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METALS: OCCURRENCE & EXTRACTION

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 existin 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 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.



DEFINITION OF CORROSION

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 thatis 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 oxidationdoes
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 storesup
vast quantity of enerqy in the metal. Corrosion is therefore a means of releasing this stored — up enerqy. 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 eneray
state (the combined state).




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

FE(S) — Fe2+(aq) + ZE' (1)
Then the (Fe2*) ions are oxidized to ferric ions (Fe**), 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;

02(q) + 2H20 () + 4e- - 40H (3)

The last step involves the reaction between Fe* and 0, to produce ferric oxide [iron (III) oxide]. Equation (4)
illustrates this;

4Fe? o)+ 02(q) + XH20 ) — 2Fes05.XH0 ) (rust) + 8H* (4)

In dry conditions (where there is no moist) such as in places like desert, corrosionis much less slower than in
a moist area where there is moisture carrying oxygen (02). There are many other factors thatinfluence 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)
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TYPES OF CORROSION

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

i. Uniform corraosion: 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 corraosion: this type of corrosion takes place at microscopic defects on a metal surface.



Vi.

Vii.

viii.

iX.

Crevice corrosion: also known as contact corrosion. |t takes place right at the point of contact of the metal
with the other metal or a metal with a non metal.

Filiform corraosion: 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.

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

Stress corrosion cracking: this type of corrosion is also commonly abbreviated as SCC. The simultaneous
effects of stress and the environment cause SCLC.

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

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.

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.

Refinery corrosion: this is the type of corrosion that results from the equipment surface that has been
attacked by the strong acid.

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



Metals corrod because we use them n environments where they are chemically unstable. Only copper and the precious metals ol
iver, platinum, etc, are found in nature intheir metallc state ANl other metal, o incude iron-the metal most commonly used-are
processe from mineral or ores into metals which are nherenty unstable n ther environments.

This golden tatue in Bangok, Thailand, 5 made of the only metalwhih i thermodynamically stablg I room temperaturg ar, Al other
metals are unstable and have a tendency to revert to their more stable mineral forms, Some metals form protective ceramic
ilms (passiv films) on their surfaces and these prevent, or slow down, thelr corrosion process



EFFECTS OF CORROSION

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 ata 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 metalsin 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.



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").



CORROSION INHIBITION

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.



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 — NHz, =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 chargeof 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 Ainhibitors 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.



v 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:

/' U.J.Ekpe, U, J. Thok, B. L. Ita, 0. E. Offiong and E. E. Ebenso, (1995). Inhibitory action of methyl and phenyl thiosemicarbazone derivatives on
the corrosion of mild steel in HCI, Material Chemistry and Physics 40; 87 - 93.

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

3 E E Ebenso, U, J. Ekpe, B. I, Ita, 0.E.Offiong and U. J. Thok, (1999). Effects of molecular structure on the efficiency of amides and TSC used for
corrosion inhibition of mild steel in HCI, Materials Chemistry and Physics 60; 79 - 90,

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

4 U.J. Ekpe, P. C. Okafor, E. E. Ebenso, 0. 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.

i E E. Ebenso, P. C. Okafor, 0. 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.

1. 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.



E. E. Ebenso, (2003a). Effect of halide ions onthe corrosion inhibition of mild steel in H2504 using methyl red. Part 1. Bulletin of
Electrochemistry 19(5); 209 - 216.

E. E. Ebenso, (2003b). Synergistic effect of halide ions on the corrosion inhibition of aluminium in H2S04 using 2-
acetylphenothiazine. Materials Chemistry and Physics 79(1); 58 - 70.

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.

E. E.Ebenso, P. C. Okafor, U. J. Ekpe, U. J. Ihok 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,

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,

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.

E. E. Ebenso, (2004). Effect of methyl red and halide ions on the corrosion of aluminium in H,S04 . Part 2. Bulletin of
Electrochemistry. 20(12); 551 - 559,

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.



. £ E Oquzie 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

 Alfred 1. Onen, B.T. Nwufo, Eno E. Ebenso and Mbuthi R. Hlophe (2020) Titanium (IV) oxide as corrosion inhibitor for aluminium
and mild steel in acidic medium, International Journal of Electrochemical Science 5: 1563 - 1573,

. 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,

. EnoE. 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,

. 1B, Obot, N.0. Obi- Egbedi, S.A, Umoren and E. E. Ebenso (2011) Adsorption and kinetic studies of fluconazole for the
corrosion of aluminium in HCI 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:

S.A. Umoren, 0.0gbobe, E.E.Ebenso and U.).Ekpe (2006) Effect of halide ions on the corrosion inhibition of mild steel in acidic
medium using polyvinyl alcohol. Pigment and Resin Technoloqy 35 (5): 284 - 292,

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,

S.A. Umoren, E.E.Ebenso, P.C.Okafor and 0.0ghobe (2006) Water soluble polymers as corrosion inhibitors of mild steel in
acidic medium. Pigmentand Resin Technology 35 (6): 346 - 352.

S.A. Umoren, 0.0gbobe 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,

S.A. Umoren, E.E.Ebenso, P.C.Okafor, U.J.Ekpe and 0.0gbobe (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.



. S. A. Umoren, 0.0gbobe, 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,

. SA. Umoren and E.E.Ebenso (2007) The synergistic effect of polyacrylamide and iodide ions on the corrosion
inhibition of mild steel in H2504, Materials Chemistry and Physics 106: 387- 393,

. SAA. Umoren, 0.0gbobe, 1.0. 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.

.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.

. SA. Umoren, E.E.Ebenso and 0.0gbobe (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.



v" 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/6-3!G (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 0. Eddy). A few of the publications resulting from these researches
are listed below:

L 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.

L Nnabuk 0. Eddy, Udo J. Ibok, Eno E. Ebenso, Ahmed EI Nemr and ElSayed H.El Ashry (2009) Quantum chemical study of the
inhibition of the corrosion of mild steel in H.S04 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,



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.

Nnabuk 0. 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 H2504. Journal of Applied Electrochemistry 40(2): 445 - 456.

Nnabuk 0. 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 HCI, Journal of Molecular Modelling 16; 1291 - 1306

Eno E. Ebenso , David A, Isabirye and Nabuk 0. 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,

Nnabuk 0. 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.

Nnabuk 0. 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,



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,

N.0. Eddy, B.L 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,

V.F. Ekpo, P.C. Okafor, U.). 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.

N.0. Obi-Eqbedi, K.E. Essien, LB, 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.

N.0. Eddy, F.E. Awe, C.E. Gimba, N.0. 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 HCI. International Journal of
Electrochemical Science 6; 931 - 957.
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The sffecs of four pyridazine dervatives namely, 2 &-ch loropyridazin-3-yl)-2-phemylacetomitrile (P11}
3o Gchlaro-3-pyridazn g p1H-indale (FZ), &-(S-chloropyridzin-3-ylibenzoic acid (F3) and 36
chloropyridann-3-ylibenzic acd (P4) on elecrodhemical dissaluton of mild stedd in 1 M HO weare
studied using elecrachemical, spectroscopic, and theoretical computatonal chemisoy echniques. The
inhihition efficiency indeases with increasing coneentragon of the inhibitors and the shift in oormesion
potentals obhmined revealsd that the compounds are mixed-type inhibitors and steel dissolution was
found @ be 3 charge gansdfer process with the seel/decmolyte inferface showed pssudo-capaciove
hehawiour. P1 and F2 showed the best protection performances for mild szl in the studied medium,
attritatable to the presence of more nirogen aoms and wsaurard groups in thar mokoukes
ompared to P2 and P4 The experimans] adsonption data obeyed the Langmur and Tembkin isothem
madels and was found o imealve both plhysisonprion and chemisonprion. Spectrosoopic shud les rewealsd
that the inhititor maleoules inerac chemically with mild seel and the pyridazne ring &5 acawely
imvalved in these inferacto ns. (uanmm chemical mkoulagons also showed thar pyridazine ring has the
tendency of ineracting with metal lic amms via borh forward and hackward donations. Moleoular dy-
mamic simul ation revealsd that the molecules can adsorb strongly ano the surfoe of dron ina near fla

OrETEaEn.
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L Imtroaduction

Cormosion is of seriows mnoem to many industries sl over the
warld Industries, inchuding oil and gas, anstruction, and chemical
inelistries use metallic pipes and antainers, which are sisceptible
b amrmasion in commion environments |1 ron and mild steel are
popular metal and me & alloy respedively that are commandy wsed
in many indstries due to their low ot and favourable strengths

2. They are hovever highly susceptible to comsion in comman
environments of 1s.age

Applicatin of mmosion irhibitors & a cost-elfective and «f-
cientmethod of represing metal comosion | 3 | Organic com pouncds
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that amntain heteroatms or heterocydes and for T-electron func-
tional groups are often considersd for screening as potential
corresion inhibitors |4—6] In this regards, pyridarine dervatives
are promising ammosion inhibitors 25 they contain N-atoms, ©-
elecron systems and other electronegative atoms from vanous
substituent groups Pyridarines areknown for their pharmaceutical
applications a8 inhibitors of aldose reducdtase and antoxidants
|67 ). Their uses a5 essential constituent of many pharmaceutical
drugs portray them as potentially non-bocic substanoes.
Anticormsion pobentials of some pyridarine derivatives have
al s been repaorted Chetowand et al. | 8] had re ported the inhibitive
effedts of Sbenayl -G methylpyridarine-3-yilthicethanoic acid it
ester derivative for pure iron in 1 M HO wing gravimeric and
elecrochemical measurements. The ompounds  showed
increasing inhibition eficences with increase in conpentration
and a valee of 853 was reported at 1074 M Bouklsh et al |9)
investigated the influence of some pyridarine-thiones seel
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Influence of 6-phenyl-3(2H}-pyridazinone and 3-chloro-6-
phenylpyrazine on mild steel corrosion in 0.5 M HCl medium:

Experimental and theoretical studies
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Twa pyridazine derfvatives, namely, S-phemyl-3 ZH)-pyridazinone (P1) and 3-chloro-G-phen yipyrazine
(FZ) were imvestigaed for ther influmnce on mild steel corrosion in 05 M HO, using Tafd polariz-
tion, elecrochemical impedance spectosmpy (EI5) surfoe monp hology, FTIR and UV-ws techniques.
Quantum chamical cakoulations were alon cond udhed 0 carroborate experimental findings. P1 was found
to acceleTade mrrosion at bow concentratons bur exhibits inhibitive action at higher concentrations,
amaining &1% inhibigon effidency & 1.25 mM. The inhibithe acgon of F2 inoeases with inoeasing
cnncentratian from 2T 2t 01 mM to 962 2 125 mM = deduced from E1S megsurements. Bath oome-
jpounds are mixed type inhibitors. P2 seems to display chisfly anodic inhibigve effecs. The adsorpgon of
P2 on mild stee] surface obeys the Langmuir adsomoo n isotherm and imvalved competitwe physis onpion
and chemisorption mechanicms Scanning elsotran micmsonpy of stedd surbices in acid-
inhihitor soludons showed that both compounds protect mild seel surfee eflcvely at 125 mM
FOR and UV-vis specooscopic anahses revealed thar N—H Ce=, and (=N functional groups of the
pymidazine derfvatives are actively invalved in adsarption of the maolerules onin seel surbioe. Quantum
chemical parameters showed that the higher inhi bition effidencyof P2 compared o P1 might be relaed

o beger elecron acceprance ability of FZ
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Mild seel has applications in various industries, induding pe-
trol ewm, cons trudtion and trans portation industries among others.
It is a widely used material for diverss structural applications. The
extensive use of this alloy of iron is related to its special features
like highmechanial strength, moderate cost and rexdy avail ability
|1-51

Certin industrial promsses like add cleaning, scid descaling
and ol well acidizing wiliee add solutions, which are notable
aggressive solutions for metal comasion. Mild stes] being analloy of
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iran is therefore highly susceptible to cormosive attack by scidic o
12—5)

One popular method of @ntrolling metal commosion i the use of
cormsion inhibitors Commonly used organic compounds in the
Tormulation of cormasion inhibitors are those that @ntain 0.5 NP
andfor Se heteroamms | 2—6) Functional groups involving these
hetermatoms and for pd el ectron systems are also known to enhancs
inhibitive properties The Bmous sssumption on the mede of
inhibitive adions of organic inhibitors is sdsorption on metallic
surface | 2,45 The popular belief is that inhibitors form proedive
fitm that shield the metal from direct exposure o aggresive ion
and thereby decrestes the dimolution of metal in the omosive
mediamn.Inthe process, theadsorbed film also recuces the exposed
area aof the metal and limits the active sies of the metal that
interat directly with the emvironment. There are reports on
cormsion ishibition potentiak of varows Bmilies of organic
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Adsorption characteristics of lota-carrageenan and Inulin biopolymers as
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potential corrosion inhibitors at mild steel/sulphuric acid interface
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Astihe hi oy The coirraeion inhibitian efficency perfonmance of bicpokym ars kata-caragesnan {10) and Inoln | NU) on mild
[ R e
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sl N5 M 50, sobusion wasewalusted using weight ko, potensadynamic polasizasion and secrachemical
mperdanc e specinosoopy | EIS ) iechniques. The inhibition effi cency of the inhibitars increased with inonease in
ooncentration. Thanmadyn amic parameters {AG,4,) and acdnason parameters (E, AH, A5 wene calo Lated
D imvestgate the mechaniem of mhibehion. Polanzason shudies resealed shat the studied inhibeors are miced

ll::d":.lﬁ Typee. Scanming Seciron mecmeope | S |, enengy d persine Xaray spechiaonpes { X ) and ascem ke foore ma-
Weight b anoeRcoy | AFM) studies were uead to charactenze the suface manphalogy of nhibied and uninh ibeed mild
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L Invrodudion comosive medivm. The compounds generally contain hetemncychic

A number of physical, chemical and medchanical propernties favour
the use of mikl stee] for construdction and manufcturing purpases.
Such properties include high carbon amtent of about 0.2 to 215 md
ahility o conduct eladric aurrent effedively without tamishing the
metd surface among others. Since it & prominently used 2 strudurad
amd] i restrumme ntal material, the prevention of its ayrmosion & very essen-
tial | 1-3]. Mest arganic compounds with presumed defending action
agaimt armasanal metds and alloys do contain heternatams ar elac-
tranegative aoms, espedally N, 0,5 and P | 4] Bat the perks of these in-
Thilsitors ane universally known and the restrictive emlogica guidelines
al many anumiries enforosd ressarches to emphasis on dasel aping &m-
nomical, non-taxic and naturally viable product |5

Matural polymers have started to g ain tremendme atention in ar-
mosion inhibition studies in recent years. This is becanse they ane effort-
lessl y obtainable, biommpatibile. non-taxic. aconarmical, and safe to use
without side efieck [§]. st likeother arganic aymosion inhibiors, nat-
wrally acaurring polymers are capable of forming meta -pol ymer am-
plexes that eventwlly protect metal swfaxce fom expaure
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rings whse heterasioms, mainly 0 aned N sarve a5 active centers af ad-
snrption to metl surface | 78] Mumerous waorks Liberature search re-
vealed that numerows warks have been done on the use af synthetic
andnatural palymers a5 potential aommosion inhibitors in thelast one de-
cale [9-14]. Umaren and Bhensa have warked exters ively with a num-
ber af other pralific authars an inhibitive effeds of po an ikl
stee] and aluminium armosion in acidic environments [15-27] A con-
cise recap of the progress in application of arbohydrae polymers as
carmosion inhibitors for metak i @ntained in 2 reent review paper
Iy Urmaren amnel Echuak | 28]

Considerablesfor s are sl beng chameled towards populating ne-
search datshxe an enviranmental friend ly polymenic armasion inhibi-
tors. Numerous natwrally owurring palymers. are yet to be duly
appraised for their potential abiliies o inhibit metal @moesion.
Amang them are water soluble polysaccharide based natural palymers,
lot-car ageenan [ 10) and Inufin (INU). loa-Carrageenan is a sulphater]
palysaccharide extract from the seaweed called armageen. The structur-
al units af 3 crrageenan amprise 3 f-anhydro-galaciose [36-A0) and
Po-galactene joined together by a-13 and p-1.4-ghcosidic bands
[Fg 1a) Carrageenan an have different structures depending an the
extent af sulphonation and the nature of substttion of the ydroyl
groups an the palysaccharide chain. Some known forms of armageenan
include iota (). kappa [ L Lambda [k L and Mu [1) carageenn_ Theuse
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Morpholine and piperazine based carboxamide derivatives as corrosion
inhibitors of mild steel in HCl medium
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W= 2-chibone Syl mosp haline -<4-casbomam ide| MO C), M- 2-chilcme gyl jsomonpholine 4-carbosa made | NCTC)
and NM-bis 2 chiorostind piperzne 1 4-dicashonramide {NOPD) wer studied 25 oonrosion infibines formild
sheed using s 2 bearphion specosopy (AAS) and gravimesy and thermometny. Results dhtained fram she
ithiree tec hnques ar smilar and reveal Sat the compounds nbibet mild sieel conmsion. The inh bitn edficen-
ciEs inceased fom 56T to TASE | MOWC) 44.5% toZ2 4T (NOPD) and 5262 oS00 (NCTC) at 20 Cwhen the
inih itor con centrasions narezsed fram 10 M o 50 . The maomum inhibitan efficency values (2t 50 pd )

m:ut demeased to 46 82, 5813 and G125 for NOWC, NOPD and NCTC mespecovely, when the tem perature wias rased
I e oS0 The dacn A7) =] i . - ——
Theer s mechanism in metal/inhibita interactons. The fonmaton of prowosve films of MOV MOPD and MNCTC mde-
Sadaatiae cules on mild see surfce were confinmed by FTIR and XKD, The omder of inh bithe: smengths ofthe mokaoales
ek b 5 MOTC = BOPD > BOMC. Quantom chemical cabculasions mveded the prospective sites rough which the
mdlenules can inerac with mild s surfioe and om e quan tum chemicaliy denved p rameers were wed o
canmobaraie expemmenial
& X017 Beewer BV, All nighits resarved.
1. Introduction all environments, mast especially addic environment Corresion of

Many facilities wsed at the ail and gas refinery plants are made of
mild steel Steel i 2 major constructon material extensively used in
chemical and allied industries for material constructions [1] i has
therefre bemme the mast useful metal in human develapment. The
uitilization of mill steel in construdion and Gbrication of industrial
fadlifies i not anly due i its optimum stengthito mes ratio that fits
ithe strength requirement o fmany induwsini al equipment, but also asa
reqult af its resdy availability 2t moderately low cost. Linfortunately,
mild stee] being an ative alloy af imnundergoes arnosion in nearly
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metals has both economic and environmental effeas that are of great
@mneem o cormsian and carrasion prevention expents. Carmasian
products can be hasardows o man, animal and vegetation B-Melgi | 2]
elieves that cormosion produds from varioussounces inchading caroon-
structions, bridges and buildings, water pi peline s ysbem s and petraleum
industries are notable environmental polThtants

Stee] made materiaks areaften used to hold 2cd, alkali and salt salu-
tions inchemical and allied indus ries | 2] Acid induced steel comasion
i by far the mest commaon inindustries. Industrial proosses that lead
o stee] corrosion by adds include add pickling, acid deaning and ail
well acidigng | 3] Safety md costeflective mantenande of steel make-
rialks used for these industrial activities are of | Tk 1
K| ncrexsed metal cormosion resistmes can be achieved in various
ways, bt afien at & evated cost. The wse af cormes ian i nhibitors is there-
fore a mane practical and emnomic alemative| ). The use of cormasian
inhibitars in industries is extensive and broad hased 6]
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Anticorrosion performance of three newly synthesized isatin derivatives
on carbon steel in hydrochloric acid pickling environment:
Electrochemical, surface and theoretical studies
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in this wosk, theee new isahin dennatves | 5-BEL 5-HH and 5-FHl) wee synthesizedand sheir inhibibionefiect on
carton sed N hydmchioncacd mediom has e esaiuaed The deted study of 5- BE] i given uen g gravimet-
micim e sresments and ekeoimar hemical meshads | DCand AC echniques | The results shosed that Sis new i28n i
anefficentcamasion inhbstar for carbon siedl n 18 HO and an bibiion o cency of 95 73 was echibied by 5-
[BEl & 1 mM oonceniration of 58E] sfter & b of immersion a1 303 K. Polanzation corves suggesied that the 5-BE1
aced asmied type inhibitr. Elecmochemical impedance spactroropy showed Sat inceass | nhibior | 5HEL

s : 5-HH and 5-Fl ) concenrasion ads toan noease inthe values of the dage sansier restsrance. Adsorpsion of
Fr— 5-HEL 5HEl and 58 madecubs an the seel susface obayed Langmur adsorpsion iscdhermmodel X #ay Phom-

HO elac tron Specemopy (XPS) anlysss reveabsd tha the coemesion inhihisian mechanism of 5-BE i mainky con-

[ L trodled by a process. The o smdy of jperiormance of the three sasn
Sriae derwatiees | 5BEL 5-HE and 5-FEl) using Density functional heory {IDFT) caloolsons of arbitl energies and =
Ao acewity indices suggesied that the frend of inhibeton potent ks of the compounds depend on the effact of suben.-
Thetiad bt et atoms | =Bz —F, and ~H) on the electnan donating andjior accepiting ability of the moleules The tend of
reactwity of the modanules was 5BE> 54FH > 5-HA Thannatical Mante Carlo simulaton stodies aleo cormboged

experimental findings
& X017 Bsewer BV, All nghis neserved.
1. Introduction edusively aorganic substanees [3]. Their adtion i mainly due o wdsorp-

Thee conrr aion of iron and stee] is 2 fundame ntal industrial and ac-
demic prescapation that has ived considerahl al X
| 1] In pasit descacd e, skowring down ar completely inhibiting cormesion has
beenam intensive field of interest. Hydrochlaric acid salution is widely
used for pickling, descaling, acid deaning, acidificationaf il wdls and
ather applications ; however. itis very cormosive and causes damage ta
meetallic constituents | 2] To deaase the dissalution of the metal and
ithe aad consumption, armosion inhibitor molecules are also addel to
the pickling solution. The stesl acid pickling inhibilors are almeost
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tion phenomena (physsorption and/or chemisorption) resulting from
the interactionof palar centres af the inhibitors molecule with adive
sites an the metal surfsce [4] In recent years, there i a <ignificant
anmunt of effort deployed to finding novel and effiGent argamic cormo-
siam inhibitors and N-heterocydic compounds have proven to be effica-
Gous oo ion maleale inhibiors | 5-10] Some isatin derivatives and
their manmich bases have been reporied 2 efficient armasion inhibitors
for ahuminium, copper and sl | 11-28] and the literature available a0-
onding toour knonwledge ot the satin deriv aives fundioning s ar-
resian inhibitars i lmited.

In comtinuation of our work an developmental N-heterooclic male-
cules 25 cormesion inhibitars in addic medium, this repont reswumes the
results of our work on evaluation of some new isatin denv atives [5-
BEl, 5-HE1 arel 5-FF ) a5 arganic armasion inhibitors for cahon sted in
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Polyurethane Based Triblock Copolymers as Corrosion Inhibitors for

Mild Steel in 0.5 M H,SO,
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ABSTRACT: Two
i b

based triblode
Wis

TRP) mechanism and

cfﬂtpd}mmmidstdmmmllﬁlﬁllnﬂjlmmdﬂms
scanning electron microscopy (SEM), and stomic force mi
mummpmmcmmmmmmmmmm

inhibitars and exhibit passivating activities The

=ie
Bt of

copelymen ¥, poly(N-sopropyl
aaylamide palyl Neisapropylacrylam ide) [P‘L';.P"LTP‘IA:I a.'n.d. polr[tﬁ-bn.q.'la
mbe]bpd}weﬂmubpdﬂmhmhmhe] [PEAPIIPRA), were syntheszed via atom

polymﬂ:lzm characerzed

mnwmmmmdwmmmm
Ehﬂdpndmh“pﬂ}muhmﬁmdmmﬁmdmﬁumm

mechanisms. Both SEM and AFM anayses confirmed the
h}mﬂfﬂtnﬂiﬂ:ﬂmﬂbmlﬂmlmsbdmm:\udhm
MMH&PUMMWMMPH{M than PHA-FU-FtEA, and the

. .;r‘,

1'|-
i’
k3

'T'Itnll.i:“pmmak

of PIA-PILPIA on mild

trend was corroborated by the results obtained from quantum chemicl caloolations.

1. INTRODUCTION

Carrogion is the destroctive attack on 2 metal ar metal z]lu'p'h'r-
chemical or eledrochemical rmction with its environment
Carrasion of metal is dso mnsidered a5 extractive metalhrgy in
reverse * Mildsteel is an alloy of iron (Fe) with various indostrial
and stroctural gpplicstons. Tt is relatively cheap and possesses
appliations, mild steel & highly sesceptible to mmosion in
VATIME aggTessdw envronments, and as a resuk, the stody of
it cnrmnun."mrm:m mnirol in acdic medom i of Sl'tlt
SOOTOTIC :u'nglm Amang several methods of camosion
cantral, such as @thodic protection, sodic protection, coating
and allaying, etc, the nse of camosion inhibitars s often con-
sidered a5 one of the cheapest, most efiective, and practica
methad of mmoson prevention. Inhibitars can also be added
in sitn doring indusirid proesses. As 2 result, corrosion inhib-
Jhnu\ewﬁd‘pnﬂdmmmpﬂmtu Idnmt'h.e
corrosion rabe of metallic materials mzﬁmum\mt
Omganic compomnds that contain heteroatms such as mitro-
g, aeygen, sulfur and/or dbd:mnnd‘l.mh:q:ﬁm u\e
generally known to exhibit good ul:ncl:rmun pmpﬂi:Fs.
Dcrgumonmg:mtdsm&uﬂhlmd; ﬂ'lmu,. ben-
zenethiol dervatives,'” imidaole/azo derivatives,™ quinaline
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d.ﬂ'ivx:ivu,”qnmrpummdmsitru id.dl}du,l-" and
Schiff hases™ are amang the widely wed omosion inhibitors.
Research on the use of polymers as corrosion inhibitors has
gained lmge #tention in recent years This is becaunse polymers
are genenally characterized with large surfice area, infrinsic
n:mw,mmm'“h{mppd}mpnmszm
andfor functional Froups that aid formation of cu:mgiuu with
meetal dons or adsorption on metl surfice. Metal mmplews of
palymers are apable of bladking the active sites on metl mrice,
ﬂm&ppm:ﬁrgﬂnmﬁﬂhmm@gdjmmnmuﬂ
carrasive emironment. The inhibitwe power of polymers is
aften stmomrally relited o the presence of geclic rngs with
mdectrons and heterogtoms, which are the major siex for
adearption 7 A review of literature has revealed that 2 mm.
ber of stmdies have been conducted in the past decade to
demanstrate the potential applications of both conducting and
thermoplastic palymers 3 protective materials for meta cor-
mnﬁuumngmmmuxmmndﬂ:mn"_x
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Zinc Oxide Nanocomposites of Selected Polymers: Synthesis,
Characterization, and Corrosion Inhibition Studies on Mild Steel in
HCI Solution

Taiwo W, Quadri,”* Lukman Q. Olsunkanmi, 38 Omolola E Fa}.nm'm,” Moses M. "iu]u'n.un
and Eno E Ebenso®™#®
un:rtm-u'l.t af Chemistry, Schoal of Mathematica and Physica Sciences, Paculty of Agriolture, Sdence and Technalogy and

*Material Scence Innovaton and Maodelling (MaSIM) Rsearch Pacus .n'u'u,. Faculty of Agrimbre, Science and Tednalogy,
Narth-West University [Mafikeng Campus |, Private Bag X2046, Mmabatho 1735, Sonth Afria
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ABSTRACT: Nanocampasitss of ZnD and some seleced
olymers, namely, Fﬂl}'ttﬂl}'ltnt glycal % poly-
fﬂm‘rmhﬂn'»el and palyaaylonitrile, were synthesized and
characterized wsing Pouner transform infrared (FTIR) spectros-
copy, uhtraviolet—vishle (UV—vis) spectrascopy, thermagravi.
metric analysis (TGA), and transmission electran micrascapy
(TEM) techniques. The FTIR and UW—vis spectra confirmed
the sucssnl formation of the polymer nanocompasites. TGA
results rewealed that the synthesized polymer nanoc
mmmd‘mulpshﬂtﬁmhpﬂhmmhﬂ @
nanopartides were about 50—75 nm in size, assumed a rodike ) ot e g A -
shape, and got embedded in the polyme matrices, 2 reveded
by TEM images Carrosion inhibition potentials af the
syntheszed Zn0/paymer nanocomposites were investigaed
for mild steel in 5% HCl solution using potentiodynamic polariztion (FOP), kinmr polarization resistance, and electrochemical
mm:mwmmmmmmmnwphmmt inhibits mild steel cornosan
in 5% MOl solution betier than the respective polymer alone. The manocomposites, accarding to PDP simdies, behaved as a
mixed type inhibitor. The predominant mode of adsarption of the nanocam posites to 2 mild steel swfae was found to be miwd
type, and the adsorption process obeys the Langmuir adsorption isotherm madel Scamning electron micoscopy images also
reveded the profective attributes of the Zn0y palymer mmrnpns'lﬂiu’ mild steed in 5% HCI solotion.

1. INTRODUCTION carrasion inhibitars. Metal nanoparticles/polymer omposites
Metals constitute 3 gret pat of matrids in comstucton, hntpuhbdnng:mmtumﬂltuhﬂhu:&mhmtbﬂu
medical, 0l and gas, petrachamical, and dliedindustries. Inthese  °f Polymers s camasion inhibinrs Hefnd et al reparted hat
industries, the metallic materid as 2 remlt ofinteraction with s Sumsngraied poly{sthylens gyal] [ChpmPEG) sdfas
suromding environment loses i essential properties over a m‘nhhd. o n'.hm' nanaparticles d"ﬂ’md'_ Lk Cllntli.?ﬂ:l'l.
pmdufmﬁszmﬂﬂ&mﬁuﬂ a:mntpu'fm'nﬂu mlthﬂlng:ﬂﬂ‘p[a.'?lMG]fa’mﬁ_mmd:anHﬂ_m}:lnn
intended function effectively and reliably.* Carasion of metas campared ta that af Chog mPEG without shver nanapartides (=2
has mmerons adverse mnsequences and has been lang known to 7). ““m’l’"“ﬂ“ﬁﬁ"hﬁm?m into ﬂ:ﬂ“‘m"'f
bea mtbu' af serions concern to experts in both academda and Pd'll'[r@l’hm Sh‘m]]f pu}p[rnrl.?Lm'ﬁlc add), )
industries and arbmymethyd cellnbose ™ had dsobean reported to
The we of inhibitar as a costeflective and easiest method of mmmﬂrmnrwm_‘?‘wm )
repressing metal arroson is 2 common fact. Organic _M amds m?""’d“ are af specid m due " ther
mpunnd.ﬁ top the chart of metal comosion inhikitors at mmﬂm’lmmmm
:prurn.t Nevertheless, some of these organic compounds m optical properfiess. Among the wide varety of mel oxide
considersd unfriendly to the emsystem and m“ nu'ln]u:hdu, Fny iz one of the muﬁpmndshlghmdis
Palymers have been identified as potential ecofrendly and
affordable corrosion inhibitors®” Howewer, their Hmited Receiwd: Sepiember 16, X7
salnhility in comman aqueons camosive media and desorption Accepted: Ocober 31, 2007
at }l'g]l. temperatures have :i:l'ﬂpbd.bd. thedr wide z.mlir.:.ﬁun ] Published: Mowembe 19, 2017
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~studies on inhibition of mild steel
_corrosion by some synthesized
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o me . pOlyurethane tri-block co-polymers

Published 1240922328 g garchan Kumar?, HemlataVashisht?, Lukman 0. Olasunkanmi®, Indra Bahadur?,
: HemantVerma', Gurmeet Singh®, Ime B. Obot® & Eno E. Ebenso®

. Pabyurethane based tri-block copolymers namealy poly(M-vinylpymrolidone)-b-polyurethane-b-poly

¢ iN-vinylpyrrolidone) (PNVP-PU) and polyidimethylaminoethyimethaorylate)-b-polyurethane-b-poly
¢ (dimethylaminoethylmethacrylate) (PDMAEMA-PU) were synthesized through atom transfer radical
i pobymerization (ATRF) mechanism. The synthesized polymers were characterized using nuclear

i magnetic resonance (MMR) spectroscopy and gel permeation chromatography (GPC methods. The

: comosion inhibition performances of the compounds were investigated on mild steel (M5)in 0.5M
 H,50, medium using electrochemical measurements, surface analysis, quantum chemical calculations
: and molecular dynamic simulations (MDS). Potenticdynamic polarization (PDP) measuraments

; revealed that the polymers are mixed-type comosion inhibitors. Electrochemical impedance

: spectroscopy (EIS) measurements showed that the pelymers inhikbit M5 commosion by adsorbing on

i M5 swrface to form pseudo-capacitive interface. The inhibitive effects of the polymers increase with

* inreasing concentration and decrease with increasing temperature. The adsoaption of both the

: pobymers on M5 surface obey the Langmuir adsorption isotherm and invelves both physisorption and
: chemisorption mechanisms. Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
: analyses showed that the pobymers formed protective film on M5 surface and shield it from direct

+ acid attack. Quantum chemical calculations and moleoular dynamic simulations studies conmoborate

: experimental results.

¢ Acid solutions are routinely used in certain induwstrial activities sach as acid pickling, cleaning, descaling etc. The
: aggressive acidic environment corrodes metallic stroctares and brings about deterioration of metal and its intrin-
sic properties'®. The use of organic inhihitors has been identified as one of the most efficient and cost efective
: methods of mitigating metal corrosson . Omganic compounds that contain ¥, §, and © heteroatoms as well as
i pi-electron systems have been documented to exhibit good anticorrosion properties® ®. The inhibition potential
: of an organic compound depends on its ability to adso?‘b on metallic surface. In ather words, the inhibitve effect
! organic compound is wsually premised on the displacement of water malecules from the surface of the metal and
¢ subsequent formation of protective flm of the inhibitor moleoales on the metal surface®.

Oirganic palymers have attractsd considerable attentions in corroson inhibition stadies in recent years. This
¢ is due to the inherent stability, cost effectiveness, and relatively high inhibition efficiency at considerably low
! concentrations that have been identified with many of these polymers' . Polymers have a great tendency of
! forming complexes with metal iors and also adsork on metallic surface effectively due to the presence of various
* functional groups in polymer malecules. Polymer maolecules ar their metal complexes occupy a large surface
i area on metallic surface and thereby block the active sites associated with corrosion and protect the metal from

! Dapartmant of Chamistry, Hindu College, University of Deli, Defi, 110007, India. *Departmant of Chamistry,
Maharsja Agarsan Colkgs,University of Delhi, Dalhi, 110007, India. *Department of Chemistry and Material Science
. Innewation & Modalling (MaSiM] Resaarch Focus Area, Facwiy of Agricufturs, Science and Tachnology, Morth-Wast
! Univarsity (Mafikang Campus), Privata Bag ¥2046, Mmabatho 2735, South Africa. *Departmant of Chamistry,
Uiniversity of Delhi, Dalhi, 120007, ndia. "Centre of Research Excallance in Corrosion, Research Insttwts, King Fahd
: Univarsity of Patrolsum and Minsrals, Dhahran 31264, Kingdom of Saudi Arsbia. Correspondancs and requasts for
: matarials showld ba addressed to E.E.E. (amaik Eno.Ebanso {Dnwu.acza)
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5-Arylpyrimido-[4,5-b]quinoline-diones as new and
sustainable corrosion inhibitors for mild steelin1M
HCl: a combined experimental and theoretical
approacht

I L ——

O Wi RSO AN, DOUG, 6, 15659

Chandrabhan Verma?® L. ©. Olasunkanmi,™ |. B. Obot.? Eno E. Ebenso®™
and M. A Qurmishi™

The mhibton of mid siesl comomon in 1M HO by four S-anipyimido- [45- 5 quincine-diones. (W00,
ramety 544 -nitraphenyl] -5, 80 - dilydropysmido 4. 5-blgunaine- 2 4{1H 3H)-dione (WPGID-1), 5-phenyd-510-
diydmpyrmidold 5-blgunaine- 2 41434 -done  WPAD-2),  5-{4-hydrosyphenyi]-5, 0 -dhypdropyemido-
l45-blgunaine- 2 $1H3H)-dione (WPOD-5)  and  5-{24-difpdrosgphenyl]- 5 50 -dipdropynimidold, 5- 5
quinoine -2 {4, 3H)-done (WPOD-4) has been inveshigaied using wesght bos, slectochemical, sursos, and
QUATLT Chemecal CADURTonS and s ular JyaTIC S STy ton methods The resuits showed it the
mibition officency (%) noreased weth noressing of the Amaong the studied
mmlmb4mm@ammeﬁmwdmnmml" oonoentotion. The
studied compounds sffactvely retaded the comnoson of mid stesl in 1 M HCL by adsoiing onto the stesl
surface, and e adsopton data conformed o the Langmur adsopton sofesn. The nesuls of
poteitdynamec polarrabon messunsmens revesed that Te studesd compounds ane cathodec-tyne
mibitors. Scanning slecton micrasoopy (SEM) study confiemed the fosmation of adsoedbed films of e
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imibitor mdecules on the stesl surboe Ouantum chemical caloulatons and maoeculr  dynamcs
DO: W SR 1 mmulytons werse underiaken o comobomte expenrme sl fn:lmgsul:lpt\cu:le adequaie m=ght o e
T ¥ ComoEon Inhibition mechansmes and adsonpton charactesstics of the shudied oompounds.

1 Introduction

Metals and allys undergn chemical andlor electmsche mical
reactions with the emvimnment to Brm relatively more stable
compounds and consequently there & a oss of metals doe o
the comsion process, Amaong d ifferent available methods thet
herve been identified for comasion omitml, the use of synthetic
cormsien inhibitors i one of the most appropriate, efectve
amd economic ways of mitigating  comsion  problem ™
Horwever, most of the snthetic cormaion inhibitors are toxic
amd ot emvimnmentally friendly. In recent years, green
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chemistry has attracted considemble attention from synthetic
and medicinal chemdists due to inecreasing eoological awarensss
amd strict environmental regulation™* Therefore, the curment
trend of research in comrosion inhibition is direocted towards the
development of green comion inhibitors that offer high
inhibition eficiency at low emvimoame ntal disk.™ In this regard,
mulicomponent reactions have immerged as a green amd
powwerful techniguee in synthetic arganic chemistry and drog
discovery in the sense that several biokygically active complenes!
maslecules can be synthesized in one step by wsing comme reial by
available cheap saning matedals™*® The muohtbicomponent
reactions  hewe  several advantiges swch as  opemtiomal
simplicity, facile avtomation and minimized waste generation,
becamse of the reduction in the number of work-up, ectmeton
anmd purification stages. ™" Furthermore, the consumption of
emvimnmentally benign solvents amd chemicals during the
reactions prosides the means of upholding the essential prin-
ciples of green chemistry, Nowadays, the development of
synthetically wseful reactions wsing water as reaction med ium
has dromm  considemble attention becawse of s non-
Hammable, non-haxzardouws, non-tmic, uniguely redoc-stable,
inexpensive and free availability."™" Momover, in asymmetric
arganocatalysis, the wse of proline, particulardy in water amd

B Ade, 2004 6, 150519454 | 156889
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2,4-Diamino-5-(phenylthio)-5H-chromeno [2,3-b]
pyridine-3-carbonitriles as green and effective
corrosion inhibitors: gravimetric, electrochemical,
surface morphology and theoretical studies

R pe—"

O i S5O Adv, 2006, 6, 53953

Chandrabhan Verma® Lukman O. Olasunkanmi®= [. B. Obot? Eno E. Ebenso®
and M. A, Quraishi™

The nhititicn of mild stesl conosion in 1 M HCI by thres newly syntheszad 2 4-diamino- 5 -iphenythio)-
5H-chromeno|2, 3-bl pyridine- 3-carbonitriles. {DHPCs) namely, 2.4 -diaming- 7-nitra-5 4 phenythio)-5H-
chromeno|2 3-bpyndine-3-carbonitile  (DHPC-1), 2 4-diamino-5-{phenyitic)-5H-chomenaol2, 3 5]
pyidne-3-caponitsle  (DHPC-2) and 24 -diamino-7-hydmay - 5-iphe nyitic)-5H-chromeno|2,3 5]
pyidne-3-carponitsle {DHPC-3) wes studed using weght ko method, electochemical technigues,
suriace monphoiogy (SEM, AFM) studies and theomtcal {quantum chemical calculations and moecular
dynamic smulstion] methods The weght los and cecrochemical measumment showed that the
nhibition efficiency incresses wath inoreasing mhibitor concentration and e relstive trand of inkibition
performance & DHPC-3 > DHPC-2 = DHPC-L A potentiodynamic polaszation study reveals that e
inestgated DHPCs act 2z moed type mhitvtors. The adsonption of e DHPCs on the mild steel surface
obeys the Langmuir adsonption sothenm and imobees both physsompton and chemsomton modes. The
pesence of fie dectron misxsng —0OH group at poston seven on the chromenopysdine nng s
consdered to be smsponsible for the highest mhibtion efficency of DHPC-3 among the swdied
compounds. Wharass the pressnce of the sleciron wathdrawang nitro |- NCL) group at positon sewen on
the chromenopynidine ning & respomsible for the lowest mhibitve steng? of DHREC-L Guantumn
chemecal calculabons and molecular dyramic smulybon studes wens undertaosn o prowdes
mechanistic nsght mo the role of the dffeent substuens (-0OH and -MNO:2) on the oorroson
nhitition behawvior of e studied mhibtars.
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preventing these undesimble mactions. Among the several
available methods of cormsion prtection, the utilaton of

1 Introduction

Imen and its allogs arewidely used as consgruction materials in
the petroleum, food, power prodection, chemical and electm-
chemical indusgries, This is due to their high thermal and
mechanical stability, ease of fabrication and joining, and lw
oot However, these materals become gradually destroyed by
COrmEKn upen exposure to the environment duoe to chemical
orfand elctrochemical meactions with the  emvimoment.,
Therefore, several effonts are being channeled towands
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synthetic cormsion inhibitors has become a popular method
because of the ease and sconomic viability of the synthesis of
these inhibitrs, high inhibition efficiency, and practica Heasi-
bility.** Mot of the eficent comosion inhibitors are omgranic
comporn ds oontaining polar functional growpsand =-electmns
in form of triple or conjugated double bonds, These symthetic
compounds inhibit comsion by adsorbing on metallic surface,
Generally, the adsorption of these inhibiors on the metal
surfaces depends on numemes physicochemical properties
wuehas nature of functional groups, stere factors, aromaticity,
electmon density at the donor atoms and p-orbital character of
donating electrons and the electron ic strecture of the inhibitons
malecules” Prvious lierature had established that §S-
containing compounds show better inhibition efficiency in
sulphurne acid slution, whil Neontaining compounds show
better inhibition efficiency in hpdmchlone acid sohtion®
W hereas, compounds containing both M-amd S-atoms generally
give rise to even better inhibition efficiencg., ™2

BRC Ade, 2004, B, S5ARS-S%5a0 | SR9TE



THE JOURNAL «

[‘IIEBILAL CHEMISTRY

Pt 3 o P00

Adsorption Behavior of Glucosamine-Based, Pyrimidine-Fused
Heterocycles as Green Corrosion Inhibitors for Mild Steel:
Experimental and Theoretical Studies
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ABSTRACT: Effects of electron donating (—CH, and —0H) and dectron  7J;
withdrawing (—N0, ) substituents on the @mosion inhibition efficiencgy of o -
mﬂ.dﬁdm:n]MHﬂhmhmlmmessmmx;
bmdtqunu.f‘mmmmuslmﬂdutpmtmmpu’fm

the compounds increase with ingease in onentraion. Both electron
mﬂmmmmmm but the effiect s maore
type inhibitors as inferred from the results of poentiodynamic
polarization sidies. B studies sugpested that the sindied componnds

plumsaminebased, mbstitnied,

inhibit

metallic mmosion by adsorbing on metdlic sufaze. The adsorpion of the
inhibitor molecules on steel surface was further supported by SEM, AFM, and

EDX analyses.

of CARBs an a mild steel surface obeyed the Langmuir adsarption isotherm. Theoreticl studies using

—CH3, and —NO: substituents on the mrmosion inhibition performances of the studied ishibiors.

1. INTRODUCTION

Mild steed has been widely used as 2 main constuction material
for piping works in various indnstries. It has foond spplications
in downhole casing or whing, flow lines, z'ud. t'z.nn'mmun ar
distribution pipelines mu:l'.lutd.gu:md.mm " Petralewm all
well acidization is an essential me that is rontnely nsed
in ol and gas indnstries for the purpase of stimulating the ail
well to msure enhanced od ]:l\uvrhcﬁu'l.“ This proess,
however, endangers the life of sieel gadgets & a remk of
aciddriven mrrosion. In order w0 prevent this undesirable
reaction, commason inhibfinrs are often added to the acd
salution during the addification J:mcus."" These campounds
inhibit mmosion by adsorbing on the metallic surfice wing
hetermatoms [gs.r M, O, 51 palar fmctional groups [gs.,
—0OH, —-NH,, —N(,, —CM, etc ]| s-eledrons, and aromatic
rings as adsorption centers.®"' Inhibitors retard meta
carmasion by adsorhing on metallic surfice and the process is
infloenced by some factors, which inclode molecular sie of
inhibitor, natwre of sohstiments, inhibitor m:rmu'ln n,
salution temperature, and nature of test sohion ¥

o ACS Pubdications 2 Ameean chemical sacesy

Multicomponent reactions [MCBs) have emerged = a
prowerful iue toward “green oympliant” fyntheds. MCRs
have advantages of satisfying both economic and environmenl
provisas of the green chemistry approaches In addition, it
ensmres high chemical selectivity, high yield, short reaction
time, mild reaction condition, and operatianal mng:hcn'p' %3
Being a ane-step reaction in which three or more reactants are
cambined to yield product, MCRs are able o stisy qute a
number of other prerequisites of green chemistry synthesis
inclnding small number of steps, facile amtomation, minimom
waste gementian dne to reduced worknp steps, and a simple
pwificion  procedure, which evhances the synthetic effi-
cmtq.l“ "Them.crum.gcﬂiugzllzw strict emvinon-
mental regulations, and the need #0 redoce environmentl
pallution togethe with its side effeds on lnman health haw
nemssited the recent efforts in ensuring that mmosion
inhilition stndies are “green” chemistry compliant In this
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Electrochemical, Theoretical, and Surface Morphological Studies of
Corrosion Inhibition Effect of Green Naphthyridine Derivatives on

Mild Steel in Hydrochloric Acid

Privanka Singh,” Eno E Ebenso,*® Lukman 0. Olasunkanmi*® L B. Obot,! and MA. Quraishi*'

"un:tm-m.t af Chemistry, Indian Institute of Technalogy, Banaras Hindn Unfversity, Varanas 221005, India
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B Supporting Information

ABSTRACT: The comosion inhibition efidencies of three novel

idines namely, S-amino-3-hydroxy-2-phenylchromena4,3,2-de][1, ﬁ]
naphthyridine. 4 carbanitrile [M-1), Samino9hydraxy- 2-[pul'p|

[4,32 de] [ 18] naphthyridine 4 crbonitre (M:2), and 5 amino- 3 hydroxy 2
(#-methoxyphenyl)chromeno| 43,2 de] [1 6] aphthyridine 4-arbonitrile (M-
mild steel in | M HO solution by nsing weight
impedance specroscopy, and potentisdynamic palar
shaw high infihition activities 2 .54 %
105 M s N.lmmNI,MMNGHMM

3] I‘nnbbul:inﬁt':md.fm
loss, eledtrochemical #
fzation methods. All three

analysis reveals an increase in

SpecTascopy
dne o the adsorhed inhibs lemles on metal surfare Potentiodynamic

pohmmudpkumkmﬂﬂuumnpmmkmumwpe
hib inantly cathodic type. The adsorption of the smdied

nesistance

mmummmmhmmm
mplﬂmmﬂhmsms&mmmmuﬂmhumm&px“am

surfee for mild steel in the presence ocfmpl'lh'mdnumandxmhtm@mdmnl
T mhh:meﬁnumchSm.dNQdubﬁtdwhmdmﬂmseﬁwho&—DﬂHn

resulis, which support

comelate well with the

and —CH; suhstitnents, respectively, ﬂmo&NLMnmdmmw&Mmmw
abtaned from Monte Cardo simulations also agres with the trmd of the experimental inhibition efficdency.

1. INTRODUCTION
Mild steel (MS) &5 a widely used alloy in petroleum industries
becanse of its low cost and high mechanical strength. Indnstria
pmcﬂiumdlxdwtlandmbm,mdp:ﬂmg,mdand
require the use of mineral acids, especidly hydro-
chlaric and solfurc acids. These processes are importnt
becase they enhanes 0l recovery and remove nmeantsd scals
mdﬂld:pumn:rﬂlmhﬁxnﬁmm
rml.nfmns."' Unfortunately, the acids wsed in the ourse
of these [PrOCESS S promaate carrasion of the ad utl,."p]:tm
damage dne to mmosion of metds engenders high cost for
renovation and replacement of variows equipment and canses
public and environmental risks. The use of chemical carrosion
:u'l‘l.l:‘usn 2 good option to protect metals fram this type of
corrasion.’ The adsorption of inhibitor molecules on meta
surface direct confact between the metal and the acid

rm.?nakupmmkmsmnlrimmhiimnf_?}hm,mt
aof these compomnds are pricey and toxic to hnman beings and
the enviranment Par this reason, current research activities ane
being gamered toward the development of cheap and “green”
msiuninhiﬂmnu"ﬂlh@linﬁﬁiuntﬁc'ﬂtcp.hv'zwuf
thiz, naphthy ridines are 2 sitable option beanse of their wide
applicability in medicines, which portrays them as nontoxic
campomnds. The | g-naphthyridine derivatives are nsed for
cancer chematherapy as antitomor agents. In addition to that
1 f-naphthyridines passess well-documented bological activity,
inchding antiba.cerial, antiviral, and antiproliferative activities,
and also act a8 an inhihitr of human immunodsficiendgy vims
(HIV) mbmuL’_"“ﬂemmﬁmmwlpqmtmbd
fram "gresn” raw materids nsing shica gel [esily available
inexpensive, and nontaxic) as a gresn catlyst and water as a
jgreen solvent Mare sq, corrosion inhibition activities of varions

sahtion. Tsmally, N-heterocydic compounds are considered to
be good mmosion inhibitors becamse of the ease of electron
donation to the metal from the nitrogen heteroatoms.
Malecules with triple ar anjugated double bonds and aromatic

o ACS Pubdications o 20 Amecan chemical Sacesy
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Experimental and theoretical studies on some selected ionic liquids
with different cations/anions as corrosion inhibitors for mild steel in
acidic medium

@Cmssrﬂ:r}:

Sasikumar Yesudass?, Lukman 0. Olasunkanmi=F, Indra Bahadur3,
Mwadham M. Kabanda®, LB. Obot®, Eno E. Ebenso™*
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ARTICLE INFO ABSTRACT

Aruice himory:
Erceved & Nowember 2005
Eevisrd 4 March H0E6

Inhibition of mild stesl corrosion in | M HC! solution by some alkylimida dlium-based fonic liguids (ILs)
namely 1-stil-3 methylmidarolivm etiyisufate [EMIM][ES04 ], 1-ethy)- 3-methy limidazolium acetate
[EMIM]* [Ac]”, 1-butyl-3-methylimidz dium thiccyanate [EMIM]* [SCN], 1-butyl - mettytimidazolivm

:‘“'-F:ﬂhm e acetate [EMIM|*fAc|" anu 1-buty-3-methylimiczotam digyanamide [AMIM]|D0A)- was investigated

wsing electrochemical, spectroscopic, surface morphology, quantum chemical calculations, quantitative
Kepwords: structure activity relationship ((J5AR) and Monte Carle simmilation methods. The studied [Ls showed ap-
lanac uads jpreciable inhibition efficiencies within the range of concenirations o Polarization s
Mild merl showerd that the studied ILs are mixed-type inhibitors, that is, they inhibit both the anodic mild sheel
;’:ﬁm inhition dissolution and cathodic hydrogen evolution reactions. The adsorption of the Ils on mild sted affords

compelitive physisomption and chemisonption processes and obeyed the Langmuir adsorption sotherm.
Spectroscopic studies onfinmed chemical inberactions between e [ls and mild steel, while the sman-
ming electron microscopy (SEM) images revealed the formation of protective fim of the inhibitors on
mild stesl surface. Theoretical quantum chemical calculations, (FAR analyses and Monte Carlo simuls-
tions studies were used In comelate experimental results. The best fit (FAR equations are functions of
malecular weight, fraction of slectrons fransferred from the inhibitor o the metal and dipole moment of
the Il

Mome Carke simulasons

© 201k Taiwan Institube of Chemical Enginsers. Published by Elsevier BV, AR rights reserved.

L. Imroduction

The use af comosian inhibiors o redwce the umvaneed meal
dissolution process associared with variows indusorial F(IﬁEBS
such as cooling water Tecircalarion, acid pickling. arid descaking,
ail-well acidizing et has been widely smdied [1.2]. The use of
COITOSion inhibitars 5 one of the mast FIHH.'I'.II:J] and economical
methods of proecring merals against cormosion and the inital
mechanism invalved in any cormosion inhibitdon process is the
adsorprion of the infibitor on the sorface of the mel [3-6].
COMOSioN inNiDItDes are often ymihesized from relatively cheap
and readily avzilable raw materials such as carbonyl compounds,

* Cor anhor & Science Reszarch
Focus A, Fanury of Agriculnure, Scence and Technology, Nonh-Wes: Uniersitg
[(Mafieeng Campue], Privase Bag X346, Mmabache T35, Smch Africa

E-mof aderes: Eno Ebemmofnwlacya (Eno E Bsemso)

T bt o ooy WOI0RE i jros 200504 006

amines, aloahals erc. Most of these CD'mpD'I.IDﬂS COMIAEN r-elscInns
and funcrional groups such &5 -C=C-, -0R, -0H, -NEz. -NH: and
-58, and heeroamms such a5 5, O and N [7].

lanic liquids {ILs) are among e compounds hat have been
gaining increasing popularity in comosion inhibition stodies in the
recent mes. lonic liguids (ILs) are sas with low meling points,
frequentdy below room emperature [EL The mast common IS
are based on imidaeoliam, Wfiﬂ.il‘.l.il.l.m... guaternary AMmmaniwm and
quaTernary phasphanium catons, bar tere is gowing inerest in
sOme ouher classes of salts. They usually exhibic diverse chemi-
cal and piysical propermies, 3s well 35 phase DEnavior with ooher
compaounds. ILs can be designed for 3 particular applicaton by ss-
lectively choosing the cation, anion and functional groups. Most
ILs exhibir exmremely low volatility Over normal operating Eemper-
arures. In addition, they show good thermal stability (473-G73 K
before noticeable decompositon) and thus, exists as liguids over
2 ramher wide Eemperamre range. This affords the possibiliy of

1876 IR 2015 Taiwan Insines of Chemical Engineers. Fublished by Hssvier BALAT rights mesered
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Antioxidant properties, computational studies and corrosion inhibition

potential of 3-hydroxy-1-(2-hydroxyphenyl }-5-( phenyl }-2,4-
pentadien-1-one analogues
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ARTICLE ITHFD ABSTRACT

Asmiche N oy Ten dertvaties of (224E)-3-hydroy-1-{ 240 ydrooyphen ¥ - 5-phemip enta- 24 dien-1 -ane weme investigated
feiiad 22 Juse 26 fior thesir antiovidant propentes and comosian inh bition potential The comp aunds wes scmened for Sisr anti-
Acpied 30 Asgpst MV omdant acihity using the 2.2 -dipheryl 1-piony-tydazyl {DPPH) radical scavenging assay and the feamic reduc-

Milabe naline 31 Ao 246 ing antooodant power (FRAP) 2y, The meshorlaed analogues genemlly showed betther antiond ant sty

than e fluonn 2rd analogues. The compounds wene sceened for dog 4 keeness propentes using, in silio tach -

mt!n . migues They were fbund i oty the Lipi nsid rule of five, wiich indicaied pomising absompton ar permeability
R ——— mmgmlmmmsmﬂmwmmgﬂdﬂmﬂmdmmm
o 43 with profein tyrosnase | FDE code: 38ME | Fusthemmane, the methony & v hugh
FRAF lbancding energes, indicating the possibility of geaier inforac Sorns with probsnes. The compounds wene also tested
Dociing fior possible antromosion properhiesu sing the poentodynamic poanzason and elactrodemical impedance
L mmuum:mmﬂw&mmﬂmdfuﬂqhmldﬂ

01 MHO Thex canp Thiz acksomprion of ghe compp s oma milld steel surface

nhqdlttmmmpnnmtmnaﬂlrd:nﬂ:lamq— T mecp indicate 3 pan-

anecus andcheam ical adsorpsion prooess.
£ 3016 Bsevier BV_All righ s resarved.

L Introdudion

Dacidl ative stress i 2 comman il ment that is sssodated withanim-
halince in the production afostdanits and antiodidants in biolo gicl sys-
e | 1] Antioxidants have attracted much attention for being used
agairt life-sty le related diseases such a5 aging, cancer, dishetes, cardia-
vascular and other degenerative diseases, mamy af which have been
linked with the harmful effeds of pollution and exposure to harmiul
chemicals 2] This in tuwm results inthe aawmulation af harmiful free
raclicals in the sysiem | 3]. Free radicals are chemical species contxining

T Commpsdess e L Kbl D ol e el oy, S Bl o ol e il sl
Pyim | S, Facdiny of Agrivalngre, Schence anud T bogy, M- e Lsiwssing
Moty Caaspes |, Pefivaiter B DONE, Melissaiyy 2735, Sainah AT
= FR=rh

Evud o Bubad o Sad celterwiaaca L Baliadvad], T saliplok i @
DA Bk by

B oo O 06 sl 0 0605, L5 O
00 7 -TA 200 200 & e vl BN A s il

an unpaired electron in the outermcet arbital of the stom |4 | Free rad-
icals generated from axygen are called reactive ax ygen species [ RIS
These are typical free radicals and include d1highly rextive axygen-
containing malecules, which are partiaularly hamful casing damage
to other malecules. by extracting electrons from them in an attempt to
attain stability |56 | Urdortunately, the human bady does notsynthe-
5128 an ad equate ammmt of antioxidanss when the hurman badyis sub-
ject to stressful conditions, to compersate for the damaging effects of
ROS 7]

Although synthetic antiocid ants such a5 utylated hydresgtalusns,
bastylated hyd rency anisale, gallicacid esters and tertary buty Lied hy-
droguinane have potential to neutralize free ralicals, they have been
criticred fortheir posible tax ic effects, low salubility and mexder e an-
tiancid ant activity [B]. Henee, thereis 2 need forthe discovery af new an-
tioxidant compounds without the limitations identified with curment
sy nthetic mtioidants. Runctional groups sudh s cabonyl and pheno-
lic hydrasy and methoxy groups are known to enhance antioidant




ROYAL SOCIETY
OF CHEMISTRY

Synthesized photo-cross-linking chalcones as
novel corrosion inhibitors for mild steel in acidic
medium: experimental, quantum chemical and
Monte Carlo simulation studies

I L ——
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Baskar Ramaganthan,® Mayakrishnan Gopiraman,® Lukman O. Olasunkanmi
Mwadharm M. Kabands,® Sasikumnar Yesudass,® Indm Bahadur,®
Abolanke 5. Adelunie*™ Ime B. Obot® and Eno E. Ebenso*®

Wewr chaloone dermatives mamely (E1-(1-{5- 143 44 -methyiphenyll- 3-oooonop - 1-enyiliphencoyipentyd- 1H-
L2353 trazok-d-yimethyl  acylate (CH-5.  E)-{1-{5-14-43 4 4-metiyiphe myl)- S-oxoprop- 1-enyiliphencey)
hexyl)-1H4- 1.2 3-tearal-4-ylimeting acryiate {CH-6 and (£)-{2-{5-{4-(3 44 -methyiphenyl)- 3-oxoprop - 1-angl)
phenooyldecyd-14-1.2 3-razol-4-3] metyl aoylae (CH-M) were syntheszed and chamctermed by
Fourer transform infared (FT-IR) and nuciear magnetc resonance (NMR) spectmscopic techmiques.
Utrancit-wsbie [UV-ws) spactra of the synthesord compounds confirmed that the chalcones undergo
phodo-oross-linkang. upaon radistion with LV-Iight. Potentodynamic polsszaton messumsimeants. showed
that bath the nisct and pholo-onms-inked chaloones are mioed -type conoson inhibtos for mild steslin
aqueous hydmchione acd. The EIS resuls showed an inomxe in chamge transfer resstance with increasing
concemtmtion of the nhibitos. The chaicone denvatves adsort spontanecusly an the mild stesl surbsos
and e adsocpton obeyed the Langmuer adsonpiion sotherm. The adsorption mode rewealed the
possnlty of competitve physsopton and chemsopton medansms Scanning sectmn Morosooy

acekrasl XS i 28 coupled with enemy dspersee X-ray speciroscopy (SEM-EDM) analyses confirmed that the chaoones

Pablished on O Sepaembar 2005, Downloadad by Mosh-West Univarsty - Souh Afsca on 3110005 0540013,

Aocepaed 4% Septeminer S5

formed a profectse film on the mild stesd surface. The overall results showed that the photo-onoes-inked
(DDA 10 1R e S0 TRy

chaicones are betier comosion nhibtors fan the nisct chacones The resuits of guantum chemical
A P P A caloulstions and Monte Cado smulstion studies are in good agresment with expesmenial results.

1 Introduction

Mild stes] (MS) is a popular alley of imn with variows applica-
tons in i refineries, chemical and transportation industries
among othes. This is dee o its exce lent mechanical strength
and relatively low cost compared to other metal alloye™ Many
industrial activities sach as acid pickling, chemical etching,
claning of ol refinery eguipment, od well acidizing and acid
descaling involve the wse of agquecns sohstions of mineral acids
which constitite stong comeive media for mild steel™ In

“Lipartment of Chemistsy, ok Weit Unfoersity (MafReny Cimgran), Private By
e, Mmabathe 2718, South Afrin. Emal Em Bevaiiwwsac o Raz 127
BN Tk 27 ININEIGAG, T2 DN D
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Contar of Bescarck Exallence in Chmdon, Beerck butitate, My Fakd Usbreaity
of Pesralesi and Mineali, Dhalras 17267, Sadl Amlic

This joumal 5 & The Aoyl Sooiey of Chemissy 2015

order to contradl metal dissoution  aseociated with  these
industrial activities, variows types of inhibitors are wssally
empkryed. It is well known that organic compou neds containing
hetermatoons such as sulphur, nirogen, oogen and amamatic
rimgs display god inhibition properties fer metal cormsion in
aggresive media®™™ However, many of the existing organic’
inorganic cormsion inhibitors especially those that contain
heny metals amd phosphates are highly toxic and not eco-
friemdly. As the quest for ervimnmental friemdly andior non-
tomic anticomosion agents incrmases, stdies on the develop-
ment of new prospective efficient comoesion inhibiters that ame
free of heay metals and organic phosphates ame beooming
simemble '

Chaleones are open-chain Havonoid compound s that exhibit
imemsting  phamacological  activities"™"  The  inhibitive
actions of some chaloone derpatives on the cormsion of MS in
acidic emvimnments have been reported by Lisf al. ™™ However,
information on the comoson inhibiton properties amd the
inhibition mechanism of many chaleone dervatives is aill
fragmentary. Chaloone dervatives are also known to exhibit
excellent photo-ermssinking properties due to the presence of

B Adv, 2015 § WATS-TH588 | PEETS



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



Objectives of the study

e 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
guantum 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.



Overview of the study...

corrosion
\

[Mitigation of metal]

Theoretical

%

DFT calculation of
descriptors of corrosion
inhibitors, MC simulation
studies

- J

/Incorporating ANN and\
QSAR, machine learning
in predicting inhibitor
efficacies of compounds
_ used as inhibitors )

Fig. 1 Research project subdivisions.



Synthetic protocol for inhibitors

"X
3

R-

RE

N

=

R

N

3

bes

R! =R*=H, R?2=R3 = Me:
R!=R*=H,R2=R3=iPr:

R!=R?=R3=R*= Me:

R R?
CS, + KO[[ \Q: Ji(\(
Acetonitrile

R? Acetonitrile 0 - S°C R? ~ R?

DS1
DS2
DS3

R!=R*=H, R?>=CL R>=Me: DS4

Rl
RZ
R4
= 7
/—N R
QR“ YN R?
R N— Rl‘@
R2 N~/
R4
v

Scheme 1. Synthesis routes for inhibitors DS1, DS2, DS3 and DS4.
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Inhibitor selection criteria

e They are easily synthesized, environmentally
benigh and non-toxic.

e They are readily soluble in acidic and minimal
acetone mixture.
e Availability of multiple conjugated connections,

more than two heteroatoms (N and S), imine
functional group (—C=N-), multiple pi electron in

the aromatic rings.

e Effect of methyl, isopropyl and CI
substitution on the phenyl ring.

43



Corrosion Studies

e Materials:

v’ 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

v’ Cut mechanically to suitable dimensions

v'Abraded with different emery papers (600-1200
mesh)

v’ Washed, cleaned and dried
Test solution:1 M HCI
v’ Inhibitor conc. 1.00, 0.75, 0.50, 0.25 and 0.10 mM

44



Corrosion Studies: Methodology

Electrochemical measurements: P
* Metrohm Autolab Potentiostat/Galvanostat (PGSTAT302N). g™ l ?’

Potentiodynamic Polarization \

* Working electrode allowed to corro | \:
OCP

e Potential rate: -250 mV to +250 mV to niuCiuate
the potential of WE

* Scan rate: 1 mV/sin relation to E_,, |e

* Electrochemical parameters obtaine
extrapolation e

* Protection abilities calculated

45
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Corrosion Studies: Methodology

Electrochemical impedance spectroscopy:

* AC signal of 10 mV at a range of 10! to 10~ Hz
at OCP

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

* Inhibition efficiency IE(%):

IE (%) = R‘”gct_(i)R‘“ x 100

R and Ry  are the charge transfer resistances of uninhibited and inhibited
systems

46



Corrosion

Surface morp

Studies: Methodology

nology:

* Scanning e
out at hig

ectron microscopy (SEM) was carried
n 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:

e 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
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Results and discussion

DS1; Rl = R*=H, R? = R3 = methyl
DS2; R! = R* =H, R? = R3 = isopropyl
DS3; Rl = R2 = R3 = R*= methyl

DS4; R! = R* =H, R? = Cl, R3 = methyl

Fig. 3 Molecular structure of the studied inhibitors
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Results and discussion
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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 DSA4.
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Table 2. EC parameters and %I Epppobtained from Tafel polarization measurements

DSs1

Conc. (mM)

—E corr (MV, Ag/AgCl)

445.37

445.11

435.85

444.13

427.92

422.90

432.80

449.15

449.22

441.43

438.50

446.52

442.24

438.64

434.49

433.96

Ba (mV/dec)

125.79 (+1.24)

112.99 (+1.02)
105.74 (+1.04)
107.44 (+1.15)
101.45 (+1.01)

107.25 (+1.12)

111.63 (+1.42)
129.19 (+1.24)
121.30 (+1.05)
127.40 (+1.21)

60.85 (+1.52)

112.48 (+1.26)
111.60 (+1.32)
107.52 (+0.98)
103.44 (+1.14)

104.45 (+1.18)

—Bc (mV/dec)

78.80 (£1.24)

47.87 (+0.65)
36.45 (+1.12)
48.32 (+0.88)
29.67 (+0.54)

48.95 (+1.21)

61.72 (+0.88)
68.81 (+0.65)
73.73 (+0.96)
65.09 (+0.55)

43.43 (+1.42)

57.21 (+0.84)
52.13 (+1.24)
44.22 (+0.97)
41.44 (+1.26)

51.82 (+1.28)

icorr (MA/cm??)

378.41 (+1.88)

38.75 (+1.36)
27.58 (+1.02)
24.66 (+0.96)
15.59 (+1.44)

5.30 (+0.98)

31.18 (+0.45)
19.70 (+0.66)
15.09 (+1.86)
10.59 (+0.65)

6.20 (+0.48)

135.98 (+1.32)
93.37 (+0.89)
81.12 (+1.42)
73.32 (+0.58)

62.17 (+1.06)

89.76

92.71

93.50

95.88

98.60

91.76

94.79

96.01

97.20

98.36

64.07

75.33

78.56

80.62

83.57
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800
700 - DS1 simulation plot
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6004 ¢ 1mM
Fitting line (a)
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Fig. 7 (a) Simulated plot for DS1 in 1 mM HCI at 30 2C (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

“.

O
wn
ey

0.10

0.25

0.50

0.75

1.00

0.10

0.25

0.50

0.75

1.00
0.10

0.25

0.50

0.75

1.00

3.50 (+0.06)
2.18 (+0.02)

2.61 (+0.01)
2.15 (+0.02)
2.27 (+0.02)
3.18 (+0.03)
1.65 (+0.01)
2.51 (+0.03)
2.10 (+0.03)
2.44 (+0.02)

3.08 (+0.01)
3.16 (+0.04)

4.22 (£0.04)
4.18 (+0.04)
3.78 (£0.02)

7.38 (+0.01)

22.5(+0.4)
114.0 (+0.2)

245.0 (+0.2)
265.0 (0.3)
313.0 (+0.1)
736.0 (+0.1)
163.0 (+0.2)
409.0 (+0.1)
558.0 (+0.3)
688.0 (+0.3)

725.0 (£0.2)
35.3 (+0.2)

47.2 (+0.3)
52.8 (+0.4)
88.6 (+0.3)

90.6 (+0.4)

0.873
0.869

0.867

0.844

0.860

0.852

0.877

0.864

0.858

0.838

0.816
0.869

0.873

0.869

0.873

0.868

243.0
213.0

168.0

148.0

170.0

120.0

200.0

69.9

62.4

68.1

67.7
269.0

210.0

205.0

173.0

144.0

0.64

0.77

0.69

0.58

80.26

90.81

91.51

92.81

96.94

86.20

94.50

95.97

96.73

96.90
36.26

52.33

57.39

74.60

75.17
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Adsorption Isotherm
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Fig. 8 Langmuir adsorption isotherm
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“h.‘r = -

- 0.9997 1.0067 0.0177 -37.69
- EIS 0.9994 1.0153 0.0317 3.15 -36.21
_ PDP 0.9999 1.0184 0.0088 11.36 -39.45
- EIS 0.9999 1.0191 0.0119 8.40 -38.69
- PDP 0.9999 1.0495 0.0257 3.89 -36.75
- EIS 0.9988 1.0332 0.0462 2.16 -35.26
- 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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Results and discussion

Surface analysis by SE

Fig. 9 (a-c) SEM micrographs of surfaces of mild steel: (a) abraded, (b) in 1.0 M HCI, (c) in the
presence of 1.0 mM of DS1. 57



Results and discussion

Surface analysis by AFM

(a) (b)

Fig. 10 (a) 3D AFM micrographs of mild steel in (a) 1 M HCI, and in the presence of 1.00 mM
concentration of (b-e) inhibitors. 58



Results and discussion
DFT Study

Table 5 Aqueous phases quantum chemical reactivity indices of the molecule

Dipole

Inhibitors
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
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Results and discussion
DFT Study

DS1/Fe(110)
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Fig. 11 Simulated adsorption of the studied inhibitor molecules on Fe(110) surface.
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Results and discussion

Corrosion inhibition mechanism

DS1

CH,

———y [ lectron transfer (n or pi to d-orbitals) l

moommmmn—— Electrostatic interaction Mild steel

Fig. 12 Pictorial representation of the adsorption mechanism of the inhibitors
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Results and discussion

Disulfides Metal/Electrolyte Max. %IE m

Bis(1-benzylpiperazine)thiuram Mild steel/ 3.9 M 90.00
disulfide (P2) HCI

5 B!s(4-'benzyl piperidine)thiuram Mild steel/ 5.5 M 1 93.00 5
disulfide (P3) H;PO,

3. Diallyl disulfide (DAD) Cu/ 0.5 M H,SO, 5 91.50 6
Bis(1-benzyl piperazine)thiuram Mild steel/ 3.2 M .

% disulfide (C5) H.SO, 1 95.00

5. 2,2’ benzothiazolyl disulfide L/'C"ld steel/ 1M 415 9g.34 8
N,N'-(disulfanne-1,2- :

7’ ’ 1
6. dicarbonothioyl)bis(N,N'-bis(2,6- L/Icllld Sl 10 1 98.60 PS

dimethylphenyl)formimidamide) (DS1)

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 62



Conclusions

* 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 (AG,4s) ranging between —35.26 and —39.45 kJ mol!
confirmed that the adsorption process was both chemical and physical, with
preference towards chemisorption.

e 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. 63
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Formamidine-Based Thiuram Disulfides as Efficient Inhibitors of
Acid Corrosion of Mild Steel: Electrochemical, Surface, and Density
Functional Theory/Monte Carlo Simulation Studies
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ABSTRACT: Electrochemical, surface, and density functional theory (DFT)/Monte
Carlo (MC) simulation studies were used in investigating the characteristics of N,N'-
(disulfanne-1,2-dicarbonothioyl)bis(N,N’-bis(2,6-dimethylphenyl) formimidamide)
(DS1), N,N'-(disulfanne-1,2-dicarbonothioyl)bis(N,N’-bis( 2,6-diisopropylphenyl)-
formimidamide) (DS2), N,N’-(disulfanne-1,2-dicarbonothioyl)bis(N,N"-dimesityl-
formimidamide) (DS3), and N,N'-(disulfanne-1,2-dicarbonothioyl)bis(N,N'-bis-
(2,6-dichlorophenyl )formimidamide) (DS4) as inhibitors of acid corrosion of mild
steel. The inhibitors were found to effectively reduce the rates of steel dissolution at
the anode as well as cathodic hydrogen evolution. The order of inhibition efficiencies
of studied compounds is DS1 (PDP/LPR/EIS: 98.60/97.98/96.94%) > DS2 (PDP/
LPR/EIS: 98.36/96.86/96.90%) > DS3 (PDP/LPR/EIS: 94.66/87.44/94.30%) >
DS4 (PDP/LPR/EIS: 83.57/77.02/75.17%) at 1.00 mM, and the overall efficiencies
appeared to depend on the molecular and electronic structures of the compounds.
The compounds offered high resistance to charge transfer across the electrode/electrolyte system by forming adsorbed film whose
resistance increased with an increase in concentration. Findings suggested that the adsorption process involved combined
chemisorption and physisorption. DFT calculations and MC simulations provided theoretical justifications for the experimental

|l Metrics & More I © Supporting Information

results.

1. INTRODUCTION

Over the years, carbon steel has been widely utilized in
numerous domestic, industrial, and engineering processes, as
well as in the construction of geothermal power plants. This
attraction has been mainly attributed to the low cost, excellent
mechanical properties, and weldability of carbon steel.’ These
low-alloyed materials could function well in a nonsaline
environment with moderate pH, but undergo severe corrosion
in a more aggressive environment. As of 2016, records available
in NACE International’s IMPACT report estimated the global
cost of corrosion (excluding individual safety and environ-
mental consequences) to be US$ 2.3 trillion, which is
approximately 3.4% of the global GDP.” Similar reports also
stated that, using available corrosion control practices, an
estimated savings of 15=35% of the cost of corrosion could be
realized. As such, the development and use of corrosion
protection strategies becomes invaluable, and the use of
organic inhibitors has gained prc e in the mitigation of
corrosion-related problems. =

Organic compounds employed as corrosion inhibitors
possess certain properties like the existence of heteroatoms
(N, 8, O, and P), aromatic rings, and rich electron clouds
around the multiple bonds. Research studies have shown that
the listed properties enhance the adsorption of these types of

© 2022 The Authars. Published by
American Chemical Saciety

A4 ACS Publications

chemicals on the surface of the metal by the formation of
electrostatic interactions (physical adsorption) and/or coor-
dinate covalent bond (chemical adsorption) between inhibitor
molecules and the metal, ensuring the coverage of the active
sites ‘(on the metal), thereby, protecting it from aggressive
ions."”*

Thiuram disulfide derivatives have been reported to possess
antimicrobial activities,” ' antioxidant activities,'> and anti-
cancer properties,' ' respectively. These compounds are also
used in vulcanizing synthetic rubber.’® As per corrosion
studies, Ousslim et al.’® evaluated the mitigation of mild steel
corrosion in 3.9 M HCl using bis(1-benzylpiperazine)thiuram
disulfide and achieved an inhibition efficiency of 91.2% at 107
M. In a similar report, the team assessed the inhibitory
performance of three piperidine compounds including bis(4-
benzylpiperidine)thiuram disulfide (P2) for mild steel
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Published: July 20, 2022
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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



Alm and objectives of the study

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

HCI solution using Tafel plots and electrochemical impedance spectroscopic (EIS) methods.
Il. Investigation of the corrosion inhibition mechanisms and modes of adsorption of the quinoxaline

derivatives on MS in 1 M HCI solution.
1. 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.



Introduction

* The present study:

* Methods of investigation: experimental and theoretical
methods

* Corrosion inhibition potentials of some quinoxalinyl-
pyrazolyl-methanesulfonamides for mild steel in 1 M HCI

7\ 7/
0 N N—_
MS-2-PQPP >s/ " MS-2-PQPMS
MS-3-PQPP o/ \CH3 MS-3-PQPMS

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




Materials and methods

Test Material
Fegg o7 (Co 17»Mn, Si, S, & P)
Surface pretreated
1 cm? exposed surface area

Test Solutions

1 M HCI (blank solution)
* inhibitor concentrations: 5 - 100 ppm

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




Tafel Polarization curves
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Impedance plots

Mild steel (1 M HCI/MS-2-PQPP, 303 K)
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- “M“AA“A
AA‘A AAAA, 17°
300' AAA AAA -AA F S
100 AA at "pA = 60
A Ly Bee A
250 4 o0, L 150
< = 1M HCI (Blank) cesseccceccecceens, s B4, e =,
—_ L LLLLT LYY T e o0 -
é 200 = ® 5mgll = "=V, AAA '. A 40
N A 100 mg/l o N S’ " "a
N 1901 < 104 A T a0 430
) N A A A 4, N ﬁ A .- I.. AAA. -AA AA
N = ] .. L'
1001 4 . = Ao aoteetaang iy 20
- e . cog o2
50 AA AAA . AA“ ..' - ° ..--- 10
AAA AL *a .l... --"-- n"
O . . . . . A‘fh 1‘."“---- CL L L L 0
0 50 100 150 200 250 300 350 400 _ _ _ _ _ _ 10
Z'(Qcmz) -1 0) 1 2 3 4 5

log f(HZz)

-Phase angle (degree)



Tafel and EIS parameters

Compound Conc. - E.orr (MV) i (LA/CM?) %IEp Compound Conc. R, Ret 16| |S] %IE,
Blank 1 M HClI 460.60 420.41 - (Qem?)  (Qem?)  (Degree)
MS-2-PQPP 5 mg/l 475.46 318.55 24.19 Blank ] 101 28.20 00.59 064 -
100 mg/l 455.35 51.34 87.78
MS-2-PQPP 5 2.65 42.6 54.68 0.66  34.04
100 2.93 332 67.12 079 9154
MS-3-PQPP 5 mgl/l 463.98 142.63 66.06
100 mgl 440.36 41.35 90.16 MS-3-PQPP 5 3.04 125 6310 076 7752
100 2.17 459 71.74 0.84 93.88
MS-4-PQPP 5 mgl/l 465.03 148.12 64.75 MS-4-PQPP 5 1.60 134 42.60 053  79.03
100 mgl/l 446.57 41.50 90.12 100 2.91 436 69.86 083  93.56
MS-2-PQPMS 5 3.17 178.00 65.00 077 8421
MS-2-PQPMS 5 mg/I 465.56 89.66 78.66
100 mg/l 45377 45 36 89 20 100 2.80 384.00 69.37 082 9268
MS-3-PQPMS 5 2.26 229.00 66.96 079 87.73
MS-3-PQPMS 5 mg/l 460.43 69.86 83.38 100 2.52 425.00 69.91 0.82  93.39
100 mg/I 454.09 41.20 90.20
MS-4-PQPMS 5 mg/l 456.99 131.53 68.70 MS-4-PQPMS > 2.9 9139 6L7® 075 6925
100 mg/I 450.79 38.47 90.84 100 241 468.00 71.39 0.84  94.00




Adsorption isotherms

120

100 -

80 -

Cleo 60 1
(ppm) ]
40 -

20 -

0 20 40 60 80 100
Concentration (ppm)

Physical and chemical adsorption

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

Inhibitor Kags “AG s

(x10%) (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




SEM plates: 3 h immersion time

20 um ; Blank, MS-n-PQPMS: n=2 -> 4




Quantum chemical calculations & QSAR

W IR
- g‘
%ﬁj‘ £ )
< d - (MS-2-PQPP
&,

N 1q
HOMO (MS-2-PQPP) LUMO (MS-2-PQPP) f*(MS-2-PQPP) MSE = \/Z(Epred ~IE,,f RMSE= \/_z(lEpred ~IE,, f
i=1 i=1
Parameters QSAR Equations R? MSE RMSE
90 Neutral species
3 AE_ 1 7, AN, |E = -538.733 + 85.942*AE, ,, + 18.747%y +277.212*AN — 0.476*1 0.981 4719 2172
€ 80-
= AE, 4, AN, Y, PA IE =-98.640+58.233*AE, |, + 158.817*AN-0.415*u - 0.174*PA 0.990 2.492 1.579
75 -
Protonated species
70 T T T T
70 75 80 85 920
IE,, (%) AE| 1, %, K, PA IE = 708.421+5.056*AE, , + 23.748%y +0.910* u1-0.866*PA 0.997 0.647  0.805
AE_ 4 7, AN, PA |E = 764.510-16.045*AE_, +39.360%y +110.713*AN-0.951*PA 0.998 0.546  0.739
Eromor ELumos My PA IE =707.979 - 6.798*E jmo - 17.033*E oo + 0.920*u - 0.867*PA 0.997 0.649  0.806

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



Molecular dynamics simulations

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

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



Conclusions

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

e 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 d¥namics simulations are in agreement
with the trend of experimental inhibition efficiencies

* Inhibitive strengths were affected by the position of sulfonamido group attached
the pher|1yl ring, such that substitution at position 3 favours higher inhibition
potentia
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Adsorption and corrosion inhibition properties of

N-{n-[1-R-5-(quinoxalin-6-yl)-4,5-dihydropyrazol-
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3-yllphenyl}methanesulfonamides on mild steel in

1 M HCL: experimental and theoretical studiest

Lukman O. Olssunkanmi®* Ime B. Obot? and Eno E. Ebenso*®

S quinoeainyl-dipdropyacolyl-phenyl-methanesuiforamides were ivestgaied for e adsorpton
characterstcs and mhibtion of mild stesl corrion ;o 1 M HCL medum Tall polarsstion
mexurement revealed tat all the shudied compounds am mimed-type nhibtors. Bectochemical
mpedanos spectoscapy showed that the compounds forma meudo-capactye protectre film on mild
steml surfsce and paotect the stesl from deect aod attsck. The mhibitos adsort on mild stesl in L M HO
iz competitve physsonption and chem somton mechanisms and ther adsopiion obeyed the Langmuir
adsoemion mothenm model UV-vis spects conmfisned tiat the inhibitors interact weth mild steel in
scluton io form Fe-inhibitor compleses. Soanming electron mecmsoope (SEM) images abso confirned the
potective efficacy of the studied compounds an mild steel in fe aod. Cuantum chamical calcuistinns
and quanttatee structum actwity relatonship (OSAR) studies proposed good coselstions betwesn
moleculsr quantum chemical descriptors and expesmental mhibtion sfficsnces. Desorptors for
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peotonated species correlyie betier than fose of neutral speces. Adsomption of the studied mobeoules

was simulated on Fe{lld) surface and the binding energies desved from molecular dynamecs smulations
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1 Introduction

Cormsion of metals is still congidersd a foremost soume of
wonmmic and safety concerns to ind wetres. This s in spite of
oopious mseanch progres that has been documented in corm-
son science and technology.' Comosion tends o occur in
almost all agueous envimome ms,® bt the process is grievoush
shaped up in mone aggressive media swech as those e noountered
in ol and gas induestries, Oil and gas processing amd allied
activities such as pipeline cleaning, pipeline/acid descaling amd
ail-well acidizing imvolve the wuse of mineral acids, mast espe-
cially hydrochleric and sulfurie acids® Acid washing, matrix
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comoborae expenmental results. Compounds i which e suifonamido group s attached o position 3
ain e phenyd eng showed higher oomnosion nhireon scterbes

acidicing and fmcture acidizing imobe pumping of acid
(usually hydmchlone acid) imo the well with the aim of
improwving well productivity or injectivity. ™ These wnenaoddahble
prosdisction activities wnfors nate y expose the metal alloys thet
make wp the odl well and pipelines to acid cormesion.

Anample mumber of stsdies in oomosion scienoe ressarches
Focwms oo mild stee] comusion and prese ntion. ™ The popularity
of mild steel in this regards s connected with its wide wsage,
o by jts relatively high mechanical strength and low cost "
As a type of carbon seel, mild stesl also has advantages of ease
of fabrication, availbility amd weklability over many other
metal allwys.'*" However, mikl stee] is highly susceptible o
COFMEIN in COmman aquecus emvimnmens, especially acidic
salutions "™ A comparative analysis of cost and e ficiencies of
ko cormsion contral and prevention methods puts the mse
of comodon inhibitors at a mtional edge.® Apart from the fact
that mamy cormsion inhibitors can be snthesized from rela-
tively cheap materials,” their wtilization proffers a comnwe nient
appmach of mepressing metal cormsion.™ Inhibiors can be
injected inw production channels in séu withowt necessarnly
digrupting the engoing production procese ™5 Many applica-
tigens imeishee thie wee of cormsion inhibitons in oonjunction with
other methods such a8 coating amd cathodie protection o
achieve maore enhanced prtection efficiend.
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Quinoxaline derivatives as corrosion inhibitors for mild steel in
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« Quinoxaline denwatnes weed 2 oornoeion inbbi s for maild stesd

# Polarization magsumments show that the sbudiad inhibitors are miced type and obey Langmuir adsorption isotherm.
# SEM images reweal formation of potective film on the mild steel surface by the quincocaline deriathes.

= Quanum chemical @loulations are in good agresment with experimental results.
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The corrosion inhibition potendal of four quinoxaline dernachves namehy 143<(S-methylphemyl)-5-
{ quincacatine& 4l )-4, S-ditpd ropymzol-1-ylputn-l-one (MaSPOPR] 13- S-methooryh eyl -5-( qui-
nencalin-G-yl)-4 S-dibydropyazol-1-ylbugn-1-one (Me-2-POPR] 1< 3-(2 methoxyphermy)-5-(qu ino-
alin-&-yl)-45 -ditydropyrazol A-yl|butan-T-one  (Me-3-POPE) and 143 2H-13-benandi cond-5 1)-5-
{ quincocaline& 1)-4, 5-dilwd ropyazol-1-yluan-1-one (Oxo-13-POPE) was studied for mid ==l or-
rasion in 1 M HO soltion using electrochemical, specmosoopic techniques and quanium chemical cal-
culations. The results of both potengodynamic polarzagon and elecmchemical impedance specino-
soopic studies revealsd that the ompounds are mixed-type inhibiors and the oder of oormosion in-
hibigion effidency at 100 ppm is Me-4-POPE > Mi-3-PQPB > (o-13-POPE > Mr-4-PQ PR Fourier trans-
form infrared (FTIR) and ultrawiolet-visible (UV-vis ) speciroscopic analyses confirmed the prsence of
chemical interactions befween the inhibitors and mild steed surBoe. The adsorption of the inhibitar
malerules on mikd steel surBor was found to be both physisorpgon and chemisorprion but pre-
dominantly chemisorption. The experimenil data obey Langmuir adsonpton isotherm. Zanning clec-
ton micrasmpy studis mvealsd the fomation of protecthe films of the i nhibi s on mild sl surface.
Quantum chemical parameers ob@ined from density funcrional thenry (DFT) caboul ations support 2x-
perimenial msuls.

& 2015 Elsewier BY. Allrights resened.
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equipment due to its relatively low cost and good mechanical
strength | 1.2 L But acil solutions used inmany indistrial processes

Mild steel i considersd a material of dhoice in divese in
dhmtrial and structural applications, and used for a wide range of
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such as ackd deaning, acid descaling, add pickling and oil well
acidiring are strong avmosive media that enhance the rate of mikd
steel comasion |3] As aresult, comasion of steel and other adive
metals has been identified a5 a wmmon problem in today’s in-
dustrial workl. A popular method of protecting metals sgainst
cormsion i the use of cormsion inhibitors. Industrial sohstions can
b treated with cormsion inhibitors in onder to reduce the amo-
siveness of the aggressive medium Inhibios redue cmosion
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Influence of 6-phenyl-3(2H}-pyridazinone and 3-chloro-6-
phenylpyrazine on mild steel corrosion in 0.5 M HCl medium:

Experimental and theoretical studies
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Twa pyridazine derfvatives, namely, S-phemyl-3 ZH)-pyridazinone (P1) and 3-chloro-G-phen yipyrazine
(FZ) were imvestigaed for ther influmnce on mild steel corrosion in 05 M HO, using Tafd polariz-
tion, elecrochemical impedance spectosmpy (EI5) surfoe monp hology, FTIR and UV-ws techniques.
Quantum chamical cakoulations were alon cond udhed 0 carroborate experimental findings. P1 was found
to acceleTade mrrosion at bow concentratons bur exhibits inhibitive action at higher concentrations,
amaining &1% inhibigon effidency & 1.25 mM. The inhibithe acgon of F2 inoeases with inoeasing
cnncentratian from 2T 2t 01 mM to 962 2 125 mM = deduced from E1S megsurements. Bath oome-
jpounds are mixed type inhibitors. P2 seems to display chisfly anodic inhibigve effecs. The adsorpgon of
P2 on mild stee] surface obeys the Langmuir adsomoo n isotherm and imvalved competitwe physis onpion
and chemisorption mechanicms Scanning elsotran micmsonpy of stedd surbices in acid-
inhihitor soludons showed that both compounds protect mild seel surfee eflcvely at 125 mM
FOR and UV-vis specooscopic anahses revealed thar N—H Ce=, and (=N functional groups of the
pymidazine derfvatives are actively invalved in adsarption of the maolerules onin seel surbioe. Quantum
chemical parameters showed that the higher inhi bition effidencyof P2 compared o P1 might be relaed
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& AT Publichad by Elssdar BV

L Itrodwction

Mild seel has applications in various industries, induding pe-
trol ewm, cons trudtion and trans portation industries among others.
It is a widely used material for diverss structural applications. The
extensive use of this alloy of iron is related to its special features
like highmechanial strength, moderate cost and rexdy avail ability
|1-51

Certin industrial promsses like add cleaning, scid descaling
and ol well acidizing wiliee add solutions, which are notable
aggressive solutions for metal comasion. Mild stes] being analloy of
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iran is therefore highly susceptible to cormosive attack by scidic o
12—5)

One popular method of @ntrolling metal commosion i the use of
cormsion inhibitors Commonly used organic compounds in the
Tormulation of cormasion inhibitors are those that @ntain 0.5 NP
andfor Se heteroamms | 2—6) Functional groups involving these
hetermatoms and for pd el ectron systems are also known to enhancs
inhibitive properties The Bmous sssumption on the mede of
inhibitive adions of organic inhibitors is sdsorption on metallic
surface | 2,45 The popular belief is that inhibitors form proedive
fitm that shield the metal from direct exposure o aggresive ion
and thereby decrestes the dimolution of metal in the omosive
mediamn.Inthe process, theadsorbed film also recuces the exposed
area aof the metal and limits the active sies of the metal that
interat directly with the emvironment. There are reports on
cormsion ishibition potentiak of varows Bmilies of organic




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



OBJECTIVES

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,

e 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.
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DFT RESULTS — DFT Parameters for aqueous forms of pyrimidines

FORTY |Conc |TE HOMO (LUMO |AE vl IE
Pyrim  |(MM)  I(eV) (eV) (eV) (eV) (®) (%)

AMP-1 0.362 -27733.80 -6.819 -3.280 3.539 2361 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
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Variables
_ Constitutional indices Average molecular weight
- Constitutional indices Mean atomic Sanderson electronegativity (scaled on carbon atom
_ Constitutional indices Mean atomic polarizability (scaled on carbon atom)
_ Constitutional indices Percentage of oxygen atoms
_ Ring descriptors Number of benzene-like rings



IE(%) = 2949 + 403 Conc + 49.3 AMW — 2778 Me — 682 Mp + 4.28 0% — 7.60 nBnz
R2=0.4162, SD = 5.01204, SSE = 828.98

ANN Model 5 training and validation
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ANN predictive model performance at the training and validation phase

- Model 1 Model 2 Model 3 Model 4 Model 5

Metric Train Valid Train Valld 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

MASS 2756 12048 5817 4460 4849 6238 1907 12298 5545 2912
AR 1.300 9.207 4.281 2848 2162 3998 1054 8433 3743 1.791
MO 1489 10260 4.928 3525 4865 5281 1152 11013 4.354 2648
QIS 0086 -7.793 0191 -0.667 -0.842 -1.899 0010 7.035 -0.049 2.368

cahy 0.031 0096 0012 0007 0014 0008 0025 0029 0030 0.013

lteration RS 501 462 1000 247
USEiE? 75930 145.157 33.838 19.887 23515 38.916 3.637 151.228 30.750 8.479



Pyrimidines

Molecular structure/ MLR
Name of compound Predicted
IE(%)
e e 93.34
NH -
)—NH
5-acetyl-6-methyl-4q(3-nitrophenhﬁj-SA-dihydropyrimidin-2(1H)-one
H,C
HaG o 94.52
NH B CH;
NH
5-acetyl-6-methyl-4Qp-tolyl)-3,4-dihydropyrimidin-2(1H)-one
HiC 94.13
H,C o
}—NH
5-acetyl-4-(4-methoxyphenyl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one
o 97.27
CN
| NH
-
6-(4- hydroxyphenyl) -5-isocyano-2-thioxo-2,3-dihydropyrimidin-4(1H)-
one
(o]
o 93.16

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

ANN
Predicted
IE(%)

90.28

98.10

96.80

91.63

89.94

MLR and ANN
predicted results for
novel pyrimidines



Pyrimidines

Molecular structure/

Name of compound

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

\(O

v

NH
HN

HN OH
5-(4-hydroxyphenyl)-7-thioxo-5,6,7,8-tetrahydropyrimido[4,5-
d]pyrimidine-2,4(1H,3H)-dione

N

HN

HN
)—NH
5-(4-nitrophenyl)-7-t?1ioxo-5,6,7,8-tetrahydropyrimido[4,5-
d]pyrimidine-2,4(1H,3H)-dione

[0}
NH
HN o

NO,

0"

HN NO,

4
T

5-(4-nitrophenyl)-5,8-%lihydropyrimido[4,5-d]pyrimidine-
2,4,7(1H,3H,6H)-trione

MLR Predicted|ANN Predicted

IE(%)
101.92

96.04

92.62

84.47

IE(%)
94.75

90.50

89.64

89.24

MLR and ANN
predicted results for
novel pyrimidines



Comparison of predicted IE(%) of novel
pyrimidines obtained with MLR and ANN models

120

B IE(%) MLR  Novel pyrimidines acted as excellent

[ IE(%) ANN corrosion inhibitors
100 -

e Compounds A, B and C with
substituents —NO,, —CH; and —OCH;
respectively showed the IE(%) trend in
the order B > C > A in both prediction
by MLR and ANN.

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

o
o
1

Inhibition efficiency
S S

N
o
1

A B C D E F G H I
Novel pyrimidines



CONCLUSIONS

* 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.
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Abstract

Pyrimidine compounds have proven to be effective and efficient additives capable of protecting mild steel in acidic media. This
class of organic compounds often functions as adsorption-type inhibitors of corrosion by forming a protective layer on the
metallic substrate. The present study reports a computational study of forty pyrimidine compounds that have been investigated
as sustainable inhibitors of mild steel corrosion in molar HCI solution. Quantitative structure property relationship was
conducted using linear (multiple linear regression) and nonlinear (artificial neural network) models. Standardization method
was employed in variable selection yielding five top chemical descriptors utilized for model development along with the
inhibitor concentration. Multiple linear regression model yielded a fair predictive model. Artificial neural network model
developed using k-fold cross-validation method provided a comprehensive insight into the corrosion protection mechanism
of studied pyrimidine-based corrosion inhibitors. Using a multilayer perceptron with Levenberg—Marquardt algorithm. the
study obtained the optimal model having a MSE of 8.479, RMSE of 2.912, MAD of 1.791, and MAPE of 2.648. The optimal
neural network model was further utilized to forecast the protection capacities of nine non-synthesized pyrimidine derivatives.
The predicted inhibition efficiencies ranged from 89 to 98%, revealing the significance of the considered chemical descriptors,
the predictive capacity of the developed model, and the potency of the theoretical inhibitors.

Keywords Corrosion inhibitors - Pyrimidines - Chemical descriptors - QSPR - MLR model - ANN model
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ABSTRACT: The inhibition of mild steel corrasion in 1 M HCl by some quinoxalin-6-y1
derivatives mamely 1-[3-phemd-5-quinoxadin-yl-4.5-dihpdropyrazol- -9l Joutan- 1-one
(PQDPE), 1-(3-phenyl-5(quinoxain.&yl)-4,5-dibydro- LH-pyrazal -1 -yl) propan- 1-one
[PODPP), and 2 -|.I 1-[3 phenyl-5 {quinaxalin- 6 )-4.5-dihpdropyraza- Lf -
ethanone (PPDPE) has been investigated nsing dectrochemicad studies and quantum
chemical cidonlaions. The results showed that PODPP & the bhest corrasion inhibitar
amang the three stndied and the inhibition efficiency increses with increase
mmwmhaﬂlmjﬂmmmadmohmwummﬁsbd
surhe was found © be spontaneons and obeyed the Prumldn adsorption isotherm.
Scanning electron microscopy (SEM) images confirmed the formation of protective films
af the inhibitors on mdld steel surfce Quninm chemicd cdmbtions showed that the
b have the tendency to be protonated in the acd and the remlts agres with

abservations. Monte Carlo simulations were applied to search for the most

stable configoration and ' far the interaction of inhibitors on Fe(110)/

100 H0 interface. The resulis ﬁmmcmsmmmmmﬂummmm
DmmﬂMMMWmﬁhmwmmmuﬁeMm

inhibition efficiency.

1. INTRODUCTION

Carrosion of metals is of major economic and safety nem to
many indnstries including construction and odl-refining
industries. " Mild stesl & a2 widely med metal in most
industries doe to its relatively low cost and good mechanica
s'h'ulgﬂl."" The use of caroson inhibitars has been 2 popular
mt&mdufpm:mgﬂtmfndmm metas against
commeion in wrions media® It i the simplest method of
reducing corrosion rate nntdl date, and it is relatively cheap. =
Mitrogen-, axygen-, and sulfnrcontaining anganic componads,
especially those with meledron systems are commanly
comidered a5 corosion inhibitors, and many of them have
been repored to have appredable inhibition efficiendes*='

compomnds that have stracted much atiention in the past few
years. These mmpounds are esy to synthesize, are environ-
mentally fendly, and eshibit wide biddogical and phot-

chemical actvities ' ™ * i against this hackdrop that di ferent
quinoxdine derivatives are continuously being synthesmed and
smdied for diverse potential applicatons. Many quinorabine
dervatives hawe been reported as efficient inhibitors of meta
mmmmzndxmbﬁ'ummﬂuepxttw}m”'“m
design of new corosion inhibitors and the smdy of ther

o ACS Publications o 2005 Amecan chemical Sacesy

inhibition properties are gaining increasing attention from
materiadls scentists and enginesrs.

Hectrochemical echniques such as potentiodynamic polar-
ation and electrochemial impedine spactroscopy have been
soessfully otlzed to stdy elsctrochemizl camosion, and
defermine inhibition properties of corosion inhibitors But
thearetical approaches are often used to make in-depth
explinations of the emperimental results In this regard,
quantum chemical almlitions are wmally employed to
carelae molealir rn?utﬂ of mhihitor molecules with
inhibition efficiencies In addition, adequate descrip-
tion of the interacions batween the inhibinr molecnles and the
meetal srfies is importnt in dedgning and imvestigating new
carosion inhibitors and molecolar d}mc simulsion has
;pmmutu bhe effident @ol in evamining these interac

tons.

The objective of the present work i to emmine the
anticomasive properties of fhree iyl dervatives
namdy 1-[3phemd-S-quinombin-&-yl-4,.5 dihydropyrazal. 1-4i] -

Recdved:  Apel 5 2015
Hevised:  June 35, 2015
Published: June 28, 2015
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the corrosion inhibition of some alkyl imidazolium ionic liguids
confaining tetrafluoroborate anion on mild steel in acidic medium
Y. Sasikumar * AS. Adekunle *®, L0, Olsunkanmi *%, I, Bahadur®, R Baskar % MM, Kabanda*,

LE. Obot®, EE. Ebenso **

* Dt v of ey, Sl o Meliasheee ool v 1P o | S o it St ot & Il ocdiellfrgy Riseorcly Foces Aan, Focalty o Agrfaliene, Srisioe and Taeloaloagy,

e Wi Ui iy, Mgy (oo s, Pt Bt AW, Mol ity 2735, ot i
" Deporomenl of ey, (ayfions Al Liniwesicy, le-lfe, Mg

& Qv of Wisinr o Etnlinne i O oo, Wi o Mo, Nt Fahd Ukeiees iy of Pislioan oo lfaevly, Dialvan 37 267, Saml Aol

ARTICLE 1THFOD ABETRACT
Asticle N oy The inhibision ofim ild sheed corragon in 18 HO sdiution by sam e imide dirum -based somnic liquids {lls), mrnely
e nd T Ml W05 T-stind-3 arum ) i | EMIM| * (B | ~, 1-bautyd-2, 3 -cdim
Acmpled '-L':“m‘ﬁ bome [BOMIM [*[8E,) - and 1-den. 3 ety limida ium e uorobarate (MM | [8E] - w.nmngmu
Al usisa using experimental and theanatical techniques Al the studiad ILs showed appreciabie inhibition o

& [Poiasme aton e suremients shovsved Shat the smdied i oo sﬂlem-llsnheyu:l
i seed Lamgmuir adsoaptian isarhenm. Spechmecopic shudies conifimmed chemical inferactions betwesn mild steed and the:
e L= Seanning edacton MicmsmDpy ima 1 that the: e o e proecerve film an mild steed suriace.
[T . The msults of quantum chemical caloulatons and Monie Carlo S Wit oxp TS
T 3015 Beewier BV.All righ s reserved.
i Carlly simnslbins
L Inbrodudion adsorption af the inhibitor on the metl surfsce 7810 However,

Ml steelis widely used 25 construction materialin many incus tries
due toits exeeptional mechanial properties and low oost. But, during
some industrial proceses such a5 acid deaning, etching, etc this
metal cormodes easily. implying that theuse of an inhibitor i neessay
ifithe life of thisvaluable metl i tobe proteded [1 -3). The use af inhib-
itars i ane of the most practical mathods of probeacting metds against
rresion [4-6 ] it has bean established that the initial mechanism in-
wahved inany aomasion inhibition process is sdsorpton af the inhibior
an the surface of the metal [78 | Theinhibitors influence the kinetics of
the elearachemical reactions which amtnte the mmmsion process
arel there by modify the metal dissalution in acids They change the
structure af ithe electrical double Layer by adsor ption an the metal sur-
fsce The adsorption of the inhibitar on the metl sufae is 2 complex
mechanism imvalving a number of Bdors sudh a5 the nature of the
metal the environment, the electrochemial potential at the metal/
sohution interface and nature af the inhibior |3). Corresian inhibitars
areofien synthesi a=d from cheap raw materials and inchade compmmds
ithat hawve n-slectrans and functional groups sudh a8 —C=C—,—0R,
—{H, —NRz —NH; and —5R These functona groups fcilitate the

iyt gy aa

Emud adias Feo e e m |EE Bt )

B ' i (0 il 20055 DENSD
00 ET-TA 2050 2 5 e e LA I gl ]

marny arganicinhibitars are not emd ronmentally benign. Theincreasing
ign ioweards the use af “gresn” mmpounds in industrial proces ses
has shified the atention of reseachers to the study of donic Tguids (1ls)
a5 environmentd fendly @rnosion inhibilors in the past ew years
=13}
lmx]:iql.lxh (ILs) are malen walts composed of arg anic ations and
varioe amome Thearganic cation wud iy ha an system and/or ahaen-
atam, such & nitragen, sulfur ar phosphons as the central atoms far
interadtion with the metal surfare They prses alarge numberaf phys-
ioochemical propenties [14-17] sudh 25 good electrical amnductivity,
sal vent tramspart and a rd aively wide electrochemical window, making
ithermn highly efficent far both physisarption and chemisarption proces-
&% [Ls have been reported to have good cormesion inhibition pro perties
formetas in acdic malium | 12 18] As aresult, these ampounds ae re-
paredly wed in oil field o minmize crbon diogde induced amosion
119.20). Similarly, 1ls have successhiTly mitigated the ayrmosion af crban
stee] in hyd rogen sulfid e environment [2 1.2 2] and their inhibitive effeas
in aqueoe HO and Hz504 media have dsabem reponter] [ 23,24 L 1ls can
e tailared to specific applictions by fine-tuning the funcional groupsal
the weakly mardinating arganic ation amd the inorgami ¢'organic anin
|25 It is known that the alkyl chain length of the cation influences
bathithe physicad and chemical properties of room temperature ionc
Tiguid= [RTILs). A langer cation side chainis eommanly sonmpamed by




[l o bl el s 2 03 | ADEE ] £32- 133

Contents ksts avalable at Sclencolirect

Journal of Molecular Liquids

journal hamepage: www.alsevier.com/locate/maollig
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synthesized benzimidazole derivatives as corrosion inhibitors for N80
steel in hydrochloric acid
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The inhitetive action of synthesized berzimidazde desiwasivwes, namely: 2-{1-{monph adnom ethyl)-14-
berzold|mdzol 2 yljphenol | MBP), 2414 (pperaime. -3 methy - 1Hberoojd|mdazd -2 ¥l jphenol
{P2MBF) and 2-{1-{{papendine-1 -yl pmethyl ) 1H benzd d im ideol- 2y )jphenol {FMBF) an commoson of ME0
sheel] in 153 HO soheson has been shodied weang weight loss masunamant, potentiodynamic pobnzason and

A et & Qe 2005 elerochemical impedance spectroeapy (B ) echniques. It was found shat the in hititon ofi dencyof all the:
K Iz ithree: inhibiiors inoea:ses with Incmease in onceniason of inhibiors and deoneases with incease In empes-
J— tture The inh itxtors, Pz MBF, MBF, and PMBP 5 how commesion infibtan «ficiency of 96 3, 94 4 and 5029 nespec-
[ trvely, 2t 200 ppm and 3032 K Polinzainn shodies showed that the sucied in hibitors 29 mioad fyp e in nabure:
O i peblie The resulis of the Founer ransioom infraned (FTIE ) and IV -visible specnosopy provided evidence of inon)’
ER i hbsitars inferac o Sican ning edartron micnaemy (SEM) and aiome: foroe micnoes cpy | AFM) weere per-
SBd formed for surface analysis of N20 seel samples in acid solution without and with infhabitos. The Density
oEr Functional Theary {DFT) was employed for quantum chemical caloal ations © mrmeate She experimental
findings

& 205 Elsevier BV AN nghts resened.

1. Introdction arganic compound @ntining nitragen, axygen and far sulfur atams

Carbon stee] is widely used a5 constructional material ina large
nurher af industries NBD steel iz widely imad a5 main construational
material for down-hale wbular, asings, flow lines and rramsmision
pipelines in petrale um industry. Ackd solutions widely used in various
indistriad proceses suchas ail-well acidizng, acid pickling, industrial
acid deaning and acd descaing lead to serious matallic omesion. Add-
ification of petrol arm ail-we 1 for enhanced oil produdion is aommanly
carried out by forcing asalution of 153 0 28X hydrochloric add salution
|1-8] into the ail-wel] thraugh N80 tubing. During this proces tubing
and asing materials (N80 steel] get adversely affecsd by comosion.
Inarder to reduce the aggresiveattack af the add on tubing and asing
materials (N80 steel) inhibitars are added o the acid salution during
the acidifyfing process. The wse af inhibilors i ane of the most amnom-
ical and practcal methods of redudng comosive attack on matak. The
seledion afinhibibor i contralled by its econonic availability, its effi-
ciency io inhibit the substrate maee rial and it emvironmental side &
fedts. Mistafthe inhibitors for aommosion of steel in acidic medium are

» Cimregpnding adbos,
Eonooll bl vt ke i b By uoao o Ml Yadaw |
Bratad et apesaid coes [ Bl |

B (el g O 0 T g, O ES. 0 M
-T2 NS Elervier BV, AN righes renesved

[B-13]. The inhibiting action of these compounds & wually due to
their adsorption anio the metal interface. The adsomption process de-
peniks upon the nature and surfsce charge of the metal, thetype of ag-
gremive media, the elecranic and/or malecular structure af the
inhibitor and the nature of its interaction with the metl surfae |14

Mt af the repored organic momasion inhibitors are effedive anly
at high concentrations and are harmful to the envionment due to
their tandicity. Henee, it i impaortant to search for new nonbaxic and ef-
fective arganic aorrosion inhibitors for N80 skeel in 151 hy drochlaric
2. Some benzximidaonle derivatives | 15-19] have been reporied =
goodd inhibitors for the cormosionof metls and allays in hydrodhlonic
2cid soution and their inhibiGon performance & influence by the naune
ame] persi on af substituent g roups an the aromatic rings. In addition to
their good corresion inhibition potentials, benzrimidarale derivatives
exhibit good solubility, high stability, and loveer taxicty | 20 ). which
are amang the ather desirable charaderistics aften considered in
seleding cormrasion inti bitars.

Incontinuation af our research for developing arganic aympounds
with high cormosion inhibition efficiency [5-8], the present paper ex-
phares the synthesis af three benzimidizale derivatives, namely, 2-(1-
(mar phalinomethyl ) - 1H-benza] dfimid aeal-2 -y1) pheno] (MBP L 2-(1-
([piper srine-1-y1) methyl)-1 H-benzold frmidaral-2- y1jphenal | PABP)
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ARTICLE INFO ABSTRACT

Keywords: Hydantoin is a five-membered non-aromatic heterocycle, oxidized derivative of imidazolidine with five potential
Hydan.tou?s ) derivatizable sites, together with two hydrogen bond donors and acceptors existing mostly as a colourless solid.
c°°rd1f‘at'f’“ Chem’s"y Synthesis of metal complexes that incorporates hydantoin ligand is regarded as a significant research area, given
Corrosion inhibition PR . A : A y . .

Synthesis the vast applicability of hydantoin derivatives as compounds of biological interest with wide range of phar-

macological activities, and corrosion inhibitory properties. Over the years, extensive literature reviews on syn-
thesis of derivatives of hydantoins, biological properties and medicinal chemistry of hydantoins, and usage of
multifunctional hydantoins in optoelectronics has been reported. This review deals strictly on the coordination
abilities of hydantoin derivatives as ligands in organometallic chemistry, as well as report on the few applications
of hydantoin derivatives as inhibitors of metal corrosion in diverse corrosion environments. It has been estab-
lished, mainly by spectroscopic techniques, density functional theory analyses and few X-ray crystallography
studies, that functionalized, deprotonated and reduced forms of hydantoins acts as mono-, bidentate and tri-
dentate chelate ligands in metal complexes. Few corrosion inhibition capabilities of derivatives of hydantoins
reported in scientific publications is also reviewed. Important research data gaps are noted, and future per-
spectives underlined.

Metal complexes

1. Introduction

Hydantoin is a five-membered non-aromatic heterocycle with five
potential derivatizable sites, together with two hydrogen bonding ac-
ceptors and donors, respectively (Fig. 1). The core hydantoin moiety is
particularly of interest because it has double hydrogen bonds donors/
acceptors, with potential to interact with various substituents physically
and chemically [1]. Advantageous features of hydantoins includes their
established synthetic routes via know cyclization reactions, and easiness
of accepting varying substituents on its backbone [2]. Hence, various
derivatives of hydantoin with varying substituents have been designed,
synthesized and found applications in pharmacological [3-5], biological
[6-11] and corrosion remediation fields. Hydantoin, an oxidized deriv-
ative of imidazolidine exists as a colourless solid with molecular

formula, C3H4N5O,. It’s sometimes refers to as glycolylurea because a
cyclic double condensation of glycolic acid and urea gives hydantoin as
the reaction product [12].

Hydantoin possess high solubility in water (39.7 g/L at 100 °C) and a
unique melting point temperature ranging 219-220 °C. In terms of
spectral properties, hydantoin show two bands at approximately 1720
and 1780 ecm™ (that is carbonyl region). Hydantoin and it derivatives
are applied in the manufacturing of adhesive compositions and also as
raw materials for the production of high molecular compounds [13].
Aryl substituents and most electron withdrawing substituents could
significantly increase hydantoin acidity. Hence, insertion of an aryl-
methylene side chain at carbon-5 could increase the acidity of N-1
hydrogen because of distribution of the negative charge at N atom in
position 1 into the carbon-5 substituent [14]. Hydantoins are known to
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ARTICLE INFO ABSTRACT

Article history: Acridine and acridone are heterocyclic organic compounds with nitrogen atoms in their molecular struc-
Received 8 April 2022 ture. Over the years, acridine and acridone derivatives have been investigated and known 1o possess
m’:ﬂ:‘:gﬂ%ﬁz antimicrobial, antib ial, and ant 'r | properties, but little is done to explore these cnmpounds
Available online 23 June 2022 as efficient inhibitors for the corrosion of metallic alloys in acidic and This is desp

their ease of synthesis, low toxicity and excellent coordination performance. The derivatives of acridine
and acridone mostly contains polar substituents groups such as carbonyl (—C=0), amino (—NH; ), meth-

Keywords: v 3 %

Acridine and acridone derivatives oxy (—OMe), hydroxyl (—OH), and nitro (—NO;) etc., which aids effective adsorption and formation of
Corrosion inhibition stable chelating complexes with metal surfaces via coordination bonding. This review summarizes
Electrochemical analyses important findings in using acridine and acridone derivatives as corrosion inhibitors for metals and alloys
Adsorption isotherms from 2001 to present. Synthesis of acridine and acridone derivatives, rationale for vital anticorrosion find-
Allays ings, mechanism of inhibition and prospects are discussed in this report.

@ 2022 Elsevier B.V. All rights reserved.
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1. Introduction
T . Attempts at improving the stability of crucial infrastructures
M‘MEM'M"" #:}mmﬁmmmm‘ il ;&ﬂf Arsstaty (like oil pipeline, water pipes, rail tracks, storage tanks, bridges,
cleic acid; DMSO, Dimethyl sulf EDTA, fiamine tetra acetic acid; nM, buildings, industrial plants etc.) by reducing the rate of corrosion
Millimolar; M, Molar; DFT, Density functional meory. SCE. Satwrated calomel of their metallic parts has become very essential. Corrosion activi-
electrode; WL, Weight :g: :DS lecula songic LPR, Linear  tjeg involves cathodic reactions in the presence of electron accep-
raedanes - XPS, X-ray = - %IE, Pe tor (lilge hy_drogen or oxygen ions), and anodic dislcx.jgmem of
inhibition efficiency. metal ions into the corrosive electrolyte [1-3]. There is need to
* Corresponding author. minimize the crisis of companies and industrial plants shutdown
E-mail addresses: al i@unisaacza (ED. Akpan), ebensee@unisa.acza (EE, due to corroded equipment [4]. As at 2016, records available in
Ebenso).
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In the current study, a tetra-functional aromatic epoxy pre-polymer namely, tetraglycidyl methylenedian-
iline (TGMDA) was synthesized and characterized using 'H NMR (Nuclear Magnetic Resanance) and FT-IR
(Fourier Transform Infrared Spectroscopy) spectral techniques. The rheological properties were tested us-
ing an advanced rheometer in isopropyl aicohol. The effect of temperature and solution concentration
on the viscosity of the aromatic pre-polymer epoxy solution was evaluated. The study of shear rheology

Keywords: was performed at different temperatures of solutions of the epoxy pre-polymer in isopropyl alcohol on
Epoxy prepolymer solutions of mass concentration (¥; 0.5, 1.0, 1.5, 2.5, and 5%) and temperatures (298-328 K). The energies
Viscosity of the frontier molecular orbitals, as calculated by B3LYP method with 6-3114+G(d, p) and 6-3114+G
Thermochemistry (3d, 3p) basis sets permit the prediction of the chemical reactivity and stability of the TGMDA molecule,

g*"_? The thermochemical estimations of the studied compounds were also calculated and discussed, The heat
MC and MD simulations of formation and Gibbs's free energy of the reactants and products were determined and analyzed. The
study, likewise, showed that the reactions are endothermic and spontaneous in the reverse direction at
298.15 K. Non-linear optics (NLO) study concluded the existence of the opposite relationship between
the Aq and the HOMO-LUMO energy gap values (Egyp). The anti-corrosive property of TGMDA for car-
bon steel (CS) corrosion in 1M HCI solution was evaluated using several electrochemical and theoretical
methods. The TGMDA showed highest efficiency of 96.5% at 10-3M concentration. Monte Carlo (MC) and
Molecular Dynamics (MD) simulations showed that the response significantly affected the metal surface-
inhibitor interaction, giving molecular proof to the geometry and the adsorption energy.
© 2022 Elsevier BV. All rights reserved.

1. Introduction

Epoxy resins are one of the most significant pre-polymer mate-
rials utilized in a large number of industrial applications like paint-
ings, coatings, composites, constructions, electrical and electronics,
adhesives and wind turbines [1,2]. The unique physical and chemi-

* Corresponding authors,
E-mail addresses:  dagdac@unisa.ac.za, omardagdag@uitacma (0. Dagdag),
scKimO7@ynuackr (S-C. Kim), ebensee@unisa.ac.za (EE. Ebenso)
T These authors contributed equally to this work.

https:/jdororg/ 10.1016/ ). molstruc. 2022.133508
0022-2860/© 2022 Elsevier B.V. All rights reserved.

cal properties of the epoxy materials are categorized by fast curing,
unique mechanical properties, and superior adhesion (o substrate,
good thermal stability, excellent corrosion resistance and chemical
resistance In addition, it could be available at relatively low cost
[3-5]. These alluring properties can incorporate high crosslinking
and practical gatherings like amines (NH,) and hydroxyl (OH) in
epoxy prepolymers [G]. The synthesis of epoxy pre-polymers ma-
terials is well established and reported in the literature [7,8].
Metals are normally artificially stable minerals [9]. At the point
when metals are taken out from the ore, they become temper-
amental and will in general return to their unique shape. The
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The utilization of organic compounds has been established to be Received 15 January 2022
perhaps the best, most proficient, and most powerful method for ~ Revised 16 February 2022
controlling corrosion. Organic compounds extend into benefits by ~ Accepted 13 March 2022
complexing at the metal-environment interface applying their
electron-dense centers, which are known as _binding centers. Organic compounds epaxy
Though, .because they !'1ave small‘molecular size, they dc_\ not resins; corrosion inhibitors;
have satisfactory corrosion protection. Accordingly, there is an molecular size;
exceptional requirement for major atomic changes. Toward this surface protection

path, unique accentuation is put on the utilization of epoxy resins

(ERs)-based synthetic monomers as inhibitors for corrosion. The

nature of the structure that includes polar functional groups

makes the monomers adsorb strongly on the metal surface and

give remarkable metal protection. This review report gives a con-

cise outline of the most recent improvements in the utilization of

ERs as corrosion inhibitors. This report gives a short outline of the

consumption and general utilization of various sorts of ERs and

corrosion inhibition processes.

KEYWORDS

1. Introduction

Steel is an effective open metallic compound that has distinctive mechanical properties
[1-3]. In the research investigation, different steels were utilized to test specific proper-
ties of destructive projections [4]. Today, the current practice for some advancement,
like cleaning, descaling, and pickling, is to take advantage of an acidic environment,
and further disintegration of metals, for example, carbon steel (CS) is unavoidable
[5-7]. To protect or secure the metal, several materials have been used to create a

CONTACT Omar Dagdag @) omar.dagdag@uit.acma; Seong-Cheol Kim @) sckim07@ynu.ackr; Eno E. Ebenso €
ebensee@unisa.acza

@Supplemental data for this article is available online at https://doi.org/10.1080/01694243.2022.2055347.
© 2022 Informa UK Limited, trading as Taylor & Francis Group



EDITED BY
CHANDRABHAN VERMA
CHAUDHERY MUSTANSAR HUSSAIN
ENO E. EBENSO

ORGANIC
CORROSION

INHIBITORS

SYNTHESIS, CHARACTERIZATION,
MECHANISM, AND APPLICATIONS

Organic Corrosion Inhibitors: Synthesis,

Characterization, Mechanism, and

Applications



https://onlinelibrary.wiley.com/doi/book/10.1002/9781119794516

" Nanoscience & Nanotechnology Series

Anticorrosive
Nanomaterials
Future Perspecuves

Edited by Chandrabhan Verma,
Chaudhery Mustansar Hussain and Eno E. Ebenso

™ o OYAL SOCIETY
a OF CHEMISTRY

Anticorrosive Nanomaterials: Future
Perspectives: Volume 56 (Nanoscience
& Nanotechnology Series) Hardcover — 9
May 2022

by Chandrabhan Verma (Editor),
Chaudhery Mustansar Hussain (Editor),

Eno Ebenso (Editor)

* Publisher : Royal Society of Chemistry
(9 May 2022)

* Language : English

* Hardcover : 314 pages

 [SBN-10 : 1839164115

 ISBN-13 : 978-1839164118


https://www.amazon.co.uk/s/ref=dp_byline_sr_book_1?ie=UTF8&field-author=Chandrabhan+Verma&text=Chandrabhan+Verma&sort=relevancerank&search-alias=books-uk
https://www.amazon.co.uk/s/ref=dp_byline_sr_book_2?ie=UTF8&field-author=Chaudhery+Mustansar+Hussain&text=Chaudhery+Mustansar+Hussain&sort=relevancerank&search-alias=books-uk
https://www.amazon.co.uk/s/ref=dp_byline_sr_book_3?ie=UTF8&field-author=Eno+Ebenso&text=Eno+Ebenso&sort=relevancerank&search-alias=books-uk

\-
-’

.7 \ ND\ANDOP ,
-¢... SR LA

‘ l:“u‘dr-au\.iv 's

oo,
. THNO w Bt 7

Crasdvery Mustirnaf Has

.I' .

Smart Anticorrosive Materials: Trends and
Opportunities

1st Edition - March 28, 2023

Editors: Chandrabhan Verma, Vandana Srivastava,
Taiwo W Quadri, Chaudhery Mustansar Hussain,
Eno Ebenso

* Paperback ISBN: 9780323951586

 eBook ISBN: 9780323951593



v The use of plant extracts (green and environmentally friendly) - (Carica papaya, Azadirachta indica,
Phyllanthus amarus, Garcinia cola, Delonix regia, Ocinum basilicum, Piper quinensis, Musa
saprentum, Allium cepa, Allium sativum) and naturally occutring polymers (exudates qums namely Raphig
Hookeri, Pachylobus edults, Gum Arabic, Dacroydes edulis etc) as corrosion inhibitors.

The publications generated from this cateqory will be discussed under the subtheme ; Chemistry,
Sustainable Develooment and Corrosion Inhibition,
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Al orockicss sl s The Lifecycle of any Product

Raw Material Source Supply Chain Process Manufacturing Process Delivery/Receiving Installation

Where did it come Extraction; preparation; What are the by-products Can only local Can it be designed
from? What are the — | delivery; receiving. — | of its manufacture? — | sources be used? — | for easy installation
by-products of integration Can it be shipped and easy removal
its harvesting? smaller? and reuse?

v

Operation Cycle Repair Cycle Health Cycle
Use
This is typically the only phase with which designers concern themselves. How do we control
aesthetics, innovation, elegance and engineering to create a better user experience?

Is t biodegradable?

Recyclable?

Can matenals

be separated?
How can we reduce required How can we simplify to avoid How can we use non-toxic
mamtenance? ..make t easier? repairs? ._.make it durable? maternals? make healthy?

Sell —> How can we reduce energy How can we design so only a How can we put people
Trade requirements? porton needs replacing? and their health first?
Donate r

v

Re-use?

The end user determines if the product gets reused. Disposal

How do we design something easy to be reused? The end user determines
 the ume of disposal and how

Disassombly or Landfill? it gets disposed. How can we

m » timela . e nrods e 2
The end user determines if the product ends up nake imeless, durable products?

in a place to get disassembled.
How do we design something easy to be take apan?
If not, how do we use biogradeable materials?

Cradle to cradie -NOT- Cradle to Grave

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 alife cycle. Alife cycleis the journeya 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.)



SUSTAINABLE DEVELOPMENT AND
CORROSION INHIBITION

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).



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 2ist 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 termsof 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.
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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.

Desiqn for Enerqy 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 disturba 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
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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 ofthe
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 ‘qreen’ 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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