15 (±0.02) 265.0 (±0.3) 0.844 148.0 91.51

0.75 2.27 (±0.02) 313.0 (±0.1) 0.860 170.0 92.81

1.00 3.18 (±0.03) 736.0 (±0.1) 0.852 120.0 0.77 96.94

DS2 0.10 1.65 (±0.01) 163.0 (±0.2) 0.877 200.0 86.20

0.25 2.51 (±0.03) 409.0 (±0.1) 0.864 69.9 94.50

0.50 2.10 (±0.03) 558.0 (±0.3) 0.858 62.4 95.97

0.75 2.44 (±0.02) 688.0 (±0.3) 0.838 68.1 96.73

1.00 3.08 (±0.01) 725.0 (±0.2) 0.816 67.7 0.69 96.90

DS4 0.10 3.16 (±0.04) 35.3 (±0.2) 0.869 269.0 36.26

0.25 4.22 (±0.04) 47.2 (±0.3) 0.873 210.0 52.33

0.50 4.18 (±0.04) 52.8 (±0.4) 0.869 205.0 57.39

0.75 3.78 (±0.02) 88.6 (±0.3) 0.873 173.0 74.60

1.00 7.38 (±0.01) 90.6 (±0.4) 0.868 144.0 0.58 75.17
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Table 4. Langmuir adsorption isotherm parameters of mild steel corrosion in 1.0 M HCl 

Inhibitors Method R2 Slope Intercept 𝑲𝒂𝒅𝒔 (M-1) x 104 ∆𝑮𝒂𝒅𝒔 (kJ mol-1)

DS1 PDP 0.9997 1.0067 0.0177 5.65 -37.69

EIS 0.9994 1.0153 0.0317 3.15 -36.21

DS2 PDP 0.9999 1.0184 0.0088 11.36 -39.45

EIS 0.9999 1.0191 0.0119 8.40 -38.69

DS3 PDP 0.9999 1.0495 0.0257 3.89 -36.75

EIS 0.9988 1.0332 0.0462 2.16 -35.26

DS4 PDP 0.9997 1.1641 0.0450 2.22 -35.33

EIS 0.9898 1.1399 0.1994 5.02 -37.39
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Surface analysis by SEM

Fig. 9 (a-c) SEM micrographs of surfaces of mild steel: (a) abraded, (b) in 1.0 M HCl, (c) in the
presence of 1.0 mM of DS1.
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Surface analysis by AFM

Fig. 10 (a) 3D AFM micrographs of mild steel in (a) 1 M HCl, and in the presence of 1.00 mM
concentration of (b-e) inhibitors.

(a)

(c) (d)

(e)

(b)
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DFT Study

Inhibitors EHOMO (eV) ELUMO (eV) ΔE (eV) χ (eV) ΔN
Dipole 
moment

DS1 -4.918 -2.918 1.999 3.918 0.451 0.000 

DS2 -4.944 -2.875 2.069 3.910 0.440 0.272 

DS4 -5.004 -2.981 2.023 3.992 0.409 0.001 

Table 5 Aqueous phases quantum chemical reactivity indices of the molecule
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Fig. 11 Simulated adsorption of the studied inhibitor molecules on Fe(110) surface.
.

DFT Study

DS1/Fe(110) DS2/Fe(110)

DS3/Fe(110) DS4/Fe(110)
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Corrosion inhibition mechanism

Fig. 12 Pictorial representation of the adsorption mechanism of the inhibitors
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S/N Disulfides Metal/Electrolyte
Conc. 
(mM)

Max. %IE Ref.

1.
Bis(1-benzylpiperazine)thiuram 
disulfide (P2) 

Mild steel/ 3.9 M 
HCl 

1 90.00 4

2.
Bis(4-benzyl piperidine)thiuram 
disulfide (P3) 

Mild steel/ 5.5 M 
H3PO4

1 93.00 5

3. Diallyl disulfide (DAD) Cu/ 0.5 M H2SO4 5 91.50 6

4.
Bis(1-benzyl piperazine)thiuram 
disulfide (C5) 

Mild steel/ 3.2 M 
H2SO4

1 95.00 7

5. 2,2’ benzothiazolyl disulfide 
Mild steel/ 1 M 
HCl 

0.15 98.34 8

6.
N,N-(disulfanne-1,2-
dicarbonothioyl)bis(N,N-bis(2,6-
dimethylphenyl)formimidamide) (DS1) 

Mild steel/ 1 M 
HCl 

1 98.60 PS

Table 6. Comparison of the inhibition efficacies of studied thiuram disulfides

4. J. App. Electrochem. 2009, 39 (7), 1075-1079. 5. Res. Chem. Intermediates 2014, 40 (3), 1201-1221. 6. J. colloid  interf. Sci. 2018, 526, 
268-280. 7. Int. J. Electrochem. Sci 2013, 8, 5980-6004. 8. Corros. Sci. 2009, 51 (11), 2752-2760 



• Inhibition properties of formamidine disulfides increased with increasing
concentration of the respective inhibitors, with DS1 having the best inhibition efficacy
of 98.60% at 1.00 mM concentration

• Electrochemical studies established that all inhibitors investigated effectively
minimized both the cathodic hydrogen evolution and the dissolution of the metal at
the anode, with slight preference for the anodic protection, hence they are classified
as mixed type inhibitors.

• The relationship established between the surface coverage and the concentrations of
the respective inhibitors were consistent with Langmuir adsorption isotherm.
Calculated Gibbs free energy (∆𝐺𝑎𝑑𝑠) ranging between −35.26 and −39.45 kJ mol-1

confirmed that the adsorption process was both chemical and physical, with
preference towards chemisorption.

• SEM and AFM analyses show that the inhibitors protected the mild steel from
electrolyte ions attacks by the formation of protective film at the metal surface.

• Molecular calculations and simulation on Fe(110) depicted a near zero dipole moment
that favours adsorption of non-polar inhibitor molecules on the metal surface.

• Finally, a significant savings in terms of cost, and general mitigation of problems
associated with corrosion of mild steel in acidic media will be achieved by the
application of these new formamidine-based thiuram disulfides compounds as
candidate inhibitors in commercial industries.
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.

ELECTROCHEMICAL, QUANTUM CHEMICAL CALCULATION  AND 

MOLECULAR DYNAMIC SIMULATION STUDIES ON SOME  QUINOXALINE 

DERIVATIVES AS CORROSION INHIBITORS FOR  MILD STEEL IN ACIDIC

MEDIUM



Aim and objectives of the study

The main aim of this study is to investigate the corrosion inhibition properties of a set of

quinoxaline derivatives that contain common nucleus of the quinoxaline ring with 3- phenyl-4,5-

dihydropyrazolyl substituent at position 6 of the ring. The specific objectives of the work include:

i. Investigation of corrosion inhibition efficiency of the studied compounds on MS corrosion in 1 M

HCl solution using Tafel plots and electrochemical impedance spectroscopic (EIS) methods.

ii. Investigation of the corrosion inhibition mechanisms and modes of adsorption of the quinoxaline

derivatives on MS in 1 M HCl solution.

iii. Quantum chemical study on the propensity of the studied compounds to get

protonated in acid medium.

iv. Correlations of quantum chemically derived molecular and electronic parameters with  the 

experimental results.

v. Theoretical investigation of the mode of adsorption of the studied compounds on iron  surface 

using the Monte Carlo simulations approach.



• The present study:

•Methods of investigation: experimental and theoretical 
methods
• Corrosion inhibition potentials of some quinoxalinyl-

pyrazolyl-methanesulfonamides for mild steel in 1 M HCl

Introduction

N-{n-[1-R-5-(quinoxalin-6-yl)-4,5-dihydropyrazol-3-yl]phenyl}methanesulfonamides
n = 2, 3, 4

MS-2-PQPP
MS-3-PQPP
MS-4-PQPP

MS-2-PQPMS
MS-3-PQPMS
MS-4-PQPMS



Materials and methods

Test Material
• Fe99.07 (C0.17,Mn, Si, S, & P)
• Surface pretreated
• 1 cm2 exposed surface area

Electrochemical measurements
• PGSTAT 302N (Metrohm)
• Ag/AgCl (RE), Pt-rod (CE) Mild steel 

(WE)
• Tafel polarization (+/- 100 mV vs OCP @ 1 

mV/s scan rate)
• EIS (100 mHz – 100 kHz, 10 mV amplitude)

Quantum chemical study using 
Gaussian 09 software suite
• B3LYP/6-31G(d) model

QSAR analysis with the aid of XLSTAT 

Molecular dynamic simulations using 
adsorption locator module in 
Materials studio

Test Solutions
• 1 M HCl (blank solution)
• inhibitor concentrations: 5 – 100 ppm



Tafel Polarization curves

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35
-6

-5

-4

-3

-2 MS-2-PQPP

lo
g
 i 

(A
/c

m
2
)

E (V vs Ag/AgCl, 3 M KCl)

 1 M HCl (Blank)

 5 mg/l

 100 mg/l 

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35
-7

-6

-5

-4

-3

-2 MS-3-PQPP

lo
g

 i 
(A

/c
m

2
)

E (V vs Ag/AgCl, 3 M KCl)

 1 M HCl (Blank)

 5 mg/l

 100 mg/l

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35
-7

-6

-5

-4

-3

-2
MS-4-PQPP

lo
g
 i
 (

A
/c

m
2
)

E (V vs Ag/AgCl, 3 M KCl)

 1 M HCl (Blank)

 5 mg/l

 100 mg/l

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35

-6

-5

-4

-3

-2 MS-2-PQPMS

lo
g
 i 

(A
/c

m
2
)

E (V vs Ag/AgCl, 3 M KCl)

 1 M HCl (Blank)

 5 mg/l

 100 mg/l

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35

-6

-5

-4

-3

-2 MS-3-PQPMS

lo
g 

i (
A

/c
m

2 )

E(V vs Ag/AgCl, 3 M KCl)

 1 M HCl (Blank)

 5 mg/l

 100 mg/l

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35

-6

-5

-4

-3

-2
MS-4-PQPMS

lo
g
 i
 (

A
/c

m
2
)

E (V vs Ag/AgCl, 3 M KCl)

 1 M HCl (Blank)

 5 mg/l

 100 mg/l

Mild steel (1 M HCl, 303 K)



Impedance plots
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Tafel and EIS parameters

Compound Conc. - Ecorr (mV) icorr(µA/cm2) %IEP

Blank 1 M HCl 460.60 420.41 -

MS-2-PQPP 5 mg/l 475.46 318.55 24.19

100 mg/l 455.35 51.34 87.78

MS-3-PQPP 5 mg/l 463.98 142.63 66.06

100 mg/l 440.36 41.35 90.16

MS-4-PQPP 5 mg/l 465.03 148.12 64.75

100 mg/l 446.57 41.50 90.12

MS-2-PQPMS 5 mg/l 465.56 89.66 78.66

100 mg/l 453.77 45.36 89.20

MS-3-PQPMS 5 mg/l 460.43 69.86 83.38

100 mg/l 454.09 41.20 90.20

MS-4-PQPMS 5 mg/l 456.99 131.53 68.70

100 mg/l 450.79 38.47 90.84

Compound Conc. Rs

(Ωcm2)

Rct

(Ωcm2)

|θ|

(Degree)

|Ѕ| %IEI

Blank - 1.01 28.20 60.59 0.64 -

MS-2-PQPP 5 2.65 42.6 54.68 0.66 34.04

100 2.93 332 67.12 0.79 91.54

MS-3-PQPP 5 3.04 125 63.10 0.76 77.52

100 2.17 459 71.74 0.84 93.88

MS-4-PQPP 5 1.60 134 42.60 0.53 79.03

100 2.91 436 69.86 0.83 93.56

MS-2-PQPMS 5 3.17 178.00 65.00 0.77 84.21

100 2.80 384.00 69.37 0.82 92.68

MS-3-PQPMS 5 2.26 229.00 66.96 0.79 87.73

100 2.52 425.00 69.91 0.82 93.39

MS-4-PQPMS 5 2.96 91.39 61.79 0.75 69.25

100 2.41 468.00 71.39 0.84 94.00

Tafel EIS
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Inhibitor Kads

(x103)

-∆Gads

(kJ/mol)

MS-2-PQPP 44.15 37.08

MS-3-PQPP 397.80 42.62

MS-4-PQPP 226.20 41.20

MS-2-PQPMS 692.90 44.02

MS-3-PQPMS 791.10 44.35

MS-4-PQPMS 311.69 42.01

Physical and chemical adsorption

Adsorption isotherms

L.O. Olasunkanmi et al. RSC Adv., 6 (2016), 86782-86797 



SEM plates: 3 h immersion time

50 µm; Blank, MS-n-PQPP: n=2 -> 4

20 µm ; Blank, MS-n-PQPMS: n=2 -> 4



Parameters QSAR Equations R2 MSE RMSE

Neutral species

EHOMO, ELUMO, ∆N, µ IE= -553.872 - 97.162*EHOMO +76.955*ELUMO +283.672*ΔN-0.476*µ 0.981 4.705 2.169

ΔEL-H, χ , ΔN, µ IE = -538.733 + 85.942*ΔEL-H + 18.747*χ +277.212*ΔN – 0.476*µ 0.981 4.719 2.172

ΔEL-H, ΔN, µ, PA IE = -98.640+58.233*ΔEL-H + 158.817*ΔN-0.415*µ - 0.174*PA 0.990 2.492 1.579

Protonated species

ΔEL-H, χ , µ, PA IE = 708.421+5.056*ΔEL-H + 23.748*χ +0.910* µ-0.866*PA 0.997 0.647 0.805

ΔEL-H, χ , ΔN, PA IE = 764.510-16.045*ΔEL-H +39.360*χ +110.713*ΔN-0.951*PA 0.998 0.546 0.739

EHOMO, ELUMO, µ, PA IE = 707.979 - 6.798*ELUMO - 17.033*EHOMO + 0.920*µ - 0.867*PA 0.997 0.649 0.806
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HOMO (MS-2-PQPP) LUMO (MS-2-PQPP) f + (MS-2-PQPP)

f - (MS-2-PQPP)



System Adsorption energy (kJ/mol)

Fe (110) + MS-2-PQPP -976.908

Fe (110) + MS-3-PQPP -1113.337

Fe (110) + MS-4-PQPP -1095.693

Fe (110) + MS-2-PQPMS -868.230

Fe (110) + MS-3-PQPMS -877.046

Fe (110) + MS-4-PQPMS -846.833

Molecular dynamics simulations

L.O. Olasunkanmi et al. RSC Adv., 6 (2016), 86782-86797 



• All the studied compounds showed substantial protection performances for mild
steel in hydrochloric acid medium. Their inhibition efficiencies increased with
increasing concentration

• All the studied compounds are mixed-type inhibitors
• The compounds adsorbed on mild steel surface via competitive physisorption

and chemisorption mechanisms and their adsorption obeyed the Langmuir
adsorption isotherm model

• Quantum chemical descriptors exhibit excellent correlations with inhibition
performances and QSAR equations with high correlation coefficients and
minimum statistical errors were derived. QSAR analyses suggested the
participation of protonated species in the corrosion inhibition process

• Binding energies derived from molecular dynamics simulations are in agreement
with the trend of experimental inhibition efficiencies

• Inhibitive strengths were affected by the position of sulfonamido group attached
the phenyl ring, such that substitution at position 3 favours higher inhibition
potential

Conclusions









Predictive model for the corrosion inhibition of 
mild steel in HCl by pyrimidines: A QSAR-ANN 

approach 



The objectives of the study are to:

• calculate molecular descriptors using DFT and Dragon 7,

• select significant molecular descriptors,

• model the inhibition data using linear and nonlinear QSAR models,

• compare the prediction accuracy of the corrosion inhibition
efficiencies obtained from both models,

• theoretically design novel pyrimidines and determine their
effectiveness to inhibit mild steel corrosion in 1 M hydrochloric
acid.

OBJECTIVES



METHODOLOGY



DFT RESULTS – DFT Parameters for aqueous forms of pyrimidines

FORTY

Pyrim

Conc

(mM)

TE

(eV)

HOMO

(eV)

LUMO

(eV)

ΔΕ

(eV)

µ

(D)

IE

(%)

AMP-1 0.362 -27733.80 -6.819 -3.280 3.539 2.361 93.17

AMP-2 0.362 -22168.57 -6.461 -2.321 4.140 6.941 94.89

AMP-3 0.362 -24215.71 -6.124 -2.230 3.894 7.368 95.29

AMP-4 0.362 -26262.83 -6.014 -2.229 3.785 9.208 95.97



DFT RESULTS – Electron density distribution for pyrimidines

HOMO

AMP-1 AMP-2 AMP-3 AMP-4

LUMO



Descriptors Group name Description

AMW Constitutional indices Average molecular weight

Me Constitutional indices Mean atomic Sanderson electronegativity (scaled on carbon atom

Mp Constitutional indices Mean atomic polarizability (scaled on carbon atom)

O% Constitutional indices Percentage of oxygen atoms

nBnz Ring descriptors Number of benzene-like rings

O% Me Mp nBnz AMW TE N% nCsp MCD nR09 nR05
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Variable selection



𝑰𝑬 % = 𝟐𝟗𝟒𝟗 + 𝟒𝟎𝟑 𝐂𝐨𝐧𝐜 + 𝟒𝟗. 𝟑 𝑨𝑴𝑾− 𝟐𝟕𝟕𝟖𝑴𝒆 − 𝟔𝟖𝟐 𝐌𝐩 + 𝟒. 𝟐𝟖 𝐎%− 𝟕. 𝟔𝟎 𝐧𝐁𝐧𝐳

R2 = 0.4162, SD = 5.01204, SSE = 828.98

ANN Model 5 training and validation  Model 5: MSE = 8.479, RMSE = 2.912, MAD = 1.791, MAPE =  2.648 



Model 1 Model 2 Model 3 Model 4 Model 5

Metric Train Valid Train Valid Train Valid Train Valid Train Valid

MSE 7.593 145.157 33.838 19.887 23.515 38.916 3.637 151.228 30.750 8.479

RMSE 2.756 12.048 5.817 4.460 4.849 6.238 1.907 12.298 5.545 2.912

MAD 1.300 9.207 4.281 2.848 2.162 3.998 1.054 8.433 3.743 1.791

MAPE 1.489 10.260 4.928 3.525 4.865 5.281 1.152 11.013 4.354 2.648

rMBE 0.086 -7.793 0.191 -0.667 -0.842 -1.899 0.010 7.035 -0.049 2.368

CoV 0.031 0.096 0.012 0.007 0.014 0.008 0.025 0.029 0.030 0.013

Iteration 435 501 462 1000 247

Topology 7.5930 145.157 33.838 19.887 23.515 38.916 3.637 151.228 30.750 8.479

ANN predictive model performance at the training and validation phase



Pyrimidines Molecular structure/

Name of compound

MLR

Predicted

IE(%)

ANN

Predicted

IE(%)

A.

5-acetyl-6-methyl-4-(3-nitrophenyl)-3,4-dihydropyrimidin-2(1H)-one

93.34 90.28

B.

5-acetyl-6-methyl-4-(p-tolyl)-3,4-dihydropyrimidin-2(1H)-one

94.52 98.10

C.

5-acetyl-4-(4-methoxyphenyl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one

94.13 96.80

D.

6-(4-hydroxyphenyl)-5-isocyano-2-thioxo-2,3-dihydropyrimidin-4(1H)-

one

97.27 91.63

E.

5-isocyano-6-(4-nitrophenyl)-2-thioxo-2,3-dihydropyrimidin-4(1H)-one

93.16 89.94

MLR and ANN 
predicted results for 

novel pyrimidines



OBJECTIVESPyrimidines Molecular structure/

Name of compound

MLR Predicted

IE(%)

ANN Predicted

IE(%)

F.

6-(4-chlorophenyl)-5-isocyano-2-thioxo-2,3-dihydropyrimidin-

4(1H)-one

101.92 94.75

G.

5-(4-hydroxyphenyl)-7-thioxo-5,6,7,8-tetrahydropyrimido[4,5-

d]pyrimidine-2,4(1H,3H)-dione

96.04 90.50

H.

5-(4-nitrophenyl)-7-thioxo-5,6,7,8-tetrahydropyrimido[4,5-

d]pyrimidine-2,4(1H,3H)-dione

92.62 89.64

I.

5-(4-nitrophenyl)-5,8-dihydropyrimido[4,5-d]pyrimidine-

2,4,7(1H,3H,6H)-trione

84.47 89.24

MLR and ANN 
predicted results for 

novel pyrimidines



Comparison of predicted IE(%) of novel 

pyrimidines obtained with MLR and ANN models
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Novel pyrimidines

• Novel pyrimidines acted as excellent
corrosion inhibitors

• Compounds A, B and C with
substituents –NO2, –CH3 and –OCH3

respectively showed the IE(%) trend in
the order B > C > A in both prediction
by MLR and ANN.

• This trend was also observed in
compounds D, E, F and G, H and I and
agrees with literature reports.



• QSAR models were developed for predicting the corrosion inhibition performances of
pyrimidine derivatives.

• The models were developed by correlating previously reported experimental data of forty
pyrimidine derivatives with systematically selected constitutional indices.

• MLR and ANN models were developed using the most significant descriptors, and the
performances of the models were evaluated with different statistical metrics.

• The study revealed that the selected structural descriptors are critical in understanding
the corrosion inhibition mechanism of pyrimidine molecules.

• Furthermore, the models developed can be used to design novel pyrimidine-based
corrosion inhibitors with efficient inhibitive performances prior to experimental testing, as
the search for new, safe and effective corrosion inhibitors continue.

CONCLUSIONS
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✓ The use of plant extracts (green and environmentally friendly) - (Carica papaya, Azadirachta indica, 
Phyllanthus amarus, Garcinia cola, Delonix regia, Ocinum basilicum, Piper guinensis, Musa 
sapientum, Allium cepa, Allium sativum) and naturally occurring polymers (exudates gums namely Raphia 
Hookeri, Pachylobus edulis, Gum Arabic, Dacroydes edulis etc) as corrosion inhibitors. 

The publications generated from this category will be discussed under the subtheme ; Chemistry, 
Sustainable Development and Corrosion Inhibition. 



If you were to map out the typical stages of the life cycle of any material — from its birth (production) to its death (disposal) — it would 
look something like this: Everything — every material, every product — has a life cycle. A life cycle is the journey a material goes through 
during its entire life. Every material starts in some raw form, is processed, and is made into a finished product. At some point — five, ten, 
or dozens of years later — the material reaches the end of its life and is disposed of. (In fact, most construction materials end up 
in a landfill.) 



What is Sustainability? 

• “Sustainability is the ability to provide a healthy, satisfying and just life for all people on earth, now and for  
generations to come, while enhancing the health of ecosystems and the ability of other species to survive in their 
natural environments”. 

• Sustainability is system-based. 

•  However, the concept of sustainability dates back to history. As the challenge of living in harmony with the earth 
becomes increasingly difficult, more than ever, society needs education and high quality cutting-edge research to 
meet these challenges. 

What is Sustainable Development? 

• “Sustainable development” is a process of change during which societies and their citizens learn to deal with the 
tension between ecological sustainability and economic development while doing justice to interests at both 
local and global level. 

• This general definition can be interpreted differently depending on locality and geographical location. 

• Sustainable development balances three principal requirements namely:- 

• The needs of society (the social objective); 

• The efficient management of scarce resources (the economic objective); 

• The need to reduce the load on the eco-system in order to maintain the natural basis for life (the 
environmental objective). 

SUSTAINABLE DEVELOPMENT AND

CORROSION INHIBITION



• In 1987, a UN report defined “sustainable development as “development that meets the needs of the present without 
compromising the ability of future generations to meet their needs”. Sustainability development can also be 
defined as “meeting the worlds demand for energy, food, water and medicine – in a sustainable way, while 
protecting the environment – requires development of new technologies and advanced materials.”Sustainable 
development therefore is required to help meet the worlds need for: 

• Energy - energy technologies 

• Resources – use strategies 

• Food 

• Water 

• Medicine 

• Protection of the environment 

 
Therefore, given societal needs in the 21st century and beyond, the question now is 
what science and technology innovations do we need to achieve the goal of 
sustainable feature? SURE THE ANSWER IS CHEMISTRY!!!! 



• Sustainable chemistry is closely related to “green chemistry”; but with a slight difference in the definition: while 
green chemistry indicates that a not risky and polluting chemical production process may exist, the 
sustainable chemistry concepts links eco-efficiency, economic growth and quality of life in terms of the 
cost/benefit analysis. The sustainable chemistry approach emphasizes the concept of sustainable risk. The role 
of the chemist is to minimize this risk and reduce the impact on the environment to a level sustainable by the 
environment, assuring a good quality of life. Green chemistry is used to indicate technologies for which a careful 
cost/benefit or assessment study has not been made. “Sustainable chemistry” is thus the natural trend of 
chemistry, but not an independent factor from economic growth, quality of human life and health care. The 
evaluation of new “green” chemical processes and products follows a rigorous assessment in terms of eco-
efficiency, risk minimization and socio-environmental impact which quantitatively evaluates the costs and 
benefits of the new process and alternative solutions. There is no doubt that our lives have been enhanced by 
chemistry. The importance of green chemistry as an alternative in the developing world and Africa is really a 
blessing and its gains should be exploited. Sustainability depends largely on the twelve principles of green 
chemistry namely:- 

✓ Prevention - It is better to prevent waste than to treat or clean up waste after it has been created. 

✓ Atom Economy - Synthetic methods should be designed to maximize the incorporation of all materials used in the 
process into the final product. 

✓ Less Hazardous Chemical Syntheses - Wherever practicable, synthetic methods should be designed to use and 
generate substances that possess little or no toxicity to human health and the environment. 



✓ Designing Safer Chemicals - Chemical products should be designed to effect their desired function while minimizing their 
toxicity. 

✓ Safer Solvents and Auxiliaries - The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be made 
unnecessary wherever possible and innocuous when used. 

✓ Design for Energy Efficiency - Energy requirements of chemical processes should be recognized for their environmental and 
economic impacts and should be minimized. If possible, synthetic methods should be conducted at ambient  
temperature and pressure. 

✓  Use of Renewable Feed stocks - A raw material or feedstock should be renewable rather than depleting whenever 
technically and economically practicable. 

✓ Reduce Derivatives - Unnecessary derivatization (use of blocking groups, protection/ deprotection, temporary 
modification of physical/chemical processes) should be minimized or avoided if possible, because such steps require  
additional reagents and can generate waste. 

✓ Catalysis - Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 

✓ Design for Degradation - Chemical products should be designed so that at the end of their function they break down into 
innocuous degradation products and do not persist in the environment. 

✓ Real-time analysis for Pollution Prevention - Analytical methodologies need to be further developed to allow for real-time, 
in-process monitoring and control prior to the formation of hazardous substances. 

✓ Inherently Safer Chemistry for Accident Prevention - Substances and the form of a substance used in a chemical process 
should be chosen to minimize the potential for chemical accidents, including releases, explosions, and fires. 



• Inhibitors are often easy to apply and offer the advantage of in-situ application without causing any 
significant disruption to the process. However, there are several considerations when choosing an 
inhibitor namely: 

•  Cost of the inhibitor can be sometimes very high when the material involved is expensive or when the amount 
needed is huge. 

• Toxicity of the inhibitor can cause jeopardizing effects on human beings, and other living species. 

• Availability of the inhibitor will determine the selection of it and if the availability is low, the inhibitor 
becomes often expensive. 

• Environmental friendliness. 

• A number of heterocyclic compounds have been reported as corrosion inhibitors and the screening of 
synthetic heterocyclic compounds is still being continued. Though many synthetic compounds showed good 
anticorrosive activity, most of them are highly toxic to both human beings and environment. The safety and 
environmental issues of corrosion inhibitors arisen in industries has always been of global concern. These 
inhibitors may cause reversible (temporary) or irreversible (permanent) damage to organ system viz., kidneys 

or liver, or to disturb a biochemical process or to disturb an enzyme system at some site in the body. The 
toxicity may manifest either during the synthesis of the compound or during its applications. These toxic effects 
have led to the use of natural products/ plant extracts as anticorrosion agents or inhibitors which are eco-
friendly and harmless. THIS HAS BEEN ONE OF THE FOCUSES OF MY RESEARCH IN CHEMISTRY OVER THE 
PAST 15 + YEARS. 



CONCLUSION
CONCLUSION 

• The use of natural products, which are renewable resources, can be seen as a long term 
contribution to sustainable development. The prudent exercise of advanced manufacturing 
technologies within Africa represents an opportunity for us to initiate sustainable, regional 
production and potentially create markets for export. Africa has an advantage over global 
industries in this regard by virtue of the ability to implement truly novel technologies without 
abandoning existing investments in outmoded or less than optimal manufacturing facilities, and by 
lowering fixed costs in human capital and construction. The elements of achieving sustainable 
regional production therefore include: 

 
➢ Coupling indigenous knowledge with good process and manufacturing practices. 

➢ Identifying technologies that are elegant by virtue of their simplicity. 

➢ Designing a “Green footprint” for advanced technology manufacturing and green / sustainable chemistry 
which includes such concepts as waste minimization, solvent selection, atom utilization, intensive processing and 
alternative synthetic routes from sustainable resources. The challenge for chemists is to develop products, 
processes and services in a sustainable manner, to improve quality of life, the natural environment and industry 
competitiveness. 



➢ Green / sustainable chemistry issues are here to stay. The most successful chemical companies of the 
future will be those who exploit its opportunities to their competitive advantage, and the most successful 
chemists of the future will be those who use green chemistry concepts in research and development, 
innovation and education. 

 
➢ Industries are also discovering that ‘green’ approaches to chemical processes are not only 

beneficial to the environment but can boost profits too. It is also a fertile ground for collaboration 
between academic and industrial scientists. 
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