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ABSTRACT

Corrosion of metals causes huge losses in resources and industrial equipment
especially when they are exposed to acidic medium. One of the most practical
methods to control the corrosion of a metal is the use of heterocyclic organic
compounds as corrosion inhibitors. A large number of organic compounds have
been investigated as corrosion inhibitors; however, only few furan derivatives have
been studied. In this study, eighteen furan derivatives were investigated as corrosion
inhibitors for mild steel in hydrochloric acid. Furan derivatives were chosen as
promising corrosion inhibitors based on their heterocyclic structures. The inhibition
performance and corrosion process were studied using several techniques, namely
potentiodynamic polarization, electrochemical impedance spectroscopy (EIS),
weight loss, adsorption isotherms, field emission scanning electron microscopy
(FESEM), and X-ray photoelectron spectroscopy (XPS). The results showed the
ability of furan derivatives to inhibit corrosion of mild steel in acidic solution and
some of them showed high inhibition efficiencies of up to 96%. In addition,
guantum chemical calculations using density functional theory (DFT) were used to
evaluate inhibition performances of selected inhibitors and investigate active sites on
the inhibitor molecule. The results showed the ability of DFT to explain the
inhibition performances and assign the active sites of the inhibitors. Furthermore,
several gquantitative structure—activity relationship (QSAR) procedures were applied
such as genetic algorithm-partial least square (GA-PLS), interval-PLS (IPLS),
penalized multiple linear regression (PMLR) using ridge, LASSO and elastic net and
sparse multiple linear regression (SMLR). The results showed that PMLR based on
LASSO and elastic net, and SMLR based on elastic net were useful for the regression
of the inhibition efficiencies. In conclusion, the quantum calculations and QSAR
procedures complement the experimental investigations and interpret experimental

results.
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ABSTRAK

Kakisan logam menyebabkan kerugian besar dalam sumber dan peralatan
industri terutamanya apabila ia terdedah kepada medium berasid. Salah satu kaedah
yang paling praktikal untuk mengawal kakisan logam ialah penggunaan sebatian
organik heterosiklik sebagai perencat kakisan. Sejumlah besar sebatian organik telah
dikaji sebagai perencat kakisan; walau bagaimanapun, hanya beberapa terbitan furan
telah dikaji. Dalam kajian ini, lapan belas terbitan furan telah dikaji sebagai perencat
kakisan keluli lembut di dalam asid hidroklorik. Terbitan furan telah dipilih sebagai
perencat kakisan yang menjanjikan berdasarkan kepada struktur heterosikliknya.
Prestasi perencatan dan proses kakisan telah dikaji menggunakan beberapa teknik
jaitu polarisasi potentiodinamik, spektroskopi impedans elektrokimia (EIS),
penurunan berat, isoterma penjerapan, mikroskopi elektron pengimbas pemancaran
medan dan spektroskopi fotoelektron sinar-X. Keputusan menunjukkan keupayaan
terbitan furan untuk menghalang kakisan keluli lembut di dalam larutan berasid dan
sebahagian daripadanya menunjukkan kecekapan perencatan yang tinggi sehingga
96%. Tambahan lagi, pengiraan kimia kuantum menggunakan teori fungsi
ketumpatan (DFT) telah digunakan untuk menilai prestasi perencat terpilih dan
mengkaji tapak aktif pada molekul perencat. Keputusan menunjukkan DFT
berupaya menjelaskan prestasi perencatan dan menetapkan laman aktif perencat.
Tambahan pula, beberapa prosedur hubungan struktur aktiviti kuantitatif (QSAR)
telah digunakan seperti genetik algoritma kuasa dua terkecil separa (GA-PLS),
selang-PLS (IPLS), regresi linear berganda terhukum menggunakan rabung (PMLR),
LASSO, jaringan anjal dan regresi linear berganda jarang (SMLR). Keputusan
menunjukkan PMLR berdasarkan LASSO dan jaringan anjal, dan SMLR
berdasarkan jaringan anjal adalah berguna untuk regresi kecekapan perencatan.
Kesimpulannya, pengiraan kuantum dan prosedur QSAR melengkapkan siasatan

eksperimen dan mentafsir keputusan eksperimen.
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CHAPTER 1

INTRODUCTION

1.1 Overview

“The cost of corrosion works out to much higher than any of the calamities
the nation has faced over the years.” — NACE International India [1]. Verink [2]
stated that the lost to corrosion in the United States is over $220 billion each year,
which is equivalent to 3 or 4% of the gross national product (GNP). There are huge
losses due to corrosion such as waste of materials and energy, economical loss, and
environmental impact. Therefore, corrosion is an economic and environmental
problem which leads to serious consequences. The consequences of corrosion are
many such as loss of mechanical strength of metals in industry, structural failure or
breakdown that causes hazards or injuries to people, fluids contamination in pipes
and vessels, harms to the surrounding environment due to pipes and vessels leakage,
mechanical damages and loss of surface properties of metals [1]. Therefore,

awareness and huge efforts are required to reduce damages and losses to corrosion.

Metals corrosion is a destructive attack of metals by reaction with their
environment [3]. A metal corrosion happens when a metal reacts chemically or
electrochemically with a corrosive medium forming corrosion products. As a result,
this metal loses weight and becomes corroded. The mechanism of corrosion process
of an exposed metal to a corrosive solution follows the steps of an electrochemical

reaction. The corrosive solution performs as an electrolyte and the metal acts as



anode. The steps of reaction involve the transfer of electrons from the metal to the

cathode, and moving of metal ions to the electrolyte [3, 4].

Electrolyte
Fe = Fe? + 2e 2H*+2e- = H2
—*electron flow
Anode Cathode
Metal

Figure 1.1: Schematic representation of metal electrochemical corrosion process [3]

The anodic and cathodic reactions of iron and steel are shown by the
following chemical equations. The anodic reaction is as follows:
Fe —> Fe® +2e” (1.1)
After the release of electrons at the anode site of metal atoms, cathode reaction takes
place. Four common reactions at the cathode site as follows [3]:
e oxygen reduction in acidic medium
0, +4H" +4e” —2H,0 (1.2)
e oxygen reduction in neutral or basic medium
%02 +H,0+2¢" —» 20H" (1.3)
e production of hydrogen in acidic medium
2H"+2e” —>H, (1.4)
e production of hydrogen in neutral water

2H,0+2e” —>H, + 20H" (1.5)

Steel is a valuable material due to its wide applications in construction,
domestic, transportation means, hospital equipment, etc [5]. It is the main material
of instrumentation and industries equipment; however, it is reactive and prone to

corrosion especially in acidic solutions. In industrial processes, acid solutions are



essential for cleaning, descaling, pickling of steel structures, and for well
acidification to enhance oil/gas recovery. These processes are accompanied by
considerable dissolution of the steel because of the aggressiveness of acid solutions
[6-9]. Therefore, steel corrosion is a serious issue which result in waste of resources,
decrease the equipment's lifetime and harms the environment [10]. Prevention of
corrosion or reduction in the corrosion rate has been widely studied. Considerable
effort has been given to studying iron and mild steel corrosion in acid solutions [11-
13]. Therefore, it is necessary to increase the efforts given to steel corrosion due to
the following reasons:
e Increasing the use of steel in industries, machinery, constructing, long water
and oil/gas pipelines, and in wide aspect of daily life.
e The increase of air and water pollution which cause more corrosive
environment.
e Corrosion may cause fail in tragic way for the strict safety standards of
operating equipment in industries such as electrochemical and chemical

industries, power, nuclear, petroleum, and food industry.

Various methodologies are used to prevent and control corrosion such as the
use of a proper design, selection of suitable materials, coatings and linings, cathodic
protection, and corrosion inhibitors [2]. The use of corrosion inhibitors is the most
practical technique to prevent and control steel corrosion in chemical and
electrochemical industries, nuclear, power, petroleum, food industry, and oil/gas

pipelines [14].

1.2 Corrosion inhibitors

Corrosion inhibitors are one of the economic techniques to protect metals
from corrosion. Inhibitors are substances that are added to corrosive media in order
to decrease or prevent metal corrosion [4, 15-17]. A large number of inorganic and
organic compounds have been tested as corrosion inhibitors [17]. Many organic

compounds are found to be effective inhibitors against metal corrosion. According



to Raja, Qureshi, Abdul Rahim, Osman and Awang [13] most reported corrosion
inhibitors in acidic media are organic compounds with heteroatoms at their
functional groups such as sulfur, nitrogen, oxygen, phosphorus, or compounds
containing multiple bonds, give them the ability to be adsorbed onto the surface of
different metals. The adsorption of the heteroatoms compounds onto metal surface
forms a protective film, blocks active sites and thus decreases the corrosion rate. The
mechanism of adsorption is by the overlap of p-electrons of heterocyclic molecules
to vacant d-orbital of metal atoms [16, 18-21]. Thus, corrosion inhibitors play two

roles, prevention metal dissolution and minimizing acid consumption [22].

The corrosion inhibition performance of organic inhibitors depends on their
electronic structures, electron density at the donor sites, molecular area, aromaticity
and steric factor. The higher number of lone pair and n-electrons on the inhibitor
molecule increases its electron density and causes a strong interaction with metal
surface [23, 24]. Furan derivatives are heterocyclic five-membered aromatic
compounds. The aromatic characteristic of furan derivatives and the presence of
oxygen atom with two pairs of unshared electrons in their molecules give them

ability to perform as efficient corrosion inhibitors [25].

1.3 Methods of Measurements

The investigation of corrosion inhibition performance of the inhibitors can be
conducted experimentally and/or using computational chemistry. Experimental
measurements of the corrosion inhibition efficiency and monitoring the inhibition
process are usually conducted using various techniques such as weight loss, linear
polarization, potentiodynamic polarization, electrochemical impedance spectroscopy
(EIS), UV-—visible spectroscopy, scanning electron microscope (SEM), X-ray
spectroscopy (EDX) [26], and cyclic voltammetry [27]. However, applying
experimental procedures only is expensive, time consuming and harmful to the
environment [28]. Therefore, computational chemistry has been a field of interest

for many researchers [29].



Besides the experimental measurements, theoretical tools are useful and
powerful means in corrosion inhibition studies [30]. The use of theoretical and
computational means in corrosion inhibition studies has become increasingly
desirable [29]. Computational methods have been applied to study, design and
develop organic corrosion inhibitors [31]. Many theoretical techniques such as
guantum chemical calculations and quantitative structure—activity relationship
(QSAR) have attracted great attention of many researchers in the studies of corrosion
inhibitors [32].

Quantum chemical calculations are useful techniques to study reaction
mechanisms in a molecule, electronic structure level and electronic parameters of a
molecule using quantum chemistry methodologies [32]. Quantum chemical
calculations are applied to calculate structural properties of organic corrosion
inhibitors, which are related to corrosion inhibition properties [29]. Density
functional theory (DFT) is one of the quantum chemical methods which is
considered as a powerful theoretical tool with reasonable accuracy in calculating
molecule’s electronic parameters, and analyzing inhibitor/surface interaction in
corrosion inhibition studies. Various electronic parameters, which are obtained by
guantum chemistry methodologies, are used for theoretical investigations of
corrosion inhibition properties and to support experimental measurements [31-33].
Among these parameters are the highest occupied molecular orbital energy (Enomo),
the lowest unoccupied molecular orbital energy (ELumo), energy gap (AE), dipole
moment (W), ionization potential (I), electron affinity (A), softness (S), the fraction of
electrons transferred from the inhibitor to the metal surface (AN), Mulliken atomic
charges, and Fukui indices can be calculated using DFT. Besides the usefulness of
those parameters to explain the relationship between molecular properties of the
corrosion inhibitors and their inhibition efficiencies [21, 34, 35], they can be used to

explain the experimental findings and to design new inhibitors.

QSAR is a computational technique that has been widely applied in the field
of medicinal chemistry for estimation of molecular behavior, electronic structure and
activity [35, 36]. The principle of QSAR is to model a physicochemical activity or

biological activity of collected chemical compounds based on their structural



properties. Therefore, QSAR is a mathematical model that can be used to predict the
biological activity or physicochemical properties such as corrosion inhibition
efficiency (IE) of new compounds [36-38]. The use of QSAR models to predict
corrosion inhibition efficiencies of potential organic compounds has become
increasingly desirable [35]. Therefore, the number of organic compounds to be
experimentally tested can be reduced to only those suggested compounds by QSAR
models. Accordingly, a large number of non-effective compounds will be excluded
from experimental measurements which lead to save both time and money [28]. In
the area of QSAR modeling, chemical compounds are often treated as observations,
molecular descriptors are treated as predictor variables, and the response variable is
represented by physicochemical properties such as biological activity or corrosion
inhibition efficiency. Typically, a good QSAR model should possess high
predictability and be easily interpretive [39]. Molecular descriptors are calculated
based on the molecular structures of chemical compounds. Quantum chemical
calculations are the most traditional methods for molecular descriptors calculations.
In addition, other techniques such as Molconn-Z, CODESSA and Dragon software
are used to calculate molecular descriptors [40]. A number of 4885 molecular
descriptors can be calculated using Dragon software [41]. Different approaches are
used as regression methods such as partial least squares (PLS) [42] and multiple
linear regression (MLR) [43].

PLS regression is an effective approach for finding the correlation between a
molecule structure and its properties. Mathematically, PLS relates dependent
variables matrix (Y) to molecular structure descriptors matrix (X). The objectives of
PLS are to achieve several steps. First, PLS approximate the X and Y data matrices,
and maximize the correlation between them. A regression equation relating each Y
variable with the X matrix is created during the stepwise extraction of PLS
components and the independently assessment of the importance of each component.
PLS splits the X matrix into several latent variables with best correlation with the

molecules activities [42].

The analysis of MLR is one of the most important approaches for
constructing QSAR models. It is used for analyzing the relationship between many



predictor and response variables. In addition, MLR is considered as the traditional
and standard method for multivariate data analysis. Multivariate analysis is
conducted using statistical methods to analyze multidimensional data metrics. It
relates the dependent variable, a desired chemical property such as biological activity
or corrosion inhibition efficiency, to a number of independent variables (molecular
descriptors) based on linear equations. This regression method estimates the

regression coefficients values based on least square curve fitting method [43].

1.4 Problem Statement

The inhibition of steel corrosion in acidic solutions using organic compounds
as corrosion inhibitors is the most practical technique. Large number of organic
compounds has been investigated as corrosion inhibitors. However, only few furan
derivatives have been investigated as corrosion inhibitors.  Therefore, this research
focuses to search new efficient furan derivatives as inhibitors for steel corrosion in
acidic solutions. In addition, the use of experimental measures only for
investigating new corrosion inhibitors is costly, time consuming and harmful to the
environment. Therefore, it is economic, fast, and eco-friendly to apply
computational techniques as predictive techniques such as quantum chemical
calculations and QSAR modeling approach. Computational methods can
complement the experimental investigations and be effective tools to propose the
best corrosion inhibitors among a group of organic inhibitors.  In this study,
qguantum chemical calculations and QSAR modeling are used to overcome the
experimental disadvantages. Furthermore, most of computational modeling studies
were conducted based on quantum chemical parameters (descriptors); however,
limited studies have used electronic properties-based descriptors in corrosion
inhibition studies. Therefore, in this study, besides the quantum chemical
parameters, electronic properties-based descriptors (calculated by Dragon software)

are effectively used.



1.5 Research Objectives

The objectives of the study are:

1. To evaluate the inhibition performance of selected furan derivatives (18
compounds) as corrosion inhibitors for mild steel in acidic medium (1M HCI)
experimentally at room temperature using potentiodynamic polarization
measurements at two concentrations 0.002M and 0.005M, and to study the
detailed inhibition performance for one selected inhibitor using potentiodynamic
polarization, EIS, and weight loss at various concentrations, i.e. 0.0005M,
0.001M, 0.002M and 0.005M.

2. To investigate the adsorption mechanism of a selected inhibitor on the surface of
mild steel using adsorption isotherms, field emission scanning electron
microscope (FESEM), and X-ray photoelectron spectroscopy (XPS) analyses.

3. To conduct quantum chemical calculations on selected inhibitors using DFT
method by calculating different quantum chemical parameters to be used for
theoretical evaluations of the inhibitors performance.

4. To develop QSAR modeling procedures based on electronic properties-based
descriptors (calculated by Dragon software) and the experimental corrosion

inhibition efficiencies of the studied inhibitors.

1.6  Significance of the Study

The wide uses of steel in every aspect of our lives reflect the huge loss in
economy because of its corrosion. Therefore, this study contributes significantly to
propose new corrosion inhibitors as one of the most effective, practical and
economical techniques to control steel corrosion. The use of quantum chemical
calculations in this study complements the experimental measurements and provides
theoretical descriptions for the inhibition behavior of the proposed corrosion
inhibitors. QSAR modeling aims to produce new mathematical models to be derived

from the high dimensional molecular descriptors obtained by Dragon software.



Since the use of Dragon software for the calculations of molecular descriptors is very
limited; therefore, the calculations of molecular descriptors using Dragon software
will introduce new descriptors, which, in turn, contribute to enrich the description of
inhibitors’ corrosion inhibition properties. These modeling procedures will serve as
effective tools for building predictive, robust and reliable QSAR models. The
implementation of these procedures is useful to predict potential efficient corrosion
inhibitors, and thus will reduce the cost and time of testing inefficient organic

compounds.

1.7  Scope of the Research

The research is designed to study the corrosion inhibition efficiencies of 18
furan derivatives at room temperature and also to investigate the inhibition
mechanism based on experimental measurements and theoretical studies. The used
experimental measurements are potentiodynamic polarization measurements, EIS,
weight loss (gravimetric), adsorption isotherms, FESEM, and XPS analyses.
Potentiodynamic polarization measurements will be used to investigate corrosion
inhibition efficiencies of the studied furan derivatives (18 compounds) at 0.002M
and 0.005M concentrations of the furan derivatives in 1M HCI. Besides the
potentiodynamic polarization measurements, the EIS and weight loss measurements
will be used to test the inhibition efficiencies of one selected inhibitor, i.e. 2-
Furanmethanethiol (FMT) at 0.0005M, 0.001M, 0.002M and 0.005M concentrations
of furan derivatives in 1M HCI. The data obtained from weight loss measurements
will be used to carry out adsorption isotherms study. The adsorption isotherms
calculations will be carried out to investigate the adsorption mechanism of the
selected inhibitor onto mild steel surface. The FESEM will be used to explore the
surface morphology of polished surface without immersion in corrosive solutions,
uninhibited specimens (immersed in 1M HCI), and inhibited specimens by the
selected inhibitor in 1M HCI. The XPS analyses will be used to confirm the

adsorption of the selected furan derivative as a corrosion inhibitor onto mild steel
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surface, and also to elucidate the nature of the organic thin layer formed on the mild

steel surface.

Theoretically, two computational approaches are performed, i.e. quantum
chemical calculations and QSAR. Quantum chemical calculations using DFT will be
conducted to calculate quantum parameters and discuss the relationship with the
experimental inhibition efficiencies.  The results of the quantum chemical
calculations can be served as a theoretical confirmation for the experimental data
based on the quantum chemistry of the inhibitors molecules. QSAR studies will be
carried out to model the experimental corrosion inhibition efficiencies of the studied
inhibitors based on their structural properties (molecular descriptors). Molecular
descriptors will be calculated using Dragon software. Various regression methods,
i.e. PLS, MLR using ordinary least squares (OLS), and penalized multiple linear
regression (PMLR) will be used in this study to develop robust and reliable QSAR

models.

1.8 Outline of the Thesis

The thesis is divided into six chapters. Chapter 1 gives an overview of the
study, brief background to corrosion inhibitors, experimental methods of
measurements, and theoretical approaches. It includes also the problem statement,
objectives, significant and scope of the present study. Chapter 2 reviews the relevant
literature of the present study. The literature was reviewed under three main topics,
I.e. organic compounds as corrosion inhibitors, quantum chemical calculations on
corrosion inhibitors, and QSAR studies on corrosion inhibition of mild steel by
organic corrosion inhibitors. Chapter 3 gives the details of the experimental work. It
includes a description of the main experimental procedures used to investigate the
corrosion inhibition of mild steel in 1M HCI. The results obtained from the
experimental work, discussion, and derived conclusions are presented. Chapter 4
provides the details of the quantum chemical calculation. The description of the used

procedures and calculated quantum parameters are presented. Chapter 5 presents the
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chemometrics study. It gives the details of several procedures and methods of
developing QSAR models. It discusses the evaluation and validation criteria of the
developed QSAR models. Chapter 6 gives a brief summary of this study and main
conclusions of the present work, and provides some suggestions for future work.



REFERENCES

Leelavathi, S. Experimental and Theoretical investigation of flavonoid based
plants stem and leaves of Dodonaea viscosa Mundulea sericea and Cassia
alata on mild steel corrosion in acid media. Ph.D. Thesis. Avinashilingam

Deemed University For Women; 2013.

Verink, E. D. Economics of Corrosion. In: Winston Revie, R. Uhlig's
Corrosion Handbook. 3rd. ed. Hoboken, New Jersey, USA: John Wiley &
Sons, Inc. 21-30; 2011.

Popoola, L., Grema, A., Latinwo, G., Gutti, B. and Balogun, A. Corrosion
problems during oil and gas production and its mitigation. International
Journal of Industrial Chemistry. 2013. 4 (1): 1-15.

Raja, P. B. and Sethuraman, M. G. Natural products as corrosion inhibitor for
metals in corrosive media — A review. Materials Letters. 2008. 62 (1): 113-
116.

Abd El-Maksoud, S. A. The Effect of Organic Compounds on the
Electrochemical Behaviour of Steel in Acidic Media. A review. International
Journal of Electrochemical Science. 2008. 3: 528-555.

Nofrizal, S., Rahim, A., Saad, B., Bothi Raja, P., Shah, A. and Yahya, S.
Elucidation of the Corrosion Inhibition of Mild Steel in 1.0 M HCI by Catechin
Monomers from Commercial Green Tea Extracts. Metallurgical and Materials
Transactions A. 2012. 43 (4): 1382-1393.

Soliman, S. A., Metwally, M. S., Selim, S. R., Bedair, M. A. and Abbas, M. A.
Corrosion inhibition and adsorption behavior of new Schiff base surfactant on
steel in acidic environment: Experimental and theoretical studies. Journal of
Industrial and Engineering Chemistry. 2014. 20 (6): 4311-4320.

Yadav, M., Kumar, S., Sinha, R. R., Bahadur, I. and Ebenso, E. E. New

pyrimidine derivatives as efficient organic inhibitors on mild steel corrosion in



10.

11.

12.

13.

14.

15.

16.

136

acidic medium: Electrochemical, SEM, EDX, AFM and DFT studies. Journal
of Molecular Liquids. 2015. 211: 135-145.

Zhang, J., Zhu, F., Song, W. and Du, M. Corrosion Inhibition Mechanism of
Imidazoline-Based Dissymmetric Bis-Quaternary Ammonium Salts with
Different Hydrophobic Chain Length on Q235 Steel in 1 M HCI Solution.
Journal of Surfactants and Detergents. 2013. 16 (4): 559-569.

Solmaz, R. Investigation of adsorption and corrosion inhibition of mild steel in
hydrochloric acid solution by 5-(4-Dimethylaminobenzylidene)rhodanine.
Corrosion Science. 2014. 79: 169-176.

Liu, Y., Zou, C., Yan, X., Xiao, R., Wang, T. and Li, M. B-Cyclodextrin
Modified Natural Chitosan as a Green Inhibitor for Carbon Steel in Acid
Solutions. Industrial & Engineering Chemistry Research. 2015. 54 (21): 5664-
5672.

Moretti, G., Guidi, F. and Fabris, F. Corrosion inhibition of the mild steel in
0.5 M HCI by 2-butyl-hexahydropyrrolo[1,2-b][1,2]oxazole. Corrosion
Science. 2013. 76: 206-218.

Raja, P. B., Qureshi, A. K., Abdul Rahim, A., Osman, H. and Awang, K.
Neolamarckia cadamba alkaloids as eco-friendly corrosion inhibitors for mild
steel in 1 M HCI media. Corrosion Science. 2013. 69: 292-301.

Hegazy, M. A., Rashwan, S. M., Kamel, M. M. and El Kotb, M. S. Synthesis,
surface properties and inhibition behavior of novel cationic gemini surfactant
for corrosion of carbon steel tubes in acidic solution. Journal of Molecular
Liquids. 2015. 211: 126-134.

Deng, S. and Li, X. Inhibition by Ginkgo leaves extract of the corrosion of
steel in HCI and H,SO4 solutions. Corrosion Science. 2012. 55: 407-415.

Muthukumar, N., llangovan, A., Maruthamuthu, S., Palaniswamy, N. and
Kimura, A. 1-Aminoanthraquinone derivatives as a novel corrosion inhibitor
for carbon steel APl 5L-X60 in white petrol-water mixtures. Materials
Chemistry and Physics. 2009. 115 (1): 444-452.



17.

18.

19.

20.

21.

22.

23.

24.

25.

137

Saratha, R. and Vasudha, V. G. Inhibition of Mild Steel Corrosion in 1N
H,SO, Medium by Acid Extract of Nyctanthes arbortristis Leaves. E-Journal
of Chemistry. 2009. 6 (4): 1003-1008.

Chaieb, E., Bouyanzer, A., Hammouti, B. and Benkaddour, M. Inhibition of
the corrosion of steel in 1M HCI by eugenol derivatives. Applied Surface
Science. 2005. 246 (1-3): 199-206.

Chen, G., Su, H.-j., Song, Y.-p., Gao, Y., Zhang, J., Hao, X.-j. and Zhao, J.-r.
Synthesis and evaluation of isatin derivatives as corrosion inhibitors for Q235A
steel in highly concentrated HCI. Research on Chemical Intermediates. 2013.
39 (8): 3669-3678.

Fouda, A. S., Alsawy, T. F., Ahmed, E. S. and Abou-elmagd, B. S.
Performance of some thiophene derivatives as corrosion inhibitors for 304
stainless steel in aqueous solutions. Research on Chemical Intermediates.
2013. 39 (6): 2641-2661.

Fu, J., Zang, H., Wang, Y., Li, S., Chen, T. and Liu, X. Experimental and
Theoretical Study on the Inhibition Performances of Quinoxaline and Its
Derivatives for the Corrosion of Mild Steel in Hydrochloric Acid. Industrial &
Engineering Chemistry Research. 2012. 51 (18): 6377-6386.

Negm, N. A., Sabagh, A. M. A., Migahed, M. A., Bary, H. M. A. and Din, H.
M. E. Effectiveness of some diquaternary ammonium surfactants as corrosion
inhibitors for carbon steel in 0.5M HCI solution. Corrosion Science. 2010. 52
(6): 2122-2132.

Lebrini, M., Roos, C., Vezin, H. and Robert, F. Electrochemical and
Theoretical Studies of Adsorption of Some Indole Derivates at C38
Steel/Sulfuric Acid Interface as Corrosion Inhibitors. International Journal of
Electrochemical Science. 2011. 6: 3844-3857.

Zhang, S., Tao, Z., Li, W. and Hou, B. The effect of some triazole derivatives
as inhibitors for the corrosion of mild steel in 1M hydrochloric acid. Applied
Surface Science. 2009. 255 (15): 6757-6763.

Khaled, K. F. and Al-Mobarak, N. A. A predictive model for corrosion

inhibition of mild steel by thiophene and its derivatives using artificial neural



26.

217.

28.

29.

30.

31.

32.

33.

34.

138

network. International Journal of Electrochemical Science. 2012. 7 (2): 1045-
1059.

Yadav, D. K. and Quraishi, M. A. Application of Some Condensed Uracils as
Corrosion Inhibitors for Mild Steel: Gravimetric, Electrochemical, Surface
Morphological, UV-Visible, and Theoretical Investigations. Industrial &
Engineering Chemistry Research. 2012. 51 (46): 14966-14979.

Bobina, M., Kellenberger, A., Millet, J.-P., Muntean, C. and Vaszilcsin, N.
Corrosion resistance of carbon steel in weak acid solutions in the presence of I-
histidine as corrosion inhibitor. Corrosion Science. 2013. 69: 389-395.

El Ashry, E. S. H. and Senior, S. A. QSAR of lauric hydrazide and its salts as
corrosion inhibitors by wusing the quantum chemical and topological
descriptors. Corrosion Science. 2011. 53 (3): 1025-1034.

Zhao, H., Zhang, X., Ji, L., Hu, H. and Li, Q. Quantitative structure—activity
relationship model for amino acids as corrosion inhibitors based on the support

vector machine and molecular design. Corrosion Science. 2014. 83: 261-271.

Mousavi, M., Safarizadeh, H. and Khosravan, A. A new cluster model based
descriptor for structure-inhibition relationships: A study of the effects of
benzimidazole, aniline and their derivatives on iron corrosion. Corrosion
Science. 2012. 65: 249-258.

Bentiss, F., Mernari, B., Traisnel, M., Vezin, H. and Lagrenée, M. On the
relationship between corrosion inhibiting effect and molecular structure of 2,5-
bis(n-pyridyl)-1,3,4-thiadiazole derivatives in acidic media: Ac impedance and
DFT studies. Corrosion Science. 2011. 53 (1): 487-495.

Ahamad, I., Prasad, R. and Quraishi, M. A. Adsorption and inhibitive
properties of some new Mannich bases of Isatin derivatives on corrosion of
mild steel in acidic media. Corrosion Science. 2010. 52 (4): 1472-1481.

Obot, I. B. and Gasem, Z. M. Theoretical evaluation of corrosion inhibition
performance of some pyrazine derivatives. Corrosion Science. 2014. 83: 359-
366.

Amin, M. A., Khaled, K. F. and Fadl-Allah, S. A. Testing validity of the Tafel

extrapolation method for monitoring corrosion of cold rolled steel in HCI



35.

36.

37.

38.

39.

40.

41.

42.

43.

139

solutions — Experimental and theoretical studies. Corrosion Science. 2010. 52
(1): 140-151.

Khaled, K. F. Modeling corrosion inhibition of iron in acid medium by genetic
function approximation method: A QSAR model. Corrosion Science. 2011. 53
(11): 3457-3465.

El Ashry, E., EI Nemr, A. and Ragab, S. Quantitative structure activity
relationships of some pyridine derivatives as corrosion inhibitors of steel in
acidic medium. Journal of Molecular Modeling. 2012. 18 (3): 1173-1188.

Jing, G., Zhou, Z. and Zhuo, J. Quantitative structure—activity relationship
(QSAR) study of toxicity of quaternary ammonium compounds on Chlorella

pyrenoidosa and Scenedesmus quadricauda. Chemosphere. 2012. 86 (1): 76-82.

Moldovan, C., Costescu, A., Katona, G. and Diudea, M. Application to QSAR
studies of 2-furylethylene derivatives. Journal of Mathematical Chemistry.
2009. 45 (2): 442-451.

Huang, J. and Fan, X. Reliably assessing prediction reliability for high
dimensional QSAR data. Molecular Diversity. 2013. 17 (1): 63-73.

Bababdani, B. M. and Mousavi, M. Gravitational search algorithm: A new
feature selection method for QSAR study of anticancer potency of
imidazo[4,5-b]pyridine derivatives. Chemometrics and Intelligent Laboratory
Systems. 2013. 122: 1-11.

Todeschini, R., Consonni, V., Mauri, A. and Pavan, M. DRAGON, Software
version 6.0, Talete srl. (2010). http://www.talete.mi.it/.

Sharma, M. C., Sharma, S., Sahu, N. K. and Kohli, D. V. QSAR studies of
some substituted imidazolinones angiotensin Il receptor antagonists using
Partial Least Squares Regression (PLSR) method based feature selection.
Journal of Saudi Chemical Society. 2013. 17 (2): 219-225.

Bhadoriya, K. S., Kumawat, N. K., Bhavthankar, S. V., Avchar, M. H,,
Dhumal, D. M., Patil, S. D. and Jain, S. V. Exploring 2D and 3D QSARs of
benzimidazole derivatives as transient receptor potential melastatin 8 (TRPMS8)
antagonists using MLR and kNN-MFA methodology. Journal of Saudi
Chemical Society. 2016. 20 Supplement 1: S256-S270.


http://www.talete.mi.it/

44,

45.

46.

47.

48.

49.

50.

51.

52.

140

Hussin, M. H. and Kassim, M. J. The corrosion inhibition and adsorption
behavior of Uncaria gambir extract on mild steel in 1 M HCI. Materials
Chemistry and Physics. 2011. 125 (3): 461-468.

Al-Turkustani, A. M., Arab, S. T. and Al-Qarni, L. S. S. Medicago Sative plant
as safe inhibitor on the corrosion of steel in 2.0M H,SO, solution. Journal of
Saudi Chemical Society. 2011. 15 (1): 73-82.

Ramde, T., Rossi, S. and Zanella, C. Inhibition of the Cu65/Zn35 brass
corrosion by natural extract of Camellia sinensis. Applied Surface Science.
2014. 307: 209-216.

Zarrouk, A., Hammouti, B., Dafali, A., Bouachrine, M., Zarrok, H., Boukhris,
S. and Al-Deyab, S. S. A theoretical study on the inhibition efficiencies of
some quinoxalines as corrosion inhibitors of copper in nitric acid. Journal of
Saudi Chemical Society. 2014. 18 (5): 450-455.

Gholami, M., Danaee, I., Maddahy, M. H. and RashvandAvei, M. Correlated
ab Initio and Electroanalytical Study on Inhibition Behavior of 2-
Mercaptobenzothiazole and Its Thiole-Thione Tautomerism Effect for the
Corrosion of Steel (APl 5L X52) in Sulphuric Acid Solution. Industrial &
Engineering Chemistry Research. 2013. 52 (42): 14875-14889.

Khaled, K. F. Experimental and theoretical study for corrosion inhibition of
mild steel in hydrochloric acid solution by some new hydrazine carbodithioic
acid derivatives. Applied Surface Science. 2006. 252 (12): 4120-4128.

Belghiti, M. E., Tighadouini, S., Karzazi, Y., Dafali, A., Hammouti, B., Radi,
S. and Solmaz, R. New hydrazine derivatives as corrosion inhibitors for mild
steel protection in phosphoric acid medium. Part A: Experimental study.
Journal of Materials and Environmental Science. 2016. 7 (1): 337-346.

Bentiss, F., Traisnel, M., Gengembre, L. and Lagrenée, M. A new triazole
derivative as inhibitor of the acid corrosion of mild steel: electrochemical
studies, weight loss determination, SEM and XPS. Applied Surface Science.
1999. 152 (3-4): 237-249.

John, S. and Joseph, A. Electroanalytical and Theoretical Investigations of the

Corrosion Inhibition Behavior of Bis-1,2,4-Triazole Precursors EBATTand



53.

54,

55.

56.

S7.

58.

59.

141

BBATT on Mild Steel in 0.1 N HNOg. Industrial & Engineering Chemistry
Research. 2012. 51 (51): 16633-16642.

Khaled, K. F., Amin, M. and Al-Mobarak, N. A. On the corrosion inhibition
and adsorption behaviour of some benzotriazole derivatives during copper
corrosion in nitric acid solutions: a combined experimental and theoretical
study. Journal of Applied Electrochemistry. 2010. 40 (3): 601-613.

Tourabi, M., Nohair, K., Traisnel, M., Jama, C. and Bentiss, F. Electrochemical
and XPS studies of the corrosion inhibition of carbon steel in hydrochloric acid
pickling  solutions by  3,5-bis(2-thienylmethyl)-4-amino-1,2,4-triazole.
Corrosion Science. 2013. 75: 123-133.

Bentiss, F., Traisnel, M. and Lagrenee, M. The substituted 1,3,4-oxadiazoles: a
new class of corrosion inhibitors of mild steel in acidic media. Corrosion
Science. 2000. 42 (1): 127-146.

Lebrini, M., Bentiss, F., Vezin, H. and Lagrenée, M. Inhibiting effects of some
oxadiazole derivatives on the corrosion of mild steel in perchloric acid
solution. Applied Surface Science. 2005. 252 (4): 950-958.

Outirite, M., Lagrenée, M., Lebrini, M., Traisnel, M., Jama, C., Vezin, H. and
Bentiss, F. ac impedance, X-ray photoelectron spectroscopy and density
functional theory studies of 3,5-bis(n-pyridyl)-1,2,4-oxadiazoles as efficient
corrosion inhibitors for carbon steel surface in hydrochloric acid solution.
Electrochimica Acta. 2010. 55 (5): 1670-1681.

Lebrini, M., Lagrenée, M., Traisnel, M., Gengembre, L., Vezin, H. and Bentiss,
F. Enhanced corrosion resistance of mild steel in normal sulfuric acid medium
by 2,5-bis(n-thienyl)-1,3,4-thiadiazoles: Electrochemical, X-ray photoelectron
spectroscopy and theoretical studies. Applied Surface Science. 2007. 253 (23):
9267-9276.

Lebrini, M., Lagrenée, M., Vezin, H., Gengembre, L. and Bentiss, F.
Electrochemical and quantum chemical studies of new thiadiazole derivatives
adsorption on mild steel in normal hydrochloric acid medium. Corrosion
Science. 2005. 47 (2): 485-505.



60.

61.

62.

63.

64.

65.

66.

67.

68.

142

Danaee, I., Ghasemi, O., Rashed, G. R., Rashvand Avei, M. and Maddahy, M.
H. Effect of hydroxyl group position on adsorption behavior and corrosion
inhibition of hydroxybenzaldehyde Schiff bases: Electrochemical and quantum
calculations. Journal of Molecular Structure. 2013. 1035: 247-259.

Ashassi-Sorkhabi, H., Shaabani, B. and Seifzadeh, D. Corrosion inhibition of
mild steel by some schiff base compounds in hydrochloric acid. Applied
Surface Science. 2005. 239 (2): 154-164.

Lebrini, M., Robert, F., Vezin, H. and Roos, C. Electrochemical and quantum
chemical studies of some indole derivatives as corrosion inhibitors for C38
steel in molar hydrochloric acid. Corrosion Science. 2010. 52 (10): 3367-3376.

Avci, G. Corrosion inhibition of indole-3-acetic acid on mild steel in 0.5M
HCI. Colloids and Surfaces A: Physicochemical and Engineering Aspects.
2008. 317 (1-3): 730-736.

Olivares-Xometl, O., Likhanova, N. V., Dominguez-Aguilar, M. A., Hallen, J.
M., Zamudio, L. S. and Arce, E. Surface analysis of inhibitor films formed by
imidazolines and amides on mild steel in an acidic environment. Applied
Surface Science. 2006. 252 (6): 2139-2152.

Heydari, M. and Javidi, M. Corrosion inhibition and adsorption behaviour of
an amido-imidazoline derivative on APl 5L X52 steel in CO.-saturated
solution and synergistic effect of iodide ions. Corrosion Science. 2012. 61:
148-155.

Gopiraman, M., Selvakumaran, N., Kesavan, D. and Karvembu, R. Adsorption
and corrosion inhibition behaviour of N-(phenylcarbamothioyl)benzamide on
mild steel in acidic medium. Progress in Organic Coatings. 2012. 73 (1): 104-
111.

Aljourani, J., Raeissi, K. and Golozar, M. A. Benzimidazole and its derivatives
as corrosion inhibitors for mild steel in 1M HCI solution. Corrosion Science.
2009. 51 (8): 1836-1843.

Aljourani, J., Golozar, M. A. and Raeissi, K. The inhibition of carbon steel
corrosion in hydrochloric and sulfuric acid media using some benzimidazole
derivatives. Materials Chemistry and Physics. 2010. 121 (1-2): 320-325.



69.

70.

71.

72.

73.

74.

75.

76.

143

Tang, Y., Zhang, F., Hu, S., Cao, Z., Wu, Z. and Jing, W. Novel benzimidazole
derivatives as corrosion inhibitors of mild steel in the acidic media. Part I:
Gravimetric, electrochemical, SEM and XPS studies. Corrosion Science. 2013.
74: 271-282.

Khaled, K. F. Studies of iron corrosion inhibition using chemical,
electrochemical and computer simulation techniques. Electrochimica Acta.
2010. 55 (22): 6523-6532.

Khaled, K. F. The inhibition of benzimidazole derivatives on corrosion of iron
in 1 M HCI solutions. Electrochimica Acta. 2003. 48 (17): 2493-2503.

Wang, X., Yang, H. and Wang, F. An investigation of benzimidazole
derivative as corrosion inhibitor for mild steel in different concentration HCI
solutions. Corrosion Science. 2011. 53 (1): 113-121.

Otmacic Curkovic, H., Stupnisek-Lisac, E. and Takenouti, H. Electrochemical
quartz crystal microbalance and electrochemical impedance spectroscopy study
of copper corrosion inhibition by imidazoles. Corrosion Science. 2009. 51
(10): 2342-2348.

Obot, I. B., Umoren, S. A., Gasem, Z. M., Suleiman, R. and Ali, B. E.
Theoretical prediction and electrochemical evaluation of vinylimidazole and
allylimidazole as corrosion inhibitors for mild steel in 1 M HCI. Journal of
Industrial and Engineering Chemistry. 2015. 21: 1328-13309.

Sasikumar, Y., Adekunle, A. S., Olasunkanmi, L. O., Bahadur, I., Baskar, R.,
Kabanda, M. M., Obot, I. B. and Ebenso, E. E. Experimental, quantum
chemical and Monte Carlo simulation studies on the corrosion inhibition of
some alkyl imidazolium ionic liquids containing tetrafluoroborate anion on
mild steel in acidic medium. Journal of Molecular Liquids. 2015. 211: 105-
118.

Tebbji, K., Oudda, H., Hammouti, B., Benkaddour, M., El Kodadi, M. and
Ramdani, A. Inhibition effect of two organic compounds pyridine—pyrazole
type in acidic corrosion of steel. Colloids and Surfaces A: Physicochemical and
Engineering Aspects. 2005. 259 (1-3): 143-149.



77.

78.

79.

80.

81.

82.

83.

84.

85.

144

Abd El-Maksoud, S. A. and Fouda, A. S. Some pyridine derivatives as
corrosion inhibitors for carbon steel in acidic medium. Materials Chemistry
and Physics. 2005. 93 (1): 84-90.

Quraishi, M. A., Bhardwaj, V. and Rawat, J. Prevention of metallic corrosion
by lauric hydrazide and its salts under vapor phase conditions. Journal of the
American Oil Chemists' Society. 2002. 79 (6): 603-609.

Preethi Kumari, P., Shetty, P. and Rao, S. A. Electrochemical measurements
for the corrosion inhibition of mild steel in 1 M hydrochloric acid by using an
aromatic hydrazide derivative. Arabian Journal of Chemistry. 2014.
http://dx.doi.org/10.1016/j.arabjc.2014.09.005.

Zarrouk, A., Dafali, A., Hammouti, B., Zarrok, H., Boukhris, S. and Zertoubi,
M. Synthesis, characterization and comparative study of functionalized
quinoxaline derivatives towards corrosion of copper in nitric acid medium.

International Journal of Electrochemical Science. 2010. 5 (1): 46-55.

Danaee, I., Gholami, M., RashvandAvei, M. and Maddahy, M. H. Quantum
chemical and experimental investigations on inhibitory behavior of amino-
imino tautomeric equilibrium of 2-aminobenzothiazole on steel corrosion in
H,SO, solution. Journal of Industrial and Engineering Chemistry. 2015. 26:
81-94.

Fouda, A. S. and Ellithy, A. S. Inhibition effect of 4-phenylthiazole derivatives
on corrosion of 304L stainless steel in HCI solution. Corrosion Science. 2009.
51 (4): 868-875.

Déner, A., Solmaz, R., Ozcan, M. and Kardas, G. Experimental and theoretical
studies of thiazoles as corrosion inhibitors for mild steel in sulphuric acid
solution. Corrosion Science. 2011. 53 (9): 2902-2913.

Ghailane, T., Balkhmima, R. A., Ghailane, R., Souizi, A., Touir, R., Ebn
Touhami, M., Marakchi, K. and Komiha, N. Experimental and theoretical
studies for mild steel corrosion inhibition in 1 M HCIl by two new

benzothiazine derivatives. Corrosion Science. 2013. 76: 317-324.

Karthik, D., Tamilvendan, D. and Venkatesa Prabhu, G. Study on the inhibition
of mild steel corrosion by 1,3-bis-(morpholin-4-yl-phenyl-methyl)-thiourea in


http://dx.doi.org/10.1016/j.arabjc.2014.09.005

86.

87.

88.

89.

90.

91.

92.

93.

145

hydrochloric acid medium. Journal of Saudi Chemical Society. 2014. 18 (6):
835-844.

Khaled, K. F. Experimental, density function theory calculations and molecular
dynamics simulations to investigate the adsorption of some thiourea derivatives
on iron surface in nitric acid solutions. Applied Surface Science. 2010. 256
(22): 6753-6763.

Quraishi, M. A., Ansari, F. A. and Jamal, D. Thiourea derivatives as corrosion
inhibitors for mild steel in formic acid. Materials Chemistry and Physics. 2003.
77 (3): 687-690.

Murulana, L. C., Kabanda, M. M. and Ebenso, E. E. Investigation of the
adsorption characteristics of some selected sulphonamide derivatives as
corrosion inhibitors at mild steel/nydrochloric acid interface: Experimental,
quantum chemical and QSAR studies. Journal of Molecular Liquids. 2016.
215: 763-779.

Lukovits, I., Kdlméan, E. and Zucchi, F. Corrosion Inhibitors—Correlation

between Electronic Structure and Efficiency. Corrosion. 2001. 57 (1): 3-8.

Yadav, D. K., Maiti, B. and Quraishi, M. A. Electrochemical and quantum
chemical studies of 3,4-dihydropyrimidin-2(1H)-ones as corrosion inhibitors
for mild steel in hydrochloric acid solution. Corrosion Science. 2010. 52 (11):
3586-3598.

Abdallah, M., Helal, E. A. and Fouda, A. S. Aminopyrimidine derivatives as
inhibitors for corrosion of 1018 carbon steel in nitric acid solution. Corrosion
Science. 2006. 48 (7): 1639-1654.

Hejazi, S., Mohajernia, S., Moayed, M. H., Davoodi, A., Rahimizadeh, M.,
Momeni, M., Eslami, A., Shiri, A. and Kosari, A. Electrochemical and
quantum chemical study of Thiazolo-pyrimidine derivatives as corrosion
inhibitors on mild steel in 1 M H,SO,4. Journal of Industrial and Engineering
Chemistry. 2015. 25: 112-121.

Li, X., Deng, S. and Fu, H. Three pyrazine derivatives as corrosion inhibitors
for steel in 1.0 M H,SQO, solution. Corrosion Science. 2011. 53 (10): 3241-
3247.



94.

95.

96.

97.

98.

99.

100.

101.

146

Bouklah, M., Attayibat, A., Kertit, S., Ramdani, A. and Hammouti, B. A
pyrazine derivative as corrosion inhibitor for steel in sulphuric acid solution.
Applied Surface Science. 2005. 242 (3-4): 399-406.

Kissi, M., Bouklah, M., Hammouti, B. and Benkaddour, M. Establishment of
equivalent circuits from electrochemical impedance spectroscopy study of
corrosion inhibition of steel by pyrazine in sulphuric acidic solution. Applied
Surface Science. 2006. 252 (12): 4190-4197.

Zarrouk, A., Hammouti, B., Lakhlifi, T., Traisnel, M., Vezin, H. and Bentiss,
F. New 1H-pyrrole-2,5-dione derivatives as efficient organic inhibitors of
carbon steel corrosion in hydrochloric acid medium: Electrochemical, XPS and
DFT studies. Corrosion Science. 2015. 90: 572-584.

Zarrouk, A., Chelfi, T., Dafali, A., Hammouti, B., Al-Deyab, S. S., Warad, 1.,
Benchat, N. and Zertoubi, M. Comparative study of new pyridazine derivatives
towards corrosion of copper in nitric acid: Part-1. International Journal of
Electrochemical Science. 2010. 5 (5): 696-705.

Zarrouk, A., Warad, 1., Hammouti, B., Dafali, A., Al-Deyab, S. S. and Benchat,
N. The Effect of Temperature on the Corrosion of Cu/HNO3 in the Presence of
Organic Inhibitor: Part-2. International Journal of Electrochemical Science
2010. 5: 1516 - 1526.

Yan, Y., Li, W,, Cai, L. and Hou, B. Electrochemical and quantum chemical
study of purines as corrosion inhibitors for mild steel in 1 M HCI solution.
Electrochimica Acta. 2008. 53 (20): 5953-5960.

Yadav, D. K., Quraishi, M. A. and Maiti, B. Inhibition effect of some
benzylidenes on mild steel in 1 M HCI: An experimental and theoretical
correlation. Corrosion Science. 2012. 55: 254-266.

Eddy, N. O., Awe, F. E., Gimba, C. E., Ibisi, N. O. and Ebenso, E. E. QSAR,
Experimental and Computational Chemistry Simulation Studies on the
Inhibition Potentials of Some Amino Acids for the Corrosion of Mild Steel in
0.1 M HCI. International Journal of Electrochemical Science. 2011. 6: 931-
957.



102.

103.

104.

105.

106.

107.

108.

109.

147

Herrag, L., Hammouti, B., Elkadiri, S., Aouniti, A., Jama, C., Vezin, H. and
Bentiss, F. Adsorption properties and inhibition of mild steel corrosion in
hydrochloric solution by some newly synthesized diamine derivatives:
Experimental and theoretical investigations. Corrosion Science. 2010. 52 (9):
3042-3051.

Baskar, R., Gopiraman, M., Kesavan, D., Kim, I. S. and Subramanian, K.
Synthesis, Characterization, and Electrochemical Studies of Novel Biphenyl
Based Compounds. Industrial & Engineering Chemistry Research. 2012. 51
(10): 3966-3974.

Dibetsoe, M., Olasunkanmi, L. O., Fayemi, O. E., Yesudass, S., Ramaganthan,
B., Bahadur, 1., Adekunle, A. S., Kabanda, M. M. and Ebenso, E. E. Some
phthalocyanine and naphthalocyanine derivatives as corrosion inhibitors for
aluminium in acidic medium: Experimental, quantum chemical calculations,
QSAR studies and synergistic effect of iodide ions. Molecules. 2015. 20 (9):
15701-15734.

Li, X., Deng, S. and Xie, X. Experimental and theoretical study on corrosion
inhibition of oxime compounds for aluminium in HCI solution. Corrosion
Science. 2014. 81: 162-175.

Badr, G. E. The role of some thiosemicarbazide derivatives as corrosion
inhibitors for C-steel in acidic media. Corrosion Science. 2009. 51 (11): 2529-
2536.

Khaled, K. F. and EI-Maghraby, A. Experimental, Monte Carlo and molecular
dynamics simulations to investigate corrosion inhibition of mild steel in
hydrochloric acid solutions. Arabian Journal of Chemistry. 2014. 7 (3): 319-
326.

Machnikova, E., Whitmire, K. H. and Hackerman, N. Corrosion inhibition of
carbon steel in hydrochloric acid by furan derivatives. Electrochimica Acta.
2008. 53 (20): 6024-6032.

Vishwanatham, S. and Haldar, N. Furfuryl alcohol as corrosion inhibitor for
N8O steel in hydrochloric acid. Corrosion Science. 2008. 50 (11): 2999-3004.



110.

111.

112.

113.

114.

115.

116.

117.

118.

148

Zhou, J., Chen, S., Zhang, L., Feng, Y. and Zhai, H. Studies of protection of
self-assembled films by 2-mercapto-5-methyl-1,3,4-thiadiazole on iron surface
in 0.1 M H,SO, solutions. Journal of Electroanalytical Chemistry. 2008. 612
(2): 257-268.

Lebrini, M., Lagrenée, M., Vezin, H., Traisnel, M. and Bentiss, F.
Experimental and theoretical study for corrosion inhibition of mild steel in
normal hydrochloric acid solution by some new macrocyclic polyether
compounds. Corrosion Science. 2007. 49 (5): 2254-2269.

Cao, Z., Tang, Y., Cang, H., Xu, J., Lu, G. and Jing, W. Novel benzimidazole
derivatives as corrosion inhibitors of mild steel in the acidic media. Part IlI:
Theoretical studies. Corrosion Science. 2014. 83: 292-298.

Zhang, J., Liu, J., Yu, W,, Yan, Y., You, L. and Liu, L. Molecular modeling of
the inhibition mechanism of 1-(2-aminoethyl)-2-alkyl-imidazoline. Corrosion
Science. 2010. 52 (6): 2059-2065.

Obot, I. B. and Obi-Egbedi, N. O. 2,3-Diphenylbenzoquinoxaline: A new
corrosion inhibitor for mild steel in sulphuric acid. Corrosion Science. 2010. 52
(1): 282-285.

Shojaie, F. and Mirzai-Baghini, N. Molecular dynamics and density functional
theory study on the corrosion inhibition of austenitic stainless steel in
hydrochloric acid by two pyrimidine compounds. International Journal of
Industrial Chemistry. 2015. 6 (4): 297-310.

Issa, R. M., Awad, M. K. and Atlam, F. M. Quantum chemical studies on the
inhibition of corrosion of copper surface by substituted uracils. Applied Surface
Science. 2008. 255 (5, Part 1): 2433-2441.

Belghiti, M. E., Karzazi, Y., Tighadouini, S., Dafali, A., Jama, C., Warad, I.,
Hammouti, B. and Radi, S. New hydrazine derivatives as corrosion for mild
steel in phosphoric acid medium. Part B: Theoretical investigation. Journal of
Materials and Environmental Science. 2016. 7 (3): 956-967.

Li, L., Zhang, X., Lei, J., He, J.,, Zhang, S. and Pan, F. Adsorption and
corrosion inhibition of Osmanthus fragran leaves extract on carbon steel.
Corrosion Science. 2012. 63: 82-90.



119.

120.

121.

122.

123.

124.

125.

126.

127.

149

Obot, I. B. and Obi-Egbedi, N. O. Fluconazole as an inhibitor for aluminium
corrosion in 0.1M HCI. Colloids and Surfaces A: Physicochemical and
Engineering Aspects. 2008. 330 (2-3): 207-212.

Pavithra, M. K., Venkatesha, T. V., Punith Kumar, M. K. and Tondan, H. C.
Inhibition of mild steel corrosion by Rabeprazole sulfide. Corrosion Science.
2012. 60: 104-111.

Khodaei-Tehrani, M. and Niazi, A. Quantum chemical studies on the corrosion
inhibition of some hector bases on mild steel in acidic medium. Oriental
Journal of Chemistry. 2015. 31 (1): 423-429.

Gece, G. Theoretical evaluation of the inhibition properties of two thiophene
derivatives on corrosion of carbon steel in acidic media. Materials and
Corrosion. 2013. 64 (10): 940-944.

Gece, G. and Bilgig, S. A theoretical study on the inhibition efficiencies of
some amino acids as corrosion inhibitors of nickel. Corrosion Science. 2010.
52 (10): 3435-3443.

Khaled, K. F. and Sherik, A. Using neural networks for corrosion inhibition
efficiency prediction during corrosion of steel in chloride solutions.
International Journal of Electrochemical Science. 2013. 8 (7): 9918-9935.

Khaled, K. F. and El-Sherik, A. M. Using molecular dynamics simulations and
genetic function approximation to model corrosion inhibition of iron in
chloride solutions. International Journal of Electrochemical Science. 2013. 8
(7): 10022-10043.

Zhang, S. G., Lei, W., Xia, M. Z. and Wang, F. Y. QSAR study on N-
containing corrosion inhibitors: Quantum chemical approach assisted by
topological index. Journal of Molecular Structure: THEOCHEM. 2005. 732
(1-3): 173-182.

El Ashry, E. S. H., Nemr, A. E., Essawy, S. A. and Ragab, S. Corrosion
inhibitors part V: QSAR of benzimidazole and 2-substituted derivatives as
corrosion inhibitors by using the quantum chemical parameters. Progress in
Organic Coatings. 2008. 61 (1): 11-20.



128.

129.

130.

131.

132.

133.

134.

135.

150

Hu, H., Du, L., Li, X., Zhao, H., Zhang, X., Shi, S., Li, H., Tang, X. and Yang,
J. Experimental, quantum chemical and molecular dynamics studies of
imidazoline molecules against the corrosion of steel and quantitative structure-
activity relationship analysis using the support vector machine (SVM) method.
International Journal of Electrochemical Science. 2013. 8 (9): 11228-11247.

Bentiss, F., Lebrini, M., Lagrenée, M., Traisnel, M., Elfarouk, A. and Vezin, H.
The influence of some new 2,5-disubstituted 1,3,4-thiadiazoles on the
corrosion behaviour of mild steel in 1 M HCI solution: AC impedance study
and theoretical approach. Electrochimica Acta. 2007. 52 (24): 6865-6872.

Ebenso, E. E., Kabanda, M. M., Murulana, L. C., Singh, A. K. and Shukla, S.
K. Electrochemical and quantum chemical investigation of some azine and
thiazine dyes as potential corrosion inhibitors for mild steel in hydrochloric
acid solution. Industrial and Engineering Chemistry Research. 2012. 51 (39):
12940-12958.

Winkler, D. A., Breedon, M., Hughes, A. E., Burden, F. R., Barnard, A. S.,
Harvey, T. G. and Cole, I. Towards chromate-free corrosion inhibitors:
Structure-property models for organic alternatives. Green Chemistry. 2014. 16
(6): 3349-3357.

Melagraki, G. and Afantitis, A. Enalos KNIME nodes: Exploring corrosion
inhibition of steel in acidic medium. Chemometrics and Intelligent Laboratory
Systems. 2013. 123: 9-14.

Obot, I. B., Macdonald, D. D. and Gasem, Z. M. Density functional theory
(DFT) as a powerful tool for designing new organic corrosion inhibitors. Part

1: An overview. Corrosion Science. 2015. 99: 1-30.

Li, X., Deng, S. and Fu, H. Triazolyl blue tetrazolium bromide as a novel
corrosion inhibitor for steel in HCI and H»,SO, solutions. Corrosion Science.
2011. 53 (1): 302-309.

Quraishi, M. A., Singh, A., Singh, V. K., Yadav, D. K. and Singh, A. K. Green
approach to corrosion inhibition of mild steel in hydrochloric acid and
sulphuric acid solutions by the extract of Murraya koenigii leaves. Materials
Chemistry and Physics. 2010. 122 (1): 114-122.



136.

137.

138.

139.

140.

141.

142.

143.

151

Zarrok, H., Zarrouk, A., Hammouti, B., Salghi, R., Jama, C. and Bentiss, F.
Corrosion control of carbon steel in phosphoric acid by purpald — Weight loss,
electrochemical and XPS studies. Corrosion Science. 2012. 64: 243-252.

Zhang, S., Tao, Z., Li, W. and Hou, B. The effect of some triazole derivatives
as inhibitors for the corrosion of mild steel in 1 M hydrochloric acid. Applied
Surface Science. 2009. 255 (15): 6757-6763.

Liu, B., Xi, H., Li, Z. and Xia, Q. Adsorption and corrosion-inhibiting effect of
2-(2-{[2-(4-Pyridylcarbonyl)hydrazono]methyl}phenoxy)acetic acid on mild
steel surface in seawater. Applied Surface Science. 2012. 258 (17): 6679-6687.

Boumhara, K., Tabyaoui, M., Jama, C. and Bentiss, F. Artemisia Mesatlantica
essential oil as green inhibitor for carbon steel corrosion in 1 M HCI solution:
Electrochemical and XPS investigations. Journal of Industrial and Engineering
Chemistry. 2015. 29: 146-155.

Bouanis, F. Z., Bentiss, F., Bellayer, S., Vogt, J. B. and Jama, C.
Radiofrequency cold plasma nitrided carbon steel: Microstructural and
micromechanical characterizations. Materials Chemistry and Physics. 2011.
127 (1-2): 329-334.

Morales-Gil, P., Walczak, M. S., Cottis, R. A., Romero, J. M. and Lindsay, R.
Corrosion inhibitor binding in an acidic medium: Interaction of 2-
mercaptobenizmidazole with carbon-steel in hydrochloric acid. Corrosion
Science. 2014. 85: 109-114.

Urban, N. R., Ernst, K. and Bernasconi, S. Addition of sulfur to organic matter
during early diagenesis of lake sediments. Geochimica et Cosmochimica Acta.
1999. 63 (6): 837-853.

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A.,
Cheeseman, J.R., Scalmani, G., Barone, V., Mennucci, B., Petersson, G.A.,
Nakatsuji, H., Caricato, M., Li, X., Hratchian, H.P., Izmaylov, A.F., Bloino, J.,
Zheng, G., Sonnenberg, J.L., Hada, M., Ehara, M., Toyota, K., Fukuda, R.,
Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y., Kitao, O., Nakai, H.,
Vreven, T., Montgomery, J.A., Jr., Peralta, J.E., Ogliaro, F., Bearpark, M.,
Heyd, J.J., Brothers, E., Kudin, K.N., Staroverov, V.N., Kobayashi, R.,
Normand, J., Raghavachari, K., Rendell, A., Burant, J.C., lyengar, S.S.,



144.

145.

146.

147.

148.

149.

150.

152

Tomasi, J., Cossi, M., Rega, N., Millam, J.M., Klene, M., Knox, J.E., Cross,
J.B., Bakken, V., Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R.E.,
Yazyev, O., Austin, AJ., Cammi, R., Pomelli, C., Ochterski, J.W., Martin,
R.L., Morokuma, K., Zakrzewski, V.G., Voth, G.A., Salvador, P., Dannenberg,
J.J., Dapprich, S., Daniels, A.D., Farkas, O., Foresman, J.B., Ortiz, J.V.,
Cioslowski, J. and Fox, D.J. Gaussian 09, Revision B.l1. Gaussian Inc.,
Wallingford CT. 2009.

Pearson, R. G. Absolute electronegativity and hardness: application to
inorganic chemistry. Inorganic Chemistry. 1988. 27 (4): 734-740.

Filzmoser, P., Gschwandtner, M. and Todorov, V. Review of sparse methods in
regression and classification with application to chemometrics. Journal of
Chemometrics. 2012. 26 (3-4): 42-51.

Algamal, Z. Y., Lee, M. H., Al-Fakih, A. M. and Aziz, M. High-dimensional
QSAR prediction of anticancer potency of imidazo[4,5-b]pyridine derivatives
using adjusted adaptive LASSO. Journal of Chemometrics. 2015. 29 (10): 547-
556.

Daszykowski, M., Stanimirova, I., Walczak, B., Daeyaert, F., de Jonge, M. R.,
Heeres, J., Koymans, L. M. H., Lewi, P. J., Vinkers, H. M., Janssen, P. A. and
Massart, D. L. Improving QSAR models for the biological activity of HIV
Reverse Transcriptase inhibitors: Aspects of outlier detection and
uninformative variable elimination. Talanta. 2005. 68 (1): 54-60.

Mercader, A. G., Duchowicz, P. R., Fernandez, F. M., Castro, E. A., Bennardi,
D. O., Autino, J. C. and Romanelli, G. P. QSAR prediction of inhibition of
aldose reductase for flavonoids. Bioorganic & Medicinal Chemistry. 2008. 16
(15): 7470-7476.

Soltani, S., Abolhasani, H., Zarghi, A. and Jouyban, A. QSAR analysis of
diaryl COX-2 inhibitors: Comparison of feature selection and train-test data
selection methods. European Journal of Medicinal Chemistry. 2010. 45 (7):
2753-2760.

Leardi, R. and Lupiafez Gonzalez, A. Genetic algorithms applied to feature
selection in PLS regression: How and when to use them. Chemometrics and
Intelligent Laboratory Systems. 1998. 41 (2): 195-207.



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

153

Norgaard, L., Saudland, A., Wagner, J., Nielsen, J. P., Munck, L. and
Engelsen, S. B. Interval Partial Least-Squares Regression (iPLS): A
Comparative Chemometric Study with an Example from Near-Infrared
Spectroscopy. Applied Spectroscopy. 2000. 54 (3): 413-4109.

Chen, Q., Jiang, P. and Zhao, J. Measurement of total flavone content in snow
lotus (Saussurea involucrate) using near infrared spectroscopy combined with
interval PLS and genetic algorithm. Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy. 2010. 76 (1): 50-55.

Abrahamsson, C., Johansson, J., Sparén, A. and Lindgren, F. Comparison of
different variable selection methods conducted on NIR transmission
measurements on intact tablets. Chemometrics and Intelligent Laboratory
Systems. 2003. 69 (1-2): 3-12.

Pourbasheer, E., Aalizadeh, R., Ganjali, M. R., Norouzi, P. and Shadmanesh, J.
QSAR study of ACKL inhibitors by genetic algorithm—multiple linear
regression (GA-MLR). Journal of Saudi Chemical Society. 2014. 18 (5): 681-
688.

Hoerl, A. E. and Kennard, R. W. Ridge Regression: Biased Estimation for
Nonorthogonal Problems. Technometrics. 1970. 12 (1): 55-67.

Tibshirani, R. Regression shrinkage and selection via the lasso. Journal of the
Royal Statistical Society: Series B (Statistical Methodology). 1996. 58 (1): 267-
288.

Fan, J. and Li, R. Variable Selection via Nonconcave Penalized Likelihood and
its Oracle Properties. Journal of the American Statistical Association. 2001. 96
(456): 1348-1360.

Zou, H. and Hastie, T. Regularization and variable selection via the elastic net.
Journal of the Royal Statistical Society: Series B (Statistical Methodology).
2005. 67 (2): 301-320.

Tibshirani, R. Regression Shrinkage and Selection via the Lasso. Journal of the
Royal Statistical Society. Series B (Methodological). 1996. 58 (1): 267-288.

Cong, Y., Li, B.-k., Yang, X.-g., Xue, Y., Chen, Y.-z. and Zeng, Y.

Quantitative structure—activity relationship study of influenza virus



161.

162.

163.

164.

165.

166.

154

neuraminidase A/PR/8/34 (H1N1) inhibitors by genetic algorithm feature
selection and support vector regression. Chemometrics and Intelligent
Laboratory Systems. 2013. 127: 35-42.

Riahi, S., Ganjali, M. R., Norouzi, P. and Jafari, F. Application of GA-MLR,
GA-PLS and the DFT quantum mechanical (QM) calculations for the
prediction of the selectivity coefficients of a histamine-selective electrode.
Sensors and Actuators B: Chemical. 2008. 132 (1): 13-19.

Todeschini, R. and Consonni, V. Molecular descriptors for chemoinformatics.
2nd. ed. Weinheim, Germany: Wiley-VCH. 20009.

Balaji, S., Karthikeyan, C., Hari Narayana Moorthy, N. S. and Trivedi, P.
QSAR modelling of HIV-1 reverse transcriptase inhibition by benzoxazinones
using a combination of P_VSA and pharmacophore feature descriptors.
Bioorganic & Medicinal Chemistry Letters. 2004. 14 (24): 6089-6094.

Gasteiger, J., Sadowski, J., Schuur, J., Selzer, P., Steinhauer, L. and Steinhauer,
V. Chemical Information in 3D Space. Journal of Chemical Information and
Computer Sciences. 1996. 36 (5): 1030-1037.

Consonni, V., Todeschini, R. and Pavan, M. Structure/Response Correlations
and Similarity/Diversity Analysis by GETAWAY Descriptors. 1. Theory of the
Novel 3D Molecular Descriptors. Journal of Chemical Information and
Computer Sciences. 2002. 42 (3): 682-692.

Fan, J. and Lv, J. Sure independence screening for ultra-high-dimensional
feature space. Journal of the Royal Statistical Society: Series B (Statistical
Methodology). 2008. 70 (5): 849-911.



	Thesis Declaration_binding
	Supervisors declaration_binding
	cooperation
	Thesis_Title2_binding
	student declaration_binding
	Dedication_binding
	ACKNOWLEDGEMENT_binding
	Abstract Proofreading__version2
	Abstract Proofreading_Malay_version4
	f-Thesis_table of contents_binding2
	f-Thesis_list of tables_binding
	f-Thesis_list of figures_binding
	f-Thesis_list of abbreviations_binding
	f-Thesis_list of appendices_binding
	f-Chapter1 for print_binding
	f-Chapter2 for print_binding
	f-Chapter3 for print_binding
	f-Chapter4 for print_binding
	f-Chapter5 for print_binding
	f-Chapter6 for print_binding
	f-Reference_binding2
	f-Thesis_Appendix A_binding
	f-Thesis_Appendix B_binding
	f-Thesis_Appendix C_binding
	f-Thesis_Appendix D_binding



