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Abstract  

This work investigates the corrosion inhibition of XC48 Carbon steel and 304L stainless 

steel, in sulfuric acid 1M  to which green and nontoxic inhibitors such as Cytisus multiflorus 

extract (CMFE) and Punica granatum extract (PGPE) were added at different concentrations. 

Potentiodynamic and electrochemical impedance spectroscopy measurements were used to 

characterize each inhibitors mode of action. Quantum chemical parameters were also 

calculated, which provided a reasonable theoretical explanation for the adsorption and 

inhibition behavior of CMFE and PGPE on the metal surface.  

The CMFE and PGPE are a mixed-type corrosion inhibitors, have been shown inhibit 

the cathodic and anodic reactions of XC48 carbon steel and 304L stainless steel in 

electrochemical studies. At 500 ppm, CMFE had an anti-corrosion efficiency of 95.91% and 

92.91% of XC48 carbon steel and 304L stainless steel, respectively. In contrast, PGPE exhibits 

a maximum inhibitory efficiency of approximately 97.40% and 95.91%, at a concentration of 

500 ppm in XC48 carbon steel and 304L stainless steel, respectively. 

The adsorption of CMFE and PGPE leads to the formation of a protective film revealed 

by the Scanning Electron Microscope (SEM), Fourier-transform infrared spectroscopy with 

attenuated total reflectance (FTIR-ATR), X-ray photoelectron spectroscopy (XPS) and X-ray 

diffraction (XRD) analysis. 

The theoretical findings of quantum chemistry calculations were compared with 

experimental data as part of our study to better understand corrosion mechanisms. 

 

Key words: Carbon steel, Stainless steel, Corrosion Inhibitor, PDP, EIS and DFT.  

 

 

 

 

 

 



Résumé 

Ce travail étudie l'inhibition contre la corrosion de l'acier au carbone XC48 et de l'acier 

inoxydable 304L, dans l'acide sulfurique 1M auquel des inhibiteurs verts et non toxiques tels 

que l’extrait de cytise multiflore (CMFE) et l’extrait de Punica Grenadier (PGPE) ont été 

ajoutés à différentes concentrations. Des mesures de spectroscopie d'impédance 

potentiodynamique et électrochimique ont été utilisées pour caractériser le mode d'action de 

chaque inhibiteur. Les paramètres de la chimie quantique ont également été calculés, ce qui a 

fourni une explication théorique raisonnable du comportement d'adsorption et d'inhibition du 

CMFE et du PGPE sur la surface métallique. 

Le CMFE et le PGPE sont des inhibiteurs de corrosion de type mixte, il a été démontré 

qu'ils bloquent les réactions cathodiques et anodiques de l'acier au carbone XC48 et de l' acier 

inoxydable 304L par des études électrochimiques. À 500 ppm, le CMFE avait une efficacité 

anti-corrosion de 95,91 % et 92,91 % de l'acier au carbone XC48 et de l'acier inoxydable 304L, 

respectivement. En revanche, le PGPE présente une efficacité inhibitrice maximale d'environ 

97,40 % et 95,91 % , à une concentration de 500 ppm dans l'acier au carbone XC48 et l'acier 

inoxydable 304L, respectivement. 

L'adsorption de CMFE et de PGPE conduit à la formation d'un film protecteur monté 

par le Microscope Electronique à Balayage (MEB), la spectroscopie infrarouge à transformée 

de Fourier à réflectance totale atténuée (FTIR-ATR), la spectroscopie photoélectronique à 

rayons X (XPS) et X analyse par diffraction des rayons (DRX). 

Les résultats théoriques des calculs de chimie quantique ont été confrontés aux données 

expérimentales dans le cadre de notre étude afin de mieux comprendre les mécanismes de 

corrosion. 

 

Mots clés : acier au carbone, acier inoxydable, inhibiteur de corrosion, PDP, EIS et DFT. 

 

 

 



 الملخص

 ، في حمض الكبريتيكL403والفولاذ المقاوم للصدأ  XC48تثبيط ضد تآكل الفولاذ الكربوني في  يتضمن دراسة هذا العمل

( ومستخلص CMFEمتعدد الأزهار ) اللـزانالذي أضيف إليه مثبطات خضراء وغير سامة مثل مستخلص  1M بتركيز

تم استخدام قياسات التحليل الطيفي للمعاوقة الديناميكية والكهروكيميائية لوصف  مختلفة.( بتركيزات PGPE) قشور الرمان

 والتثبيط الامتزاز لسلوك معقولًا  نظريًا تفسيرًا قدمت والتي ، يةالكم كيمياءال معلمات حساب أيضًا مت . طريقة عمل كل مثبط

 .المعدن سطح على PGPE و CMFE لـ

 الكاثودية التفاعلات يثبطان أنهما ثبت وقد ، المختلط النوع من التآكل مثبطات من PGPE و CMFE من كل يعُد

 في جزء 500 عند  .الكهروكيميائية الدراسات من خلال 304L للصدأ المقاوم والفولاذ XC48 الكربوني للفولاذ والأنودية

 للصدأ المقاوم لفولاذلو XC48 الكربوني فولاذلل ٪92.91 و ٪95.91 تبلغ للتآكل مقاومة كفاءة CMFE لدى كان ، المليون

304L تظُهر ، المقابل في .التوالي على PGPE في جزء 500 بتركيز ، ٪95.91 و ٪ 97.40 تقارب مثبطة كفاءة أقصى 

 .التوالي على  304Lللصدأ المقاوم لفولاذلو XC48 الكربوني لفولاذل المليون

 (MEB) الإلكتروني يمجهرال المسح بواسطة عنه الكشف تم واق   فيلم تكوين إلى PGPE و CMFE امتزاز يؤدي

 الطيفي والتحليل ، (FTIR-ATR) المخفف الكلي الانعكاس مع فورييه بتحويل الحمراء تحت للأشعة الطيفي والتحليل ،

 (DRX)  السينية الأشعة حيود تحليل و (XPS) السينية للأشعة الضوئي

 بشكل التآكل آليات لفهم دراستنا من كجزء التجريبية النتائج مع يةالكم كيمياءال لحسابات النظرية النتائج مقارنة تمت

 .أفضل

 

 .DFT و PDP ، EIS ، التآكل مانع ، للصدأ المقاوم الفولاذ ، الكربوني الفولاذ :مفتاحية  ال الكلمات
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Problematic  

Steel alloys are the most widely used metals in various fields in the daily life of people 

worldwide. Due to their physical and mechanical excellent properties [1-2] and their high 

carbon content, they are extremely hard and appropriate for applications requiring great wear 

and abrasion resistance [3]. Due to their low cost, they are used in different industrial sectors 

such as the automobile industry and machinery in the military and aerospace industries [3-4]. 

However, some manufacturing operations and other industrial procedures, such as acid 

cleaning, oil well cleaning, acid de-scaling, and acid pickling, heavily rely on strong acids for 

various objectives [5]. This led to some risks that conducted to fatal consequences and issues 

that harm industries, the environment, and humans because of using such as hazardous 

compounds such as Nitric, sulfuric, hydrochloric, formic, and acetic acids, which are widely 

employed in these applications [6]. 

Because metals tend to retreat to their ground states during the corrosion process, it is 

regarded as one of the difficult-to-solve recurrent problems. In general, corrosion is a process 

in which the structure of metals deteriorates due to heterogeneous chemical interactions in 

particular environments [7]. This phenomenon is widespread in many industries, mainly where 

the acidic medium is commonly utilized, which accelerates the rate of it. It also must be 

mentioned that water, liquid and gaseous acids, air humidity, sulfur, base salts, ammonia, 

particular lubricants, and rigorous metal polishing are all known corrosion agents [8], as 

previously stated. Many industries are affected by corrosion, including the oil and gas sector, 

fertilizer manufacturing, civil engineering infrastructure such as buildings and bridges, power 

plants, and petrochemical [9]. As a result, billions of dollars are spent each year to repair 

infrastructure that has been harmed by corrosion and to control and reduce the consequences of 

corrosion [10]. 

Nowadays, one of the essential topics in industrial and academic studies is the corrosion 

phenomenon of Steel and alloys in acidic media [11]. Corrosion inhibitors can be classified into 

three classes cathodic, anodic, or mixed [12]. During the past last decades, various types of anti-

corrosion methods used plasma electrolytic oxidation [13-14], physical vapor and chemical 

vapor deposition [15-16], electrodeposition [17-18], applying polymeric and organic coatings 

[19-20], and using corrosion inhibitors [21-22], are among the most widely used methods of 

protecting metals from corrosion in acidic environments. Due to their low cost, non-toxic 
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nature, and the presence of different heterocyclic atoms, double conjugate bonds, polar groups, 

and aromatic rings, plant extracts are highly effective environmental inhibitors in various 

industries [15]. The corrosion inhibition property of organic compounds with highly electron-

dense hetero-atoms such as N, S, and O is well established. To date, a large number of plant 

extracts have been reported. Various plant parts, such as seeds, leaves, flowers, and fruits, have 

been used as anti-corrosion factors [23]. Apricot juice [17], Calendula officinalis flower heads 

[24], Dardagan Fruit [25] Garlic, Glycine max meal [15], Hymenaea stigonocarpa fruit shell 

[26], Cytisus Multiflorus is a species (Leguminosae cytiseae), a broad and diverse genus found 

around the Mediterranean countries, particularly in North Africa and Europe. This genus of 

plants has bioactive, antiparasitic, and antioxidant properties with a high concentration of 

phenolic compounds [27]. 

The aim of this work an investigation on the inhibitory effect of Cytisus Multiflorus 

extract (CMFE) and Punica Granatum extract (PGPE) regarding corrosion of XC48 Carbon 

steel and 304L stainless steel (304L SS) in sulfuric acid 1M H2SO4.  

The present work has been broken down into four chapters. 

In the first chapter, a more detailed presentation of the context of this study, as well as 

general information on the corrosion of metals with essential notions of their protection by 

corrosion inhibitors. We then present bibliographical reminders of polyphenols and their 

applications. 

The second chapter is dedicated to the characterization techniques used in this study. 

First, we presented the extraction methods of Cytisus multiflorus extract (CMFE) and 

Punica Granatum extract (PGPE). Then, we explained the principles of the experimental 

techniques used in applying our extracts by potentiodynamic polarization (PDP) experiments 

and electrochemical impedance spectroscopy (EIS).  

Surface analyzes are carried out by scanning electron microscopy (SEM), X-ray 

diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Fourier-transform infrared 

spectroscopy with attenuated total reflectance (FTIR/ATR) was applied to investigate the 

adsorption behavior.  
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In the third chapter, we present the results of our study. These results confirm; the good 

corrosion-inhibiting power of our extracts. 

The fourth chapter is devoted to the quantum description of the series of inhibitors 

chosen using different computational methods, particularly DFT and dynamic molecular 

simulation (DMS). 

At the end of this manuscript, we present a general conclusion. 
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CHAPTER I: LITERATURE REVIEW 

I.1. Introduction 

Corrosion is an unwanted phenomenon that destroys the brightness and perfection of the 

materials and diminishes their life. Corrosion is the deterioration of metals arising from the interaction 

of metals with their surroundings. It is a consistent issue and often can’t be discarded entirely. 

Prevention is more sensible and achievable than complete disposal [1]. 

Corrosion is not always restricted to metals; it could likewise occur on distinct materials, such 

as polymers and plastic manufacturing. Amongst many metals, corrosion is experienced firmly in iron 

and steel. The formation of oxides in the process of oxidation no longer holds immovably to the 

surface of a metal. As a result, it gets off the metal effortlessly. Corrosion is an irreversible interfacial 

response of a material with its surroundings or disintegration into the segments as the material can’t 

return to its most thermodynamically steady state. It consists of an electrochemical procedure that 

depends on vital environmental factors like pH, temperature, pressure, etc. [2]. 

I.2. Corrosion 

I.2.1. Definition 

Corrosion can be defined as the eating away of metal or degradation and deterioration of 

valuable properties of metal due to chemical, electrochemical, and biochemical reactions with 

environmental factors. Corrosion of metals is also defined as the spontaneous damage of metals due 

to their chemical, electrochemical and biochemical exchanges with the environment [3]. The technical 

definition of corrosion given by the International Standard Organization (ISO) denotes that it is the 

“Physicochemical interaction between a metal and its surrounding conditions which result in changes 

in the properties of the metal and which may often lead to mutilation of the function of the technical 

system of which these form a part” [4]. But as per the International Union of Pure and Applied 

Chemistry IUPAC, “Corrosion is an irreversible interfacial reaction of a material (metal, ceramic, and 

polymer) with its environment which results in its consumption or dissolution into the environment” 

[5]. In the other side, the ASTM terminology (G15), corrosion is defined as, “the chemical or 
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electrochemical reaction between a material, usually a metal, and its environment that produces a 

deterioration of the material and its properties” [6]. 

I.2.2 Different forms of corrosion  

Different forms of corrosion affect metals. They go under various categories: 

I.2.2.1. Uniform corrosion 

Corrosion most frequently takes the form of uniform degradation. It is typically characterized 

by an electrochemical or chemical reaction that spreads evenly across a significant fraction of the 

exposed surface. 

 

Figure I.1. Schematic representation of uniform corrosion [7]. 

I.2.2.2. Galvanic or Two metal corrosion 

Usually, when two dissimilar metals are submerged in a corrosive or conductive fluid, a 

potential difference arises between them. If these metals touch one another, the potential difference 

causes electron flow. 

I.2.2.3. Crevice corrosion 

Intense localized corrosion frequently occurs in protected areas on metal surfaces exposed to 

corrosives. Small volumes of stagnant solution brought on by holes, cracks, surface deposits, and rivet 

heads are typically connected with this attack. Crevice or narrow crack corrosion are two names for 

this type of corrosion. 
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I.2.2.4. Pitting corrosion 

A copper pipe that handled potable water failed after several years because of stagnant water. 

It had created pits or holes. This is pitting corrosion. Pitting is a form of extremely localized attack 

that results in holes in the metal. These holes frequently only have a small size, despite their diameters 

being small or enormous. Pits can occasionally be isolated or so close together that they resemble an 

uneven surface. Pitting is one of the most dangerous forms of corrosion. The result of localized 

corrosion is pitting. 

 

Figure I.2. Schematic representation of pitting corrosion [8]. 

I.2.2.5. Erosion corrosion 

When a corrosive fluid and the metal's surface move close to one another, it causes corrosion, 

which is the acceleration of a metal's degradation or attack. Erosion corrosion results when the 

protective surfaces are damaged and the metal and alloy are attacked rapidly. All types of equipment 

exposed to moving fluids are subjected to erosion corrosion. For example, piping systems, bends, 

elbows, pumps, and equipment are subject to spray. 

I.2.2.6. Intergranular corrosion 

This is a localized attack at and near grain boundaries. This relatively little corrosion of the 

grains is intergranular. This type of corrosion can be caused by impurities at the grain boundaries, the 

enrichment of an alloying element, or the depletion of an alloying element in the grain-boundary 

regions can all lead to intergranular corrosion. 
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Figure I.3. Schematic representation of intergranular corrosion [9] 

I.2.2.7. Fretting corrosion 

Fretting corrosion products where materials are in touch and are being loaded while being 

subjected to vibration and slide. It appears as corrosion products surrounding pits in the metal. Friction 

oxidation is another name for fretting. It has been noted in machinery, automotive parts, and parts of 

engines. An excellent example of fretting corrosion is the bolted tie plates on a track when a heavy 

train moves over it[10]. 

I.2.2.8. Stress corrosion 

Tensile stress (including residual stress left over from fabrication) and localized corrosion 

combine to form stress corrosion, which causes metal to fracture brittlely under specific 

circumstances. Examples of conditions that promote stress corrosion include high pH amine solutions 

for most common steels and chloride-bearing solutions for most stainless steels and specific aluminum 

alloys [10]. 

I.3. Corrosion Inhibitor 

I.3.1. Definition  

A corrosion inhibitor is a substance added in a small amount to a corrosive medium that decreases the 

rate of corrosion of metal exposed to that environment. Inhibitors often participate significantly in the 

oil extraction and processing industries where these are always considered the first line of defense 

against corrosion.  
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I.3.2. Classification of corrosion inhibitors 

Corrosion inhibitors can be classified on different bases, for example: 

Based on the information of polarization data, inhibitors are classified into anodic, cathodic, 

and mixed. The anodic inhibitor changes the corrosion potential toward the anodic side, and the 

cathodic inhibitor alters the corrosion potential toward the cathodic side. In contrast, a mixed inhibitor 

reverses both types of corrosion potential value [11]. 

Corrosion inhibitors can be classified based on mechanism, environment, and mode of protection [8,9, 

12,13]. 

I.3.2.1. Based on the electrode process 

I.3.2.1.1. Anodic Inhibitors  

Anodic inhibitors typically function by producing a protective oxide layer on the metal's surface, 

which results in a significant anodic shift of the corrosion potential. This shift brings out the metallic 

surface into the passivation region. These are also sometimes called passivation. Chromatic, nitrates, 

tungstate, and molybdates are examples of anodic inhibitors.  

 

Figure I.4. Effect of the addition of the anodic inhibitor [14] 

I.3.2.1.2. Cathodic Inhibitors  

Cathodic inhibitors work by either reducing the cathodic reaction itself or selectively precipitating on 

cathodic areas to limit the movement of species that undergo reduction towards the surface. Some 
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substances can reduce the rates of cathodic reactions, called cathodic poisons. However, metal 

susceptibility to hydrogen-induced cracking can be increased by cathodic poisons since the metal 

absorbs hydrogen during aqueous corrosion. Oxygen scavengers can also decrease corrosion rates by 

reacting with dissolved oxygen. Examples of oxygen scavengers are sulfite and bisulfite ions, which 

can combine with oxygen to form sulfate.  

 

Figure I.5. Effect of addition of the cathodic inhibitor [14]. 

I.3.2.1.3 Mixed Inhibitors  

Mixed inhibitors reduce both reactions, i.e., oxidation and reduction. These inhibitors are 

adsorbed on the surface, forming a film that causes the formation of precipitates on the surface of 

metal or alloy, blocking both anodic and cathodic areas indirectly. Hard water with a high composition 

of calcium and magnesium is less corrosive than soft water because the salts tend to precipitate on the 

surface of the metal forming a protective film compared to soft water. The most common examples 

of this category of inhibitors are phosphates and silicates. For example, sodium silicate is used in 

many domestic water softeners to prevent rusting. Sodium silicate protects steel, copper, and brass in 

aerated hot water systems. However, protection is not always accurate and depends mainly on ph. 

Phosphates require oxygen for effective inhibition of corrosion. The protection capability is suitable 

for chromates and nitrites, but these are toxic. Although Silicates and phosphates are not efficient, 

they are beneficial in situations where non-toxic additives are needed [15-16].  
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Figure I.6. Effect of addition of the mixed inhibitor [14]. 

I.3.2.2. Based on the environment  

I.3.2.2.1. Acidic environment inhibitors  

 Inorganic inhibitors: The oxides such as As2O3 and Sb2O3 have been reported as inhibitors in acid 

media. These substances deposit as metal oxide, increasing the hydrogen overvoltage and reducing 

the corrosion rate. [17]. The addition of heavy metal ions like Pb2+, Mn2+, and Cd2+ inhibit iron 

corrosion in acids due to the deposition of these metal ions over the iron surface [18].  

 Organic inhibitors: Organic inhibitors are substances with at least one functional group considered 

the reaction center for adsorption. Organic compounds containing oxygen, nitrogen, and sulfur with 

multiple bonds were considered suitable corrosion inhibitors [19-21]. Organic inhibitors can be 

anodic, cathodic, and mixed based on their reaction at the metal surface and potential. Cruz et al. [22] 

have shown that the effectiveness of an organic inhibitor is related to its adsorption properties, which 

depend on the nature and surface condition of the metal, as well as the corrosive environment. 

I.3.2.2.2. Alkaline inhibitors  

Metals are susceptible to corrosion in alkaline solutions. Many organic compounds are often 

utilized as metal inhibitors in essential solutions. Compounds such as thiourea, substituted phenols, 

naphthol, β-diceton, etc., have been used as effective inhibitors in basic solutions because of the 

formation of metallic complexes. 
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I.3.2.2.3. Neutral inhibitors  

Because the mechanisms in the two solutions are different, inhibitors that are effective in acid 

solutions do not operate successfully in neutral solutions [23-25]. The interaction of inhibitors with 

oxide-coated metal surfaces in neutral fluids suppresses the oxygen reduction reaction at cathode sites. 

These inhibitors guard against aggression on the surface layers. In near-neutral solutions, it has been 

discovered that some active surface chelation inhibitors are effective [26].  

I.3.2.2.4. Vapor phase inhibitors  

Like organic adsorption-type inhibitors, vapor-phase or volatile corrosion inhibitors (VCIs) 

have an extremely high vapor pressure. When used, these inhibitors are positioned close to the metal 

that needs to be protected because they are transferred to the metal surface via sublimation, followed 

by condensation. The inhibitor then adsorbs Figure I.7. For example, copper is protected by 

benzothiazole and dicyclohexyl ammonium nitrite, while brass is protected by phenylthiourea and 

cyclohexylamine chromate. Ferrous and non-ferrous metals and alloys are both protected by 

dicyclohexylamine nitrite [14]. 

 

Figure I.7. Schematic representation of volatile inhibitors [14]. 
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I.3.3. Based on the mode of protection  

I.3.3.1. Adsorption inhibitors  

This class of inhibitors represents the largest class of corrosion-inhibiting substances. They are 

organic compounds that are adsorbed on the metal surface and suppress metal dissolution and 

reduction reactions. They typically have an equal impact on cathodic and anodic reactions [14]. 

Examples: substances with lone pairs of electrons, including those with nitrogen, sulfur, and oxygen 

atoms.  

I.3.3.2. Pickling inhibitors  

Pickling inhibitors generally produce an adsorbed coating on the metal surface, thereby 

preventing H+ ion discharge and metal ion dissolution. In general, pickling inhibitors need a polar 

group or groups that are advantageous for the molecule to adhere to the metal surface. 

I.3.3.3. Precipitation inhibitors  

These substances precipitate on metal surfaces and create a barrier of protection [27]. Because 

hard water contains more calcium and magnesium than soft water, its salts precipitate on the metal 

surface to form a protective coating, making it less corrosive. The silicates and phosphates are the 

most typical precipitation inhibitors. 

I.3.3.4. Synergistic inhibitors  

Single inhibitors, for example, are very infrequent to utilize in cooling water systems. Anodic 

and cathodic inhibitors are frequently employed in conjunction to achieve greater corrosion 

protection. Blends created by mixing multiple inhibitors are synergistic inhibitors [18]. Examples 

include chromate-phosphates, polyphosphate-silicate, zinc-tannins, and zinc-phosphates.  

I.3.3.5. Environment-friendly or green corrosion inhibitors  

Traditional corrosion inhibitors are now limited due to the growing concept of "green 

chemistry" in science, technology, and engineering [28-30]. In practical terms, studies on corrosion 

inhibition have focused on human health and safety considerations. Researchers are focusing on using 

environmentally friendly substances, like plant extracts rich in organic components. As 

environmentally friendly replacements for dangerous and poisonous substances, alkaloids, amino 
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acids, pigments, and tannins are used. The extracts of some common plants and plant products have 

been investigated as corrosion inhibitors for various metals and alloys under diverse settings due to 

their biodegradability, ecofriendliness, cheap cost, and ease of availability [30-31]. 

I .4. Adsorption of corrosion inhibitors onto metals  

The percentage of the surface the inhibitor has adsorbed to is typically inversely correlated with its 

inhibitive efficacy. The efficiency of adsorbed inhibitor species in slowing the corrosion reactions 

may be better at low surface coverage (0.1) than at high surface coverage. Adsorption-type corrosion 

inhibitors (mainly organic compounds) are widely used for corrosion inhibition. Most organic 

compounds possessing electron rich species such as nitrogen, phosphorus, oxygen and sulfur in their 

moieties are called adsorption centers, essential in inhibiting metal corrosion. They inhibit metal 

corrosion by forming a thin adsorption layer on the electrode (metal) surface through chemical or 

physical adsorption mode [14]. 

I.4.1. Physical adsorption (physisorption)  

Physical adsorption results from attractive electrostatic forces between the inhibition of 

organic ions or dipoles and the electro-charged surface of the metal. The interaction between the 

inhibitor and the metal surface is weak (Van der Waals forces), and the process is rapid because it 

involves relatively low, almost temperature-independent activation energies. Moreover, it is 

reversible, characterized by low adsorption energy (typically 20 kJ/mol), which tends to decrease at 

increasing temperatures [32-33].  

I.4.2. Chemical adsorption (chemisorption)  

This type of adsorption involves charge transfer or sharing from the organic corrosion inhibitor 

with a metal, which leads to a coordinate covalent bond formation. The chemisorption process takes 

place more slowly than electrostatic adsorption and with higher activation energy. It is irreversible, 

with free adsorption energies as high as 40 kJ/mol or more [34]. This absorption type occurs when 

heteroatoms such as S, N, and O are present with lone pair electrons and/or aromatic rings in the 

adsorbed molecules. The adsorption strength depends on the corrosion inhibitor's electron density and 

polarity. An increase in temperature may increase the protection efficiency of the corrosion inhibitor. 

Due to the irreversibility of chemisorption, these inhibitors can act as pre-filming substances which 
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form protective films capable of persisting in uninhibited solutions. Some inhibiting molecules may 

offer coupled physical and chemical adsorption with enhanced inhibiting effects. 

I.5. Corrosion of carbon steel 

I.5.1. Corrosion of steels in aqueous environments 

Corrosion is a complicated process, but the basic process of metallic corrosion in an aqueous 

solution involves the following steps [35] 

 Electrons are lost when a metal is exposed to an aggressive environment, and positively 

charged ions are produced. 

 As a result of the formation of positively charged ions, electrons are released to flow through 

the steel to the cathodic area.  

 

Figure I.8. Reaction occurring during steel corrosion [14]. 

 Oxygen in the aqueous solution moves to the cathode. It completes the electric circuit by 

utilizing the electrons that flow to the cathode to produce OH- at the surface of the metal. 

Anodic reaction:  𝐹𝑒 → 𝐹𝑒2++2𝑒−    (I.1)  

Cathodic reaction:   𝑂2+2𝐻2𝑂+4𝑒− → 4𝑂𝐻−   (I.2)  

In the absence of oxygen, hydrogen ion participates in the reaction at the cathode instead of oxygen 

and completes the electrical circuit as follows:  

2𝐻++2𝑒−→𝐻2↑    (I.3) 
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Ferrous ions produced by the dissolution of the metal combine with hydroxyl ions as follow:  

𝐹𝑒2++2𝑂𝐻− → (𝑂𝐻)2↓     (I.4)  

The ferrous hydroxide produced has very low solubility and quickly precipitates  

4(𝑂𝐻)2 + 𝑂2+2𝐻2𝑂 → 4𝐹𝑒(𝑂𝐻)3    (I.5)  

Dehydrolysis of this product leads to the formation of the corrosion products usually seen on the metal 

surface (Eq. I.6 and I.7).  

2(𝑂𝐻)3 →𝐹𝑒2𝑂3↓+3𝐻2𝑂   (I.6)  

(𝑂𝐻)3 →𝐹𝑒𝑂(𝑂𝐻)↓+𝐻2𝑂   (I.7) 

Figure I.9 shows a diagram of the Pourbaix of iron in water, drawn considering the only corrosion 

products the Fe, Fe3O4, and Fe2O3  [36]. 

 

Figure I.9. Pourbaix diagram for the iron – water system at 25 ° C, considering Fe, Fe3O4, and 

Fe2O3 as the only solid substances [36]. 
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I.5.2. Effect of green inhibitors on the XC48 Carbon Steel corrosion  

XC48 carbon steel, like other alloys and metals, has been widely utilized in various industries, 

making it susceptible to corrosion, and the search for methods to inhibit these phenomena is a critical 

topic to avoid significant economic losses due to corrosion. Over the years, many researchers have 

developed various ways to inhibit and stop the development of the phenomenon of corrosion, one of 

which is to develop and use green corrosion inhibitors from multiple sources, which has proven to be 

an efficient method to limit the XC48 Carbon steel corrosion rate. 

(L Toukal, 2022) used 1-(4-Methoxybenzyl)-2-(4-methoxyphenyl)-1H-benzimidazole (MMBI) as 

XC48 Carbon steel green corrosion inhibitor in different acidic mediums, which results in an 

inhibition efficiency in HCl (97%) and (92%) in H2SO4, this inhibition has been demonstrated by 

Benzimidazole (MMB) adsorption on carbon steel surface followed the Langmuir adsorption 

isotherm. These findings have been validated by SEM pictures, which show the creation of a 

protective coating on the surface of XC48 carbon steel. Also, (Chaimae Merimi, 2023) used 

acetylsalicylic acid molecule (aspirin) as an environmentally and cost-effective inhibitor for XC48 

carbon steel corrosion in an acidic medium of 1M HCl. This resulted in a 96% inhibition efficiency, 

with the inhibition increasing as the inhibitor concentration increased. With the exact mechanism 

utilized in the previous work, the surface morphology study revealed that the acetylsalicylic acid 

molecule was exposed on the surface, forming a protective layer. 

On the other hand  (Belakhdar A, 2020) used the methanolic extract of Rosmarinus officinalis for 

XC48 corrosion inhibition in 2M HCl solution, which was obtained by the extraction of fresh leaves 

of Rosmarinus officinalis conduct to an 89.18% inhibition efficiency at 200ppm concentration. The 

inhibition of corrosion by the methanolic extract of Rosmarinus officinalis is accomplished by 

forming a protective layer on the steel surface. Challouf (Hassen Challouf, 2016) prepared an inhibitor 

from Origanum majorana Extracts and used it in an aqueous Chloride Medium for XC48 Mild steel, 

results indicated that this green corrosion inhibitor led to 90% inhibition efficiency, and this inhibition 

done by the adsorption of the extract on the surface of mild steel.  

As a result, for XC48 corrosion inhibition, the use of green inhibitors is still one of the most effective 

ways to prevent this phenomenon. As shown in the previous studies, green corrosion inhibition helped 

to limit the corrosion rate by exposing the surface of the steel and forming a protective layer that 

prevents corrosion. 
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I.6. Corrosion of Stainless Steel  

I.6.1. Introduction 

The Sheffield, England-based Brown-Firth research laboratory's Harry Brearleyis credited 

with developing stainless steel in 1913. Most major sectors, including chemical, construction, 

petroleum, power, process, and others, frequently employ stainless steel alloys as building materials 

for essential rust-resistant components. 

Alloy steels resistant to corrosion are collectively referred to as stainless steel. Iron-based alloys with 

at least 11 weight percent chromium make up these stainless steels [36]. With this much chromium, 

stainless steel can create a passive or protective coating that prevents corrosion. The corrosion 

resistance of stainless steel is due to this protective coating, which self-forms and self-heals [37]. 

Increasing the chromium content improves the stability of the passive film [38]. A thin coating forms 

at about 10.5% chromium and will offer minimal atmospheric protection. The stability of the passive 

coating is much improved, and consequently, more corrosion resistance is acquired. Raising the 

chromium content to 17–20% is typical for concentration in the type 300 series of austenitic stainless 

steels. Stainless steels, however, cannot be said to be completely corrosion-resistant. Under specific 

circumstances, the passive state can degrade, and corrosion may occur [39]. 

As previously mentioned, stainless steel has considerable corrosion resistance, although it is 

not impervious to all environments and may experience specific types of corrosion in some media. 

Several types of corrosion can occur in stainless steel, including galvanic corrosion, stress corrosion 

cracking, intergranular corrosion, pitting corrosion, and crevice corrosion [40]. 

The most frequent type of corrosion is general corrosion, which attacks uniformly. It is 

distinguished by a chemical or electrochemical reaction that spreads evenly across the exposed 

material's surface. Typically, during the active and transpassive dissolution of materials, this general 

corrosion occurs when none of the alloying elements in the material can form a protective layer [41]. 

Consequently, the metal gets thinner and eventually breaks. The corrosion resistance of stainless steel 

typically rises with increasing quantities of chromium, nickel, and molybdenum. In general, the 

corrosion of stainless steels typically occurs in acids and hot caustic solutions. 

Additional alloying elements are added to the alloys to change the structure of the stainless steel alloys 

and improve qualities like formability, strength, and cryogenic toughness. 
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Figure I.10. Schematic summary of the effects of alloying elements on the anodic polarization 

curve of stainless steel [38]. 

I.6.2. Passive Films of Stainless Steels 

The passive protective film that forms with a few nanometers thickness on the alloy's surface 

gives stainless steel alloys excellent corrosion resistance [39-40]. The surface of the alloy is kept safe 

from corrosive surroundings by this layer, which serves as a barrier. However, the film adapts to its 

surroundings. Therefore it may expand or disintegrate as well as absorb or adsorb anions. [41]. 

The composition of the alloy is one of the key elements influencing the characteristics (composition, 

protectiveness, thickness) of the passive film. The film structure, layers, composition, chemical states 

of the elements, species distribution in the film, and thickness of the passive films created on various 

types of stainless steel have all been the subject of numerous research. A general agreement in the 

previously studies is that chromium and molybdenum have a more significant influence on the 

stainless steel passive film formation than the other alloying elements. The passive film formed on the 

stainless steel consists of chromium oxide and/or hydroxide [42-45]. Also, significant evidence 

suggests a dual structure consisting of an inner oxide and an outer hydroxide layer [46-48]. 

A bilayer structure model described the passive films formed on pure chromium and Fe-Cr 

alloy in sulphuric acid (0.5M H2SO4) [44-45]. The authors proposed that the passive films were 

composed of an exterior layer of chromium hydroxide, Cr(OH)3, and an interior layer of mixed 

chromium Cr(III) and Fe(III) oxide that was enriched with Cr2O3. Similar results for passive layers 

electrochemically generated on Fe-Cr stainless steel alloy in 0.5M H2SO4 solution were seen by 
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Keller and Strehblow [46]. However, it was discovered that the composition of the layer changed in 

the transpassive potential range. The outside portion of the transpassive layer comprises Fe (III) 

species, while the interior part still has a significant enrichment of Cr2O3. In research by Marcus et al. 

[47] for comparable alloys in the same environment (0.5M H2SO4), the analyses demonstrated 

chromium enrichment in the passive films generated on the surface of these alloys. 

I.7. Green Corrosion inhibitors from polyphenols 

I.7.1. Introduction 

Over the last decades, green chemistry has emphasized the significance of defending and 

preserving human and environmental safety in an economically advantageous strategy that aims to 

avoid toxic compounds [49]. Green chemistry is generally described as “the design of chemical 

products and processes that reduce or eliminate the use and generation of hazardous substances” 

[50]. Political influence for its advancement has been reported to be substantial, wherein the 1990 

Pollution Prevention Act informally provided as the political reference point. However, green 

chemistry dates back well before 1990. Several environmental concepts integrated the chemical 

industry throughout the late 1980s and early 1990s—for instance, clean, environmental, green, 

sustainable, and benign chemistry [51].  

Lately, "green chemistry" has become an important emerging subject of study in the science 

field. Numerous European and non-European nations, including Italy, the United Kingdom, and 

Japan, initiated significant green chemistry strategies, where several research, educational, and 

awareness programs have been designated as core initiatives. Consequently, green chemistry has 

shown that even the most basic scientific methods may have positive economic outcomes for society 

while also safeguarding human health and the environment, including polymers [52-53], solvents [54-

56], catalysis [57-58], and advanced method development [59-60]. Overall, the development of eco-

friendly materials with a heightened awareness of environmental influence [61]. Metals are the most 

common materials in modern society and various industries. However, because of interaction with its 

environment, its quality deteriorates slowly, undoubtedly, and permanently due to this susceptibility. 

Metals costs reach up to just a few percent of the overall product of the world's most industrialized 

nations, where their primary industrial challenge has, in recent years, drawing a significant number of 

researchers [62-63]. Before this observation, it was suggested that the main technique for avoiding 

metal corrosion is isolating metals from corrosive chemicals. Inhibitors are currently one of the only 

viable solutions for protection against corrosion. Numerous attempts have been conducted to 
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determine chemicals appropriate for corrosion inhibitors in diverse corrosive conditions to prevent or 

slow the corrosion of metals. Recent research has been conducted on the metal corrosion inhibition 

by synthetic organic compounds, which is typically ecologically hazardous [64-65]. Frequently, 

organic compounds are utilized as corrosion inhibitors. 

Nevertheless, the combined toxicity of organic chemicals negatively affects the ecosystem. 

Moreover, environmental protection must replace organic substances with biodegradable inhibitors, 

which are ecologically friendly to nature and have no adverse effect on biological entities [66-67]. 

Environmental concern necessitates replacing organic compounds with biodegradable and 

environmental inhibitors; hence, natural materials have become a practical corrosion inhibitor 

alternative. 

In the field of corrosion research, eco-friendly or "green" corrosion inhibitors are getting a lot 

of interest because they are harmless, biodegradable, environmentally desirable, and can be recycled 

[68]. Although a significant proportion of innovative studies have been performed and numerous 

research publications have been published, the green inhibitors field is still largely unexplored. The 

highly elevated interest in the concept increased the number of investigated compounds. The 

researchers describe the selected inhibitors as green, environmentally sustainable, or suitable [63]. 

Several natural-based compounds have been studied as potential corrosion inhibitors for mild steel, 

carbon steel, and aluminum materials. Almost the majority of these investigations have focused on 

extracts from natural sources. Thus, according to studies, the essential components of these extracts 

include a range of organic compounds. 

Consequently, almost all of these compounds have multiple bonds and atoms of O, N, S, and 

P, which function as bonding sites for their adsorption on the surface of the metal. This usually 

involves, for instance, amino acids [69], alkaloids [70], polyphenols [62], and often extracts of plants 

[71-72] widespread despite it having little commercial value; there is also potential it can be utilized 

for corrosion protection if indeed the demand increases. Thus, there has been a lot of interest in 

studying the effects of using these natural compounds with excellent inhibitor capabilities in metal 

corrosion protection, particularly in the current ecological situation. Different plant extracts have been 

discussed in the literature [73-74], leave extracts [75], and fruit peel extracts [76-77], which have been 

investigated and shown to be effective in inhibiting the corrosion of metals. Tannins, a type of 

polyphenolic compound that naturally occur, harmless and biodegradable, were the first naturally 

occurring corrosion inhibitors to be introduced to the market. However, natural extracts include a large 
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number and diversity of compounds, and it is complicated to understand the processes associated with 

corrosion inhibition [78]. 

 Polyphenol-based extracts seem to fulfill the majority of requirements for a combination 

inhibition and bio-deterioration of materials, besides being less harmful than most other plant extracts, 

including alkaloid extracts [63]. Polyphenols have a phenolic attribute, while their structural variety 

results in distinct physicochemical properties. Extraction, isolation, characterization, and 

measurement of polyphenols are even more outstanding; however, recent technological advances are 

in a high prevalence of polyphenols in plants and their structural diversity. Complicated glycosyl and 

polymerization processes prevent the development of a standardized approach for polyphenols. Also, 

it has been found that phenolic displacement in plants varies across tissue, cellular, and sub-cellular 

levels. Polyphenols may be classified into a wide variety of families based on their chemical structure; 

this structural variety potentially leads to a wide range of physicochemical properties that influence 

polyphenol extraction and renders them a promising candidate for the protection of metal corrosion 

[79].  

I.7.2. Polyphenols 

Phenolic compounds, or polyphenols, are one of the most diverse and widely dispersed 

substances in the plant kingdom, identified by a phenyl ring and various attached hydroxyl groups 

(−OH). Polyphenols are natural components of plants' secondary metabolism that protect against 

pathogens, free radicals, UV radiation, and parasites [80]. Polyphenols cover a large and varied class 

of over 10,000 known compounds with at least one phenyl ring with one or even more −OH groups 

in their chemical composition [81]. Polyphenols may take on many forms, ranging from simple 

molecules like phenolic acids to highly polymerized molecules like tannins. They are most commonly 

found conjugated, with one or more sugar by-products associated with −OH groups, however, there 

are significant associations between the sugar group and the phenyl’s carbon atom. The attached 

sugars can therefore be monosaccharides, disaccharides, or even oligosaccharides, galactose, 

rhamnose, and xylose are also considered as well as glucuronic and galacturonic acids, among many 

others, although glucose is the most prevalent sugar residue [82]. The structure of polyphenols in some 

plant products, such as exotic fruits or cereals, is still unidentified [83]. Besides, polyphenols 

frequently link with other molecules, such as carboxylic or organic acids, amines, and fatty acids, as 

well as with other phenols. The degree of oxidation, hydroxylation, methylation, and glycosylation 

are the most common differences in the compound’s skeleton. Thus, the primary classes of 
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polyphenols include non-flavonoids, flavonoids, phenolic acids, and coumarins, as illustrated in 

Figure I.11, where the basic structure of each class is provided [84-85].  

 

Figure I.11. Schematic representation of different classes of polyphenols [84-85]. 

Examples of the important subclasses of each class are also shown in Figure I.12, 1) 

Flavonoids, which include flavone, flavonol, flavanone, flavanol, and anthocyanin; Phenolic acids 

subclass, which is split into substances derived from: 2) benzoic acids, including p-Hydroxy benzoic 

acid, as well as ones derived from 3) cinnamic acids, such as caffeic and ferulic acid; and 4) Lignans, 

5) Stilbenes and 6) Coumarins [86-88]. Furthermore, additional subclasses, such as alkylphenols, 

hydroxybenzaldehydes, hydroxybenzoketones, tyrosols, etc., are not currently listed [89]. Regarding 

green corrosion inhibition, utilizing such naturally occurring compounds with favorable molecular 

properties, including polyphenols, is an exciting research topic. In the present environmental 

perspective, natural plant extracts appear as an alternative to fulfilling the requirements of the 

“Registration, Evaluation, Authorization and Restriction of Chemicals” regulation (REACH) and 

European directives on wastewater refusal [78]. Recently, numerous publications have been on 

isolating and extracting polyphenols from plants, food, or natural resources. Modern techniques are 

increasingly challenging conventional methods for sample preparation, separation or isolation, 

surveillance, and identification [90]. In the following section, traditional and contemporary techniques 

for polyphenols extraction are described. 
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1) Flavonoids 2) Benzoic Acids   

Flavone 

 

p-Hydroxy benzoic 

acid 

 

Vanillic acid 

 

Gallic acid 

 

Flavonol 

 

3) Cinnamic Acids   

Coumaric acid 

 

Caffeic acid  

 

Ferulic acid 

 

Flavanone 

 

4) Lignans  

 Secoisolariciresinol 

 

Flavanol 

 

5) Stilbenes  

 Resveratrol  

 
Cyanidin 

 
 

 

6) Coumarins  

 Curcumin 

 

Figure I.12. Basic chemical structures of various classes of polyphenols [87-88]. 

I.7.3. Polyphenols Extraction Techniques 

Typically, the appropriate extraction technique should be considered in the first process, where 

the molecular structures of the substance, specimen particle shape, and the involvement of interferents 
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influence the selected extraction technique. Furthermore, extraction time, temperature, solvent ratio, 

number of repeated extractions, and extraction solvent selection are the critical parameters influencing 

extraction efficiency. Extraction time and temperature both affect solubility. A higher temperature 

substantially expands solubility and mass and heat transfer velocity profile while decreasing solvent 

viscosity and surface tension, increasing the speed extraction rate [91]. Several steps are required to 

extract polyphenols from vegetable products, including feed preparation, extraction, purification, and 

drying, which can be removed from fresh, refrigerated, or dried selected plants. Processing steps 

include grinding, crushing, drying, and blending on the plant before extraction. The drying procedure 

selected affects the total polyphenols. However, Freeze-drying maintains more polyphenol content in 

selected plants than air-drying [92]. The technique and solvent are critical factors in extraction 

efficiency. For instance, an acidified organic solvent can also be used to obtain polyphenol extracts 

with such a high anthocyanin content, meanwhile, in selective recovery, attempting to avoid harmful 

substances [93].  

 

Figure I.13. Different extraction techniques for polyphenols [94]. 

Traditional methods use simple equipment, and extraction performance, amount, and duration 

are frequently interrogated. These techniques have evolved to increase extraction efficiency and 

decrease extraction time. Numerous complex methods have been developed for rapid, simple, and 
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targeted extraction with minimal solvent [94]. Figure I.13 highlights the most frequently used 

extraction techniques. 

I.7.3.1. Traditional extraction technologies 

Conventional techniques have mainly been accepted for many years owing to their usability, 

effectiveness, and extensive applicability [95-96]. Despite several drawbacks, liquid-liquid and solid-

liquid extraction remains the most frequent extraction methods [97]. In such operations, common 

solvents such as methanol, ethanol, acetone, diethyl ether, and ethyl acetate are often combined with 

water in various ratios. In addition to providing a hazard to human health, these solvents may also 

leave behind residues in the end product. This necessitates extra, time-consuming purification 

processes that impact the entire cost of the process. 

Additionally, incomplete extraction of extremely polar phenolic acids such as benzoic or 

cinnamic acids is observed when employing pure organic solvents. In such conditions, alcohol/water 

or acetone/water mixes are recommended. Highly nonpolar substances, such as waxes, oils, sterols, 

and chlorophyll, may be removed from a substance by less polar solvents, including dichloromethane, 

chloroform, hexane, and benzene [98]. Nevertheless, several phenolic compounds are susceptible to 

degradation or undesired oxidative reaction. Therefore, the phenolic content in the extract is 

dramatically reduced, and it is recommended to avoid high process temperatures. Extraction is 

commonly performed at a temperature range of 20−50 °C; temperature over 70 °C is also unfavorable 

and results in rapid polyphenols (i.e., anthocyanin) degradation. Long and complex extraction 

durations are another drawback of conventional extraction techniques. In particular, the most 

prominent and usual traditional extraction techniques are maceration and Soxhlet extraction. 

However, they are highly inefficient and may represent environmental risks since of the apparent 

massive amount of organic solvents they require [99]. However, Soxhlet extraction is commonly 

known as solid-liquid extraction. It is among the earliest acknowledged techniques for extracting 

polyphenolic substances [100]. 

Furthermore, as aforementioned, this technique of extraction is often challenged due to the 

enormous amount of solvent used, which causes environmental issues in addition to a higher price 

tag, long processing time, and thermal reduction owing to excessive heat exposure throughout 

extraction and evaporation of extracted molecules, since the solvent is removed at its boiling point. 

Additionally, high tolerance to light and oxygen results in the destruction of other sensitive 

compounds [101]. Consequently, numerous alternative enhanced extraction techniques are 
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investigated and rapidly developed, emphasizing reducing the amount of organic solvent, reducing 

processing time or energy, and increasing production. 

I.7.3.2. Modern Extraction Techniques 

According to challenges accompanied by high operating temperatures and extended procedure 

durations in traditional extraction approaches, it is essential to accelerate the development, including 

innovative phenolic compound extraction techniques. Alternatives recently attracted significant 

interest include ultrasound extraction, microwave extraction, ultrasound-microwave-assisted 

extraction, supercritical fluid extraction, and subcritical water extraction since they are uncomplicated, 

require less time to extract and use less organic solvent [99-102]. 

I.7.3.2.1. Ultrasound Extraction 

Ultrasound extraction offers significant advantages over conventional techniques, increasing 

extraction efficiency while decreasing the time. It could also exhibit good biological activity. As a 

result, it has been widely acknowledged as an easy and effective technique for extracting bioactive 

components. The ultrasonic extraction process is typically considered substantially controlled by the 

mechanical impact, cavitation, and heat effects [103]. Ultrasound extraction has been frequently 

utilized in extracting and isolating numerous useful compounds from natural plants, generally with 

favorable performance [94]. This technique uses ultrasonic waves to generate mechanical vibrations 

in a liquid medium. Sound wave transmission generates compression and rarefaction spaces in the 

medium. As a result, numerous bubbles form and blow up at the subsequent level. A phenomenon 

known as acoustic cavitation is produced when these bubbles collapse. Various instruments and 

equipment may be used depending on the desired use of ultrasound techniques. This variation 

potentially includes using conventional ultrasonic water baths to modern high-power ultrasonic 

generators [104]. A generalized scheme of the extraction of polyphenols using ultrasound is shown in 

Figure I.14. 
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Figure I.14. Schematic illustration of ultrasound extraction of polyphenols [105]. 

Numerous publications on the isolation of polyphenols via ultrasound extraction have occurred 

in the last twenty years. For instance, Garcia-Castello et al. [106] extracted flavonoid molecules from 

grapefruit residuals using conventional solid-liquid and ultrasonic extraction. The total polyphenol 

contents and antioxidant properties of ultrasound extraction extracts were approximately 1.7 times 

that of traditional solid-liquid extraction extracts when isolating flavonoids from grapefruit (Citrus 

paradisi L.) residuals under the same parameters. El Kantar et al. [107] integrated infrared pre-

treatment with ultrasound extraction and compared it to traditional solid-liquid extraction to increase 

the extraction of polyphenols from orange peels. They reported that the ultrasound technique enhanced 

polyphenols extraction from untreated peels by 62.5 %. Another study was written by Martínez-

Ramos et al. [108] for increasing the extraction of phenolic compounds from various agro-food 

sources. The total polyphenol contents were obtained with the “60% ethanol, 40% acetone” mixture 

via ultrasound extraction. 

I.7.3.2.2. Microwave Extraction 

Microwave extraction was introduced in the late 1980s as a technique that requires heating a 

solvent in interface with a sample using microwave energy to recover polyphenols from food residuals 

towards the solvent utilized [109]. This technique provides many advantages owing to its high 

extraction rate, short extraction time, relatively less solvent content, and high product services at an 

affordable cost [110-111]. In addition, microwave extraction could adapt quickly to the existing 

extraction process. For instance, considering the published research by Alara et al. for extracting 

bioactive molecules from Vernonia amygdalina leaf tissue, the efficiencies from microwave 

extraction and soxhlet techniques were compared [112]. The results show that plant metabolites can 
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be extracted using microwave technique in a short time while the extract also can possess a high 

capacity of inhibiting antioxidants compared with conventional extraction technique. Li et al. [113-

114] investigated the effects of focused microwave extraction on the extraction of phenolic acids, 

including gallic, chlorogenic, and caffeic acids, from Eucommia Ulmodies, which is a plant with 

antibacterial, antimutagenic, and antioxidant properties that are extensively used in Chinese medicine. 

The optimal extraction parameters were reported to be the use of 50% microwave power for 30 

seconds, as well as a solvent capacity to solid ratio of 10 mL/g. For optimal extraction efficiency, the 

samples should be dried and powdered prior to microwave extraction. If the particle size is 

insufficient, it interferes with the extraction and may require an additional washing process [115]. 

Microwave drying and extraction has recently developed as a revolutionary concept in which 

microwave drying is integrated with a condensate. Polyphenol-containing vapours evaporated from 

the dried sample migrate via condenser and condensed to form the liquid extract. Using this technique, 

the bioactive components are isolated and extracted without adding extra solvents, which is more 

effective for the long-term extraction of bioactive substances from various fruits, vegetables, and 

herbal products after dry [116-117]. Figure I.15 shows a schematic illustration of polyphenol 

extraction via the microwave extraction technique utilizing a condenser. 

 

Figure I.15. Schematic illustration of microwave extraction of Polyphenols using a condenser [105]. 

I.7.3.2.3. Enzyme Extraction 

Enzyme extraction is an environmentally friendly approach for increasing productivity by 

introducing enzymes to a mixture. The cell wall of wastages fruit material acts as a barrier, blocking 

polyphenols from escaping the cell. Cellulases, β-Glucosidases, Xylanases, and pectinases are only a 

few enzymes that may decompose cell walls and allow for the release of their components. Therefore, 

the primary technique involved the hydrolysis of food material's cell wall utilizing an enzyme as 



CHAPTER I:   Literature review 
 

31 
 

catalysis at optimal parameters for the extraction of bioactive components [118-119], as illustrated in 

Figure I.16. Owing to these parameters, enzyme extraction can be used in combination with other 

extraction techniques as a pre-treatment process or as a powerful extraction technique using various 

enzymes for extracting the target compounds [120-121]. In addition, this technique produces unique 

advantages for extracting polyphenols from fruit waste. It destroys the cell wall more efficiently than 

mechanical treatment and can also avoid losing active substances [122]. This extraction also occurs 

at a lower temperature and consumes minimal power, preserving polyphenols from decomposition, 

primarily used in extracting polyphenols from fruits and vegetables like cabbage [123]. Mushtaq et 

al. [124] utilized a 3.8% enzyme mixture to pre-treat pomegranate peels at pH 6.8 and 41 °C for 85 

min, and the extraction efficiency reached three times more than that of conventional solvent 

extraction. Compared to the ultrasonic extraction of polyphenols from orange peels, It was found that 

the enzyme extraction produced multiple times as many polyphenols via ultrasound extraction [125]. 

Consequently, recent investigations have demonstrated that the effectiveness of enzyme phenolics 

extraction is significantly superior to that of conventional techniques [119]. 

 

Figure I.16. Schematic illustration of Enzyme extraction of Polyphenols [105-126]. 

I.7.3.2.4. Membrane separation technique 

The extraction and purification of phenolic compounds by molecular weight using membrane 

separation technology have attracted considerable attention, which other techniques cannot 

accomplish. The technology provides a considerably superior alternative, as they have lower operating 

costs, easy adaptability, and improved product quality than traditional techniques such as Soxhlet 

extraction. In the agro-food industry, pressure-driven membrane processes, namely ultrafiltration, 

microfiltration, and nanofiltration, have been extensively investigated recently [127]. Numerous 

strategies for extracting polyphenols from fruit waste via membrane separation have been produced. 

Papaioannou et al. [128] successfully extracted polyphenols from pomegranate peels with 98% using 

nanofiltration. Conidi et al. [129] investigated the nanofiltration extraction of phenols from orange 

press liquid. The findings indicate that flavonoids and anthocyanins have been recovered to the extent 
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of 70 and 89.2 %, respectively. Hence, this technique has been identified as appropriate for separating 

phenolic compounds from nutrients. 

I.7.3.2.5. Accelerated Solvent Extraction 

Accelerated solvent extraction, often pressured liquid extraction, is a trendy technique used 

extensively to extract polyphenol molecules from natural sources. This technique has several 

advantages, including a rapid extraction time, increased pressure and temperature, process 

automation, and minimal solvent utilization [130-131]. The desired extract can be recovered through 

an organic solvent using molecular diffusion, heat transfer, and pressure evaporation. Accelerated 

solvent extraction performs better than standard solvent extraction regarding extraction yields, time, 

and organic solvent usage [132]. Therefore, this procedure requires a solvent container, an oven 

containing an extraction cell, a pump, blocking valves, and a collection vial, as illustrated in Figure 

I.17. specific Accelerated solvent extraction devices are accessible on the markets [133]. Compared 

to ultrasound-assisted or microwave-assisted extraction, it has non-thermal treatment, sustainable 

energy, and a low cost. Consequently, this technology has been used to extract polyphenols from 

agricultural wastes, where they can be taken advantage of for large-scale industrial manufacturing 

[134-135]. 

 

Figure I.17. Polyphenols extraction via Accelerated Solvent Extraction [105]. 

I.7.3.6. Supercritical fluid extraction 

In recent years, supercritical fluid extraction has attracted particular attention for the extraction 

of active compounds from plants at atmospheric temperatures without thermal denaturation, where it 
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is an eco-friendly process that utilizes supercritical fluid, such as carbon dioxide (CO2), as an 

extraction procedure to extract active compounds from waste [110]. This technique is increasingly 

becoming popular due to its extremely low or elimination of organic solvent, innovative, high-valued, 

and high-quality final product, faster extraction time, and increased selectivity. However, it is often 

criticized for its expensive investment cost. At critical pressure and temperature, fluid functions as a 

supercritical fluid with intermediate properties such as diffusivity, solubility, or density between a gas 

and a liquid [136]. However, there are also a few drawbacks when considering further extraction 

studies. For a susceptible process with many possible operating conditions, phase equilibrium is 

crucial to consider during the design phase. Before separation studies can initiate, considerable 

pressure and specific environmental conditions must have been achieved [137]. In contrast to 

traditional extraction techniques, supercritical fluid extraction has excellent selectivity and a rapid 

extraction time. Furthermore, since it is performed in the darkness of night and oxygen, supercritical 

fluid extraction considerably minimizes the oxidation of compounds [138]. 

I.7.3.7. Pulsed Electric Field Extraction 

The pulsed electric field is among the most recent non-thermal processes extensively explored 

in industrial applications. This technique improves the extraction of bioactive compounds from plant 

cells by electro-permeabilization of plants via enhancing mass transfer even at the reduced 

electromagnetic current [139], as illustrated in Figure I.18. Considering that biological membranes 

are more conductive than their environments, they serve a crucial function in amplifying electrical 

impulses (cytoplasm and extracellular medium). Compared with conventional extraction 

technologies, pulsed electric field-assisted extraction can improve the extraction efficiency of natural 

compounds while being ecologically safe, cheap, and rapid [140-141]. Pulsed electric field treatment 

is a promising technique for increasing polyphenol content and quality in food processing [142-143]. 

 

Figure I.18. Extracting polyphenols via Pulsed electric field technique [105]. 
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I.7.4. Polyphenols detection and quantification techniques 

Due to the structural variety and low quantities of polyphenols, as well as the complexity of 

the plant matrix, their study remains difficult. Currently, the investigation of polyphenols in plants 

and foods necessitates the development of sensitive and reliable techniques. Scientists have used 

cutting-edge procedures in the last several decades, including liquid chromatography (LC), mass 

spectrometry (MS), and spectroscopic approaches. Figure I.19 shows a general scheme of polyphenols 

extraction, detection, and quantification steps. Extraction-followed qualitative and quantitative 

research of polyphenols has recently advanced with analytical technologies. In particular, the 

significance of high-resolution mass spectrometry in the targeted/untargeted chemometric study of 

polyphenols is also highlighted [144]. Since polyphenols are naturally chromophoric, high-pressure 

liquid chromatography (HPLC) remains the most popular analytical method for identifying and 

quantifying [80,145-146]. 

Depending on the compound's physicochemical structure, HPLC's detection mechanism can 

be used to record certain features of the eluted polyphenols. For instance, using authenticated 

standards, UV/VIS absorption spectra can be plotted in parallel to the retention time, contributing to 

identifying polyphenols in Lamiaceae herbs [147]. 

 

Figure I.19. General diagram of polyphenol treatment, extraction, detection, and quantification 

[148] 

Typically, HPLC accuracy and identification rely on the purification of phenolics and the pre-

concentration of crude plant extracts from complicated matrices. Meanwhile, there is no 

chromatographic technique capable of separating the various forms of phenolic chemicals. The 
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stationary phase, mobile phase, gradient elution, temperature, and flow rate must be optimized 

according to each group of compounds. Additionally, other factors such as the stereochemistry, 

molecular weight, polarity, and degree of polymerization of polyphenols should be considered since 

they influence the retention of the molecules [149-151]. Gas chromatography (GC) is another method 

to separate, identify, and quantify phenolic substances, such as phenolic acids [152]. When integrated 

with MS, HPLC, and GC provide increased sensitivity and selectivity [153]. For instance, When high-

temperature–high-resolution GC–MS was performed, conventional GC's challenges associated with 

flavonoid glycoside assessment were eliminated [154]. According to another research, GC-MS 

evaluation of polyphenolic compounds is more effective than HPLC analysis, performing a precise 

detection with improved resolution and separation of all standards with minimal co-elution [155]. 

Naczk and Shahidi [156] discussed various techniques for analyzing polyphenols, including 

chromatographic approaches and others, for chromatography paper and thin-layer chromatography 

methods using multiple solvent systems. Gas chromatography is another technique that can isolate 

and identify polyphenols While requiring a selection of different preparation procedures before the 

analysis [157]. 

On the other hand, MS may be used to analyze polyphenols owing to its analytical power 

resulting from employing ionizing chemical substances by generating charged molecules or fragments 

and measuring their mass-load relationships. The potential advantages of MS include its high 

sensitivity and outstanding versatility in the identification, quantification, characterization, and 

structural analysis of molecules [158]. Furthermore, nuclear magnetic resonance (NMR) spectroscopy 

is further applied to evaluate and identify polyphenols [158]. These innovative approaches potentially 

play a pivotal role in polyphenols analysis. However, it is difficult to identify and characterize these 

compounds owing to the lack of available analytical standards and their structural variety.  

I.7.4.1. Corrosion inhibition 

Considering corrosion is a surface reaction, adding a much lower concentration of corrosion 

inhibitor to an interlayer can avoid or minimize the corrosion rate of an exposed metal in an aggressive 

environment. In general, the attached inhibitor molecules can form a surface layer referred to as a 

protective layer, which might also function as a protective border to the metal surface owing to the 

diffusion of ions or water molecules that subsequently react with inhibitor molecules, as highlighted 

in Figure I.20 [159-160].  
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Figure I.20. Adsorption inhibition mechanisms: 1) physical adsorption, 2) chemical adsorption, and 

3) surface coating [161]. 

Regarding Figure I.20, the adsorption of inhibitors can protect the metal in three different 

mechanisms: 1) physical adsorption, 2) chemical adsorption, and 3) surface coating. Physical or 

electrostatic adsorption occurs due to the electrostatic attraction between the inhibitor and the metal 

surface. Inhibitors that are physically adsorbable have an accelerated interaction rate but are also easy 

to desorb. Chemically adsorbed inhibitors are the most effective due to charge exchange or transfer 

between inhibitor molecules and metal surfaces. Moreover, chemical adsorption is more time-

consuming and less adaptable than physical adsorption [162]. The mechanism of the surface coating 

depends on the surface reactions of inhibitor molecules and the production of a thin film on the surface 

blocking both anodic and cathodic areas. On the metal surface, organic inhibitors can create a 

protective hydrophobic coating. Specifically, the organic molecules' polar group is covalently bonded 

to the metal, whereas the nonpolar end is perpendicular to the metallic surface. This makes them 

efficient as a barrier against chemical and electrochemical attacks and the diffusion of corrosion 

products. Corrosion inhibitors may be categorized into cathodic, anodic, and mixed or adsorption 

forms based on their action method. Inhibitors of corrosion that inhibit the cathodic process are called 

cathodic inhibitors. Similar to cathodic inhibitors, anodic inhibitors interrupt the anodic process. 

Mixed inhibitors are those compounds that affect both the cathodic and anodic processes, and they are 

so-called adsorption inhibitors since they often function via an adsorption mechanism. Cathodic or 

anodic behaviors are typical of inorganic inhibitors, while organic inhibitors may do both [159].  
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Corrosion inhibition typically consists of organic or inorganic substances that adsorb on a 

metal part to separate it from its surrounding environment and interrupt the oxidation reactions [163]. 

Inorganic inhibitors function as anodic inhibitors, and their metal molecules are coated on the surface 

to increase corrosion resistance.  

Most reported inorganic corrosion inhibitors are hazardous and present significant 

environmental problems when removed. Accordingly, ecological rules have restricted their usage. 

Besides that, inorganic inhibitors play an important role in corrosion protection, although their limited 

applicability is due to toxicity [164]. Organic inhibitors reduce corrosion by adsorbing their molecules 

to the surface of the metal or alloy, forming a protective layer by physically blocking or prolonging 

the electro-chemical processes [165-166]. Consequently, these are much more efficient than inorganic 

substances for protecting steels, particularly in acid conditions; they typically contain heteroatoms 

such as O, N, or S, in which their effectiveness is correlated with the existence of these atoms, 

heterocyclic compounds, and electrons. Attributed to the reason that O, N, and S have stronger 

oxidation states and electron density, they are the essential active sites for the adsorption mechanism 

on the metal surface [167-168]. In addition, a study of previous literature reveals that organic 

compounds comprising multiple bonds and these heteroatoms in cyclic rings and polar functional 

groups, including −NH2, −OH, −NO2, −OMe2, −NMe, −CN, −N = O, −N = C <, −N = N −, >

𝐶 = 𝑂, > 𝐶 = 𝑆 etc. Function as effective corrosion inhibitors [169-170].  

The majority of organic inhibitors have at minimum one functional group. The polarity of this 

group determines the adsorption strength of organic inhibitors rather than the presence of heteroatoms 

in the compound. The charge density of the functional group is further influenced by the composition 

of the remainder of all molecules [159,168]. Common organic inhibitors come from a wide variety of 

classes of compounds, including imidazole [171], amino acids and their derivatives [172], pyridines 

[173], and polymers [174-175] shown to be exceptionally effective corrosion inhibitors. Although 

many other inorganic and organic molecules can be applied as inhibitors, most provide disadvantages 

regarding environmental protection standards, cost, and toxicology if they have been placed into 

practical applications. Thereby, there is a critical need to develop corrosion inhibitors that are both 

effective and ecologically benign. Green inhibitors are the best alternative to the conventional 

expensive, harmful, synthetic organic corrosion inhibitors, including many components that can 

absorb and protect against metal corrosion [176]. 
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I.7.4.2. Green corrosion inhibitors  

As aforementioned, there is an increase in the research and the use of corrosion inhibitors, 

which are less hazardous and biodegradable than conventional inhibitors. Therefore, corrosion 

inhibitors with a "green" designation are receiving more attention. These inhibitors have demonstrated 

high effectiveness and promote sustainable compatibility, which will undoubtedly be the most 

prominent in the future [177]. There are several types of eco-friendly corrosion inhibitors, which may 

be categorized depending on their manufacturing processes as natural corrosion inhibitors or synthetic 

corrosion inhibitors [178].  

Green corrosion inhibitors are derived from or produced from natural substances. This 

category includes several organic corrosion inhibitors and polymers. Leaves, herbs, flowers, fruits, 

seeds, pericarp, and other plant parts can contain effective inhibitory compounds. Polyphenols are 

readily available and straightforward to extract from a variety of sources. These compounds have 

oxygen groups that most are complexation with metallic surfaces, such as iron. The−OH groups can 

establish tannates with metal ions to form a black substance that helps to stabilize the surface oxides 

[177]. 

 

I.7.4.3. Polyphenols as green corrosion inhibitors 

Polyphenols are recognized to be additional types of essential plant-based natural chemicals. 

Their anticorrosion properties are primarily responsible for the appearance of aromatic −OH groups. 

Furthermore, heteroatoms can contribute electrons to fill vacant d-orbitals in metal, coordinating 

interactions. Adsorption of molecules onto metal surfaces is also facilitated by interactions with rings, 

including conjugated bonds or electrons [61]. Table I.1 presents an overview of several publications 

on the different extracted Polyphenols utilized as environmentally friendly inhibitors reporting most 

of the articles mentioned on this topic.  

In an experiment, Chaieb et al. [179] employed weight loss measurements, potentiodynamic 

polarization (PDP), and electrochemical impedance spectroscopy (EIS) techniques to measure the 

influence of eugenol and its derivative acetyl eugenol on the corrosion of steel in 1 M hydrochloric 

acid (HCl) medium. The naturally available compounds reduce the rate of corrosion, and it was 

observed that acetyl eugenol increased the inhibitory efficacy by 91% at 0.17 g L-1whereeugenol 

compounds function primarily as mixed-type inhibitors. The correlation between temperature and 

steel's corrosion characteristic shows that the natural component's capability to inhibit corrosion grows 
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as temperature increases. EL-Etre [180] released a study on the corrosion protection properties of 

olive leaves (Olea Europaea L.) extract on carbon steel. The inhibition of acidic corrosion of steel 

was attributable to the unshared electrons adsorption of O atoms producing a protective coating and 

functioning as a barrier between the surface of the steel and the corrosive medium. 

Moreover, the configuration of O atoms around the aromatic rings of phenols can conclude 

that phenolic compounds are promoted to be adsorbed horizontally over the steel surface. Olive leaves 

extract contains polyphenolic substances with antioxidant properties where the primary components 

were determined as Olea Europaea in and hydroxytyrosol. Since oleuropein can be easily decomposed 

to hydroxytyrosol, oleanolic acid or hydroxytyrosol perhaps is the primary responsible for the 

inhibition process. Nevertheless, there was no experimental evidence verifying these assumptions 

concerning the mechanism of inhibitory action, and the activity of individual compounds was not 

confirmed in this study. Arab et al. [181] the synergistic effect of iodide ions on the corrosion 

inhibition of aluminum in the presence of Azadirachia Indica leaf extracts in a corrosive medium 

containing 0.5 M HCl. The PDP and EIS approaches were utilized, revealing that Azadirachia Indica 

extracts inhibit aluminum corrosion with increased effectiveness as the inhibitor concentrations 

increase. In the presence of a constant concentration of iodide ions, the inhibitor forms an insoluble 

compound at decreasing Azadirachia Indica extract concentrations through combined adsorption. 

Umoren et al. [182] reported that Vigna Unguiculata had adsorption and corrosive inhibiting 

properties in alkaline and acidic environments. The weight loss technique was utilized to test the 

inhibitory effect of the plant extract at 30 and 60 °C. The tendency of inhibition efficacy with 

temperature was used to describe the inhibition mechanisms and the adsorption type. Thus, the extract 

of Vigna Unguiculata successfully inhibited aluminum corrosion in both alkaline and acidic 

conditions, in which temperature and inhibitor concentration significantly improved the inhibition 

effectiveness. Using weight loss and galvanostatic techniques, Foudaa and Ellithy [183] evaluated 

several 4-phenyl thiazole derivatives as corrosion inhibitors for 304L stainless steel in 3 M HCl. The 

results show that increasing the concentration of 4-phenyl thiazole derivatives increases the inhibition 

activity, as demonstrated by the PDP test. These compounds are inhibitors of mixed type. Numerous 

thermodynamic properties were measured, and the weight loss approach was employed to investigate 

how temperature impacts corrosion. Abdallah et al. [184] used an alternative strategy by choosing 

four commercial phenols and assessing how effective their individual inhibitory properties are against 

steel corrosion. The molecules were characterized by the presence of −NH2, −OH, −CHO, or −COOH 
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groups in ortho-position regarding the phenol. The order of inhibition efficiency was by the following 

ranking−NH2 >  −𝑂𝐻 >  −𝐶𝐻𝑂 >  −𝐶𝑂𝑂𝐻. It was concluded from the specific order that 

compounds with electron-donating groups are more effective as inhibitors than those with acceptors 

groups. The electron-donating groups promote adsorption and add electronegativity to the molecule, 

producing it more nucleophilic and, as a result, increasing the efficacy of inhibition. Furthermore, 

HOMO-LUMO orbital theoretical computations were also reported. Using ESI, linear polarization 

resistance (LPR), and PDP experiment evaluations at different concentrations, Yıldız et al. [185] 

determined the corrosion behavior of 4-amino-3-hydroxynaphthalene-1-sulphonic acid on mild steel 

in 0.1 M HCl. The surface morphology of mild steel was analyzed by scanning electron microscopy 

(SEM) in the presence and absence of an inhibitor and a corrosive medium containing 10 mM of 

inhibitor. In addition, at the metal-interface, the inhibitory mechanism was identified by measuring 

the potential of the zero charge. From the Cryptostegiagrandiflora plant methanolic extracts, 

Prabakaran et al. [186] investigated mild steel's polyphenol content and anti-corrosion properties. 

The largest concentrations of myricetin, quercetin, and rutin were found in the extract. However, 

single inhibition actions were negligible. Furthermore, many research studies, such as the extract of 

Gongronemena latifolium [187], exhibited optimum inhibition effectiveness of 90.66% at 1.0 gL-1 

concentration, Curcuma longa extract [188] obtained excellent effectiveness of 95.65% at 30 °C. In 

contrast, Pennisetum purpureum extract [189] exhibited a high inhibition of 81.7% at 5.0 g L-1. 

Besides, Bitter kola extract [190] has an inhibition efficacity of 86.81% at 0.9 g L-1. 

Recently, using an electrochemical impedance spectroscopy technique, Bourazmi et al. [191] 

analyzed the corrosion inhibition properties of Salvia Officinalis extracted from mild steel in 1 M HCl 

medium. The findings demonstrate that at 1.2 g L-1 concentration, the inhibitor successfully 

interrupted mild steel corrosion at approximately 86%. Haddadi et al. [192] studied the effectiveness 

of Juglans Regia extract as an efficient corrosion inhibitor for carbon steel, reaching a superior 

corrosion efficiency of 94 % with 1000 ppm of inhibitor. Haldhar et al. [193] investigate the efficacy 

of Gloriosa superba seed extract as a carbon steel corrosion inhibitor in a corrosive solution of sulfuric 

acid (0.5 M H2SO4). Electrochemical methods have been used, followed by a weight loss evaluation. 

With the addition of 700 mg L-1 of inhibitor, PDP achieved an exceptional corrosion efficiency of 93 

%, confirming the presence of mixed adsorption on low-carbon steel. Tan et al. [194] also employed 

Betel leaves extracts as an environment-conscious corrosion inhibitor for mild steel in 1 M HCl 

medium. According to electro-chemical measurements, the inhibitor prevented the anode and cathode 
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reactions of Q235 steel at a concentration of 400 mg L-1, and approximately 90 % anti-corrosion 

efficacy was achieved. Using the mass loss method, Belakhdar et al. [195] evaluated the performance 

and corrosion inhibition behavior of the extract derived from Rosmarinus officinalis on XC48 steel in 

1 M HCl medium at varying temperatures. They characterized using EIS, SEM, PDP, FTIR, and LC–

MS chromatography techniques. Results indicate that inhibitor-based extract functions as a mixed-

type inhibitor. Specifically, the inhibition efficacy increases with increasing inhibitor concentration 

and decreases as the temperature rises from 30 to 60 °C. SEM results demonstrated that adsorbed 

inhibitor molecules entirely limit HCl operations at the steel intergranular, validating the reported 

results. Quantum chemical calculations also showed that, among the most prominent components 

detected in the Rosmarinus officinalis extract, carnosic acid has a more potent inhibitory potential 

than carnosol. Echihi et al. [196] tested the inhibition effect of polyphenols derived from Artemisia 

Herba alba on mild steel corrosion in a 1 M HCl solution using EIS, PDP, and weight loss 

experiments. SEM, atomic force microscopy (AFM), X-ray diffraction (XRD), with X-ray 

photoelectron spectroscopy (XPS) are used to evaluate the surface shape and chemical composition 

of a sample of mild steel after contact with Artemisia Herba alba secondary metabolites in the 

corrosive medium. According to the results of PDP curves, Artemisia Herba Alba extract works as a 

mixed-type inhibitor. For all examined inhibitor-based extract concentrations, inhibitory efficacy is 

related to extract concentration, reaching 92.9% at 900 ppm. Experiments on the metal surface 

demonstrate that the applied inhibitor molecules effectively block HCl effects at steel grain 

boundaries, proving the integrity of these results. Lastly, molecular modeling simulations demonstrate 

that dicaffeoylquinic acids, among most common Artemisia Herba Alba extract constituents, are 

efficient corrosion inhibitors. Tehrani et al. [197] investigated an innovative green corrosion inhibitor 

coating produced on mild steel employing Malva Sylvestris extracts and evaluated by various 

techniques. The generated film provided an inhibitory effectiveness of 91 % in the saline medium, 

where 1000, 1500, and 2000 ppm, respectively, resulted in the formation of this inhibition coating 

with a total resistance of 12, 14, and 16 K cm2. Additionally, electro-chemical analysis showed that 

Malva Sylvestris extracts significantly reduced the anodic reaction. Theoretical studies based on 

quantum chemistry and molecular modeling were also provided to confirm the adsorption of Malva 

Sylvestris based extracted molecules on the metallic surface through their reactive sites. 
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I.7.4.4. Computational approaches and polyphenolic compounds 

In order to explore the processes of corrosion inhibition, computational calculations are 

essential for understanding experimental results. After the practical parts, a computational study, 

considering each molecule separately, would be required to accomplish the research. Recent research 

emphasizes the significance of theoretical studies. Still, it lacks a specific methodology and ends up 

providing data of corrosion inhibition of various compounds, then conducting computer calculations 

on a single component of the molecules [198-201]. Computational chemistry techniques were 

performed to investigate and comprehend how the molecule of polyphenols influences their inhibitory 

efficacy. 

For this reason, according to many investigations, researchers have focused on the 

polyphenolic molecule functioning as a green corrosion inhibitor by itself in vacuum or aqueous phase 

in its neutral, protonated, or un-protonated forms depending on the pH of a corrosive medium by using 

these quantum chemical calculations. Typically, approaches deriving from density functional theory, 

such as the DFT/B3LYP method with multiple basis sets, are utilized. After that, researchers tried to 

use specific characteristics of both large and small reactivity to integrate one or more characteristics 

to estimate the inhibition efficiency using a mathematical model. Nevertheless, corrosion inhibition 

is a multidimensional phenomenon involving numerous competing effects, such as the inhibitor-metal 

surfaces interaction (adsorption energy), inhibitor solubility, inhibitor complexation with metal ions 

in solution, etc., [202-203]. Some of the most valuable DFT-based parameters are EHOMO (energy of 

highest occupied molecular orbital), ELUMO (energy of lowest unoccupied molecular orbital), energy 

band gap (∆E=ELUMO-EHOMO), hardness (η), electronegativity (χ), softness (σ), dipole moment (μ), 

nucleophilicity (ω) and a fraction of electron transfer (DN), etc. 

Furthermore, the use of DFT to study corrosion inhibition has been addressed previously 

[204]. It is significant to mention that the capacity to donate electrons improves with increasing EHOMO 

levels and decreases with increasing ELUMO levels. Typically, the protection efficiency of organic 

compounds increases as the energy band gap decreases. Higher levels of softening and nucleophilicity 

are associated with effective corrosion inhibition and vice versa. Conversely, low levels of 

electronegativity and hardness are related to high inhibitory efficacy. Molecular sites involved in 

donating electrons and electron acceptation can be readily observed in corrosion using the DFT 

approach, which will help the design and develop exceptional corrosion inhibitors. A literature study 

demonstrates that DFT-based theoretical calculations are infrequently utilized to identify polyphenolic 
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compounds' corrosion inhibition effect [205-212]. Recently, the adsorption energy has been calculated 

using Molecular Dynamic (MD) modeling with periodic boundary conditions via using the Metropolis 

Monte Carlo statistical method (MC) to determine the adsorption arrangement with the lowest energy 

for a variety of polyphenols on metallic surfaces [213-215]. For the largest systems, the tendency is 

toward using MD simulations because of the time savings compared to quantum chemical techniques. 

The ab initio force field COMPASS (Condensed phase Optimized Molecular Potentials for Atomistic 

Simulation Studies) is widely used during MD calculations to determine the energy of all system 

components [216-217]. For instance, the findings of an MD simulation revealed that the conjugated 

C = C, C = O, and −OH groups of phenolic compounds were drawn directly from the metal surface 

and into the solution, which may contribute to its decreased adsorption energy in a neutral state. In 

specific investigations on polyphenol compounds, the interaction energy between molecule and metal 

surface was determined using DFT and MD techniques, for example, Colchicine and Colchicoside on 

Fe (110) surface [193]. Overall, most papers in this type of method performed only a standard series 

of experiments and rarely explored the underlying mechanisms. Given these findings, researchers 

should use this approach more frequently when analyzing polyphenols and related compounds in 

corrosion inhibition studies.  



CHAPTER I:   Literature review 
 

44 
 

Table I.1. Summary of the primary characteristics of the Polyphenols extracted as green corrosion inhibitors.  

 Extract Source Extraction Method& 

Solvent  

Main constituents Metal/Alloy Corrosive 

Medium 

Inhibitor 

Concentration 

 

Inhibition 

Efficiency 

(%) 

Year Ref. 

1 Hibiscus Sabdariffa leaves Reflux extraction in 1M 

H2SO4 

a Mild steel 1 M H2SO4 50% v/v 93.30 2008 [218] 

2 Hibiscus Sabdariffa leaves Water extraction Thiamine, Niacine, 

Ascorbic acid, and 

Anthocyanins 

Aluminum 0.5 M NaOH 1.5 g L-1 84.68 2009 [219] 

3 Henna Leaves Water extraction Lawsone, Gallic acid, 

α-D-Glucose, and 

Tannic acid 

Mild steel 1 M HCl 1.2 g L-1 92.06 2009 [220] 

 Red onion skin bulb Solvent Extraction 

using a water/acetone 

mixture 

Quercetin Aluminum 2 M HCl - 90.00  [221] 

4 Jasminum  

Nnudiflorum Lindl Leaves 

Reflux extraction in 

methanol 

Phillyrin, Verbascoside, 

and Jasnudifloside 

Cold rolled 

steel 

1 M HCl 50 mg L-1 93.00 2010 [222] 

5 Rhizophora 

apiculata Bark 

Maceration in 9 

different solvents 

Tannin Mild steel 1 M HCl 0.1 g L-1 57.90 2011 [223] 

6 Gossypium Hirsutum Leaves Reflux extraction in 1 

M HCl 

Gossypol, 

Phenylalanine, Cystine, 

and Methionine 

Aluminum 1 M HCl 2.5% w/v 92.40 2011 [224] 

7 Schinopsis Lorentzii 

tree powder 

Water extraction Flavan-3-ol Low carbon 

Steel 

1 M HCl 0.2 g L-1 63.00 2012 [225] 

8 Piper 

guineense Seeds 

Reflux extraction in 1 

M HCl 

Piperine, Safrole, and 

Dihydrocubebin 

Mild steel 1 M HCl 0.9 g L-1 88.40 2012 [226] 

9  Reflux extraction in 0.5 

M H2SO4 

  0.5 M H2SO4 0.9 g L-1 97.70   

10 Acacia mearnsii Mimosa tree 

powder 

Water extraction Mimosa tannin Brass-MM55 0.5 M H2SO4 2 g L-1 60.24 2012 [227] 

11 Rhizophora Apiculate 

Mangrove barks 

Soxhlet extraction and 

Maceration method 

Tannin and (+)-catechin Mild steel 1 M HCl 0.5 g L-1 91.80 2012 [228] 

12 Olive mill wastewater Solvents Extraction Not determined Carbon steel 1 M HCl 4 g L-1 92.90 2013 [229] 

13 Punica granatum Linne husk Water extraction Gallic acid, Ellagic 

acid, 

Gallagic acid, 

Punicalin, and 

Punicalagin 

Q235A steel 1 M HCl 1 mg L-1 87.40 2013 [230] 

14 Kleinia Grandiflora Leaves Solvent Extraction 

using ethanol 

Quinic acid, 6-deoxy 

D-galactose, 

Hexadecanoic acid, and 

Linolenic acid 

Mild steel 1 M H2SO4 1.5 g L-1 81.68 2014 [231] 

15 Capsicum Annuum Fruit Reflux extraction in 

water 

Capsaicin and Ascorbic 

acid 

Copper 3 M HNO3 0.3 g L-1 88.00 2015 [232] 

16 Musa paradisica (Banana) 

peels 

Solvent Extraction 

using a water/acetone 

mixture 

Gallocatechin Mild steel 1 M HCl 300 mg L-1 90.00 2015 [233] 

17 Ceratonia Siliqua Carob tree Solvents Extraction a α-brass 

(Copper-Zinc) 

1 M HNO3 300 mg L-1 97.00 2015 [234] 

    Copper   82.80   
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18 Palisota hirsute leaves Reflux extraction a Aluminum 

Alloy AA8011 

0.25 M KOH 0.4 g L-1 74.10 2016 [235] 

19 Cryptostegia 

grandiflora Leaves 

Solvent Extraction 

using methanol 

Myricetin, Rutin, and 

Quercetin, 

Mild steel 1 M H2SO4 0.5 g L-1 83.54 2016 [186] 

20 Diospyros kaki leaves Soxhlet Extraction 

using ethanol 

Uvao, Oleanolic acid, 

Betulinic acid, 19 α 

Hydroxyursolic acid, 

and 19 α, 24 

Dihydroxyursolic acid 

St37 steel 1 M HCl 0.225 g L-1 91.00 2016 [236] 

21 glycine max leaves Water extraction Genestein and Daidzein Mild steel 0.5 M HCl 0.5 g L-1 84.94 2016 [237] 

22 Lannea Coromandelica 

leaves 

Water extraction Flavonoids, Glucosides, 

Carbohydrates, 

Phenols, and Tannins 

Mild steel 1 M H2SO4 250 mg L-1 88.50 2017 [238] 

23 Moringa Oleifera leaves Soxhlet Extraction 

using double distilled 

water 

Quercetin and Luteolin Copper 1 M (HNO3+ 

H3PO4) 

0.3 mol L-1 89.30 2018 [239] 

24 Myristica Fragrans fruit Reflux extraction in 

ethanol 

5 different phenolic 

compounds 

Mild steel 0.5 M H2SO4 0.5 g L-1 87.81 2018 [240] 

25 Rosa canina fruit Water extraction Marein, 

Ascorbic acid, Pectin, 

and Tannin 

Mild steel 1 M HCl 0.8 g L-1 80.57 2019 [213] 

26 Punica Granatum Bark waste Soxhlet Extraction 

using methanol 

Phenols, Flavonoids, 

Saponosides, Sterols, 

and Polyterpenes 

Mild steel 1 M HCl 1 g L-1 88.00 2020 [241] 

27 Garcinia Indica fruit rind Reflux extraction in 

water 

Cyanidin and 

Anthocyanin 

Mild steel 1 M HCl 4% v/v 93.94 2020 [242] 

28 Rosmarinus Officinalis Plant Solvent Extraction 

using a water/ethanol 

mixture 

Carnosol and Carnosic 

acid 

XC48 steel 1 M HCl 0.4 g L-1 91.00 2020 [195] 

29 Green tea Reflux extraction in 

Dimethyl formamide 

a Carbon steel 1 M HCl 0.08 g L-1 78.80 2021 [243] 

30 Artemisia Herba Alba leaves Solvent Extraction 

using a water/methanol 

mixture 

Dicaffeoylquinic acid 

isomers 

Mild steel 1 M HCl 0.9 g L-1 92.90 2021 [244] 

31 Gloriosa superba seeds Soxhlet Extraction 

using distilled water 

Colchicine, and 

Colchicoside 

Low carbon 

steel 

0.5 M H2SO4 700 mg L-1 93.00 2021 [193] 

32 Passiflora edulia Sims shell Solvent Extraction 

using a water/ethanol 

mixture 

Isoorientin, 

Schaftoside, and 

Apigenin 

Mild steel 1 M HCl 0.5 g L-1 95.82 2022 [245] 

33 Cytisus multiflorus flowers Solvent Extraction 

using ethanol 

Chrysin-7-O-b-D-

glucopyranoside, 

Dihydroxyflavone, and 

Rutin 

Carbon steel 1 M H2SO4 0.5 g L-1 95.91 2022 [205] 

a Not Determined 
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Conclusion  

Metallic materials are extensively applied in industrial applications, susceptible to 

corrosion damage when interacting with an acid medium in various engineering processes. 

Corrosion may be decreased with the use of inhibitors, providing for damage limitation. The 

interest in natural products has been growing in recent years. This interest is manifested by a 

growing demand for active natural products without harmful effects and the need to protect the 

environment. The Mediterranean region, in a general way, Algeria in particular, with its mild 

and sunny climate, is particularly favorable to the culture of natural and aromatic plants. Natural 

plants owe their action to one or more active principles that can be analyzed chemically. The 

main ones are essential oils, alkaloids, flavonoids, heterosides, polyphenols, etc. Despite the 

development of chemistry, which has arrived at the synthesis of compounds identical to the 

natural ones, some of these compositions remain impossible to be synthesized, from where we 

resort to the methods of extraction of the general matter. 

 For several years, research on corrosion inhibitors has been increasing for several 

reasons: ecological constraints, which require the search for new "green" formulations that can 

replace toxic compounds. Therefore, the effectiveness of these compounds in inhibiting 

corrosion depends on their chemical structure, concentration, corrosion medium, metal surface 

type, and other parameters. Although some polyphenols can be effective corrosion inhibitors, 

they can also reverse the corrosion reaction, depending on the operational parameters. Recent 

surveys on using polyphenols as corrosion inhibitors have focused on synthesizing novel 

derivatives more effectively than their analogous molecules (i.e., phenolic acid). They describe 

their inhibitory mechanism using quantum chemistry computation with molecular mechanical 

modeling. Density functional theory (DFT) has been used extensively in this field to study these 

substances, for instance, their interaction with a metal surface, referring to simulations of 

molecular mechanics (based on classical mechanics) because of their accessibility and 

accuracy. In addition, DFT approaches are limited by their time-consuming aspect and their 

restriction on the size of the studied structures, particularly when considering the "inhibitor 

molecule-metal surface" complex. For this reason, we recommend that the researchers focus 

more on this topic. 
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II. Materials and methods 

Introduction  

This chapter details the different investigative methods adopted to evaluate the corrosion-

inhibiting effect of carbon steel of a plant extract of (CMFE and PGPE ) in an acidic medium. 

Three main approaches exist to investigate the corrosion phenomenon and inhibitor efficiency 

in a corrosive medium. 

 Inhibitor extraction 

 Samples and solution preparation 

 Electrochimical analyses  

 Characterization methods 

 Theoretical study 

II.1. Inhibitor extracted 

II.1.1. Cytisus multiflorus flowers and Punica granatum peel 

The cytisus multiflorous flowers (CMF) and Punica granatum peel (PGP) have been selected 

as inhibitors of XC 48 steel and 304L stainless steel corrosion. Figure.II.1.(a) and Figure.II.1.(b) 

show two plants used for the study.  

The Cytisus multiflorus flowers (CMF) were collected in March 2017 from the region 

of Collo in Northeastern Algeria, and Punica granatum fruit peel was collected from in fresh 

state. 

II.1.2. Extraction method of corrosion inhibitor 

 In our study, we used maceration extraction for both plants. The flowers of Cytisus 

multiflorus (or Punica Granatum Peel) (5 g) were grounded and degreased with 150 ml of n-

hexane three times. The residue was extracted with 150 ml of an 80% ethanol solution (v/v) at 

room temperature for 1 h then the resulting mixture was filtered. The residue was removed in 

the same conditions thrice, and the filtrated solutions were combined, concentrated, and freeze-

dried. For subsequent use, the dried extract (ethanolic extract) of C. multiflorus was stored in a 

vacuum at a desiccator in the dark. This procedure was performed three times [1]. 
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The Major chemical components of CMFE and PGPE are presented in Table II.1 and 

Table II.2. 

 

(a)           (b) 

Figure II.1. (a) Cytisus multiflorus flowers, (b) Punica granatum peel  

Table II.1. Major chemical structures of CMF components [2]. 

 CGP DHF Rutin 

name chrysin-7-O-b-D-

glucopyranoside 

(Molecular Formula: 

C21H18O10 Molecular 

Weight 430,4 g/mol) 

(7) Dihydroxyflavone 

isomer of chrysin 

(Molecular Formula: 

C15H10O4  Molecular 

Weight: 254.2 g/mol) 

(4.5) Rutin (Molecular 

Formula: C27H30O16 

Molecular Weight: 

610.5 g/mol) 

Compound 
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Table II.2. Major chemical structures of Punica granatum peel extract components [3]. 

name Gallic Acid  Ellagic acid  Callagic acid 

Compound 

  
 

Compound Punicalgin 

 

Punicallin 

 
 

 

 

II.2. Metals and solutions  

II.2.1. Metal samples 

In the experiments to regarding the corrosion process, XC48 carbon steel (EN 10278) 

and 304L stainless steel (EN 1.4307) are used to prepare specimens and the working electrode. 

The Marcegaglia company has manufactured steel.  

They contributed to the application of electrochemical studies. Before each experiment, 

samples were mechanically polished (using abrasive paper from 400 to 2400), cleaned with 

bidistilled water and acetone, and dried in hot air before being immersed in the corrosive 

electrolyte. For electrochemical studies, the samples have been prepared for placement in a 

sample holder with an exposed area of 0.5 cm² (Fig.II.2.(a)). 

The samples are rubbed and cleaned according to the previous procedure for 

characterization. They have entirely immersed themselves in the solution. Samples of carbon 

steel and 304L stainless steel are cylindrical (diameter: D = 15 mm and thickness H = 2 mm) 

(Fig.II.2.(b)). The samples were immersed in an acid solution without and with inhibitor at 298 

K for 24 h. 
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Figure II.2. Work electrode composition : (a) sample holder (b) samples 

XC48 carbon steel used in mechanical engineering, intended for heat treatment, is Ideal 

for parts subjected to shocks and requires good resistance (axes, gears, worms, bearings, 

sprockets, bolts, forging) [4].  

Austenitic type Iron-Chromium-Nickel alloys are widely used and are characterized by 

a range of nuance with grades of between 17 and 20% chromium, between 9 and 14% nickel, 

and optionally contain between 2 and 4.5% molybdenum by weight [5]. Alloys in this group of 

stainless steels have excellent general corrosion resistance. However, in specific environments, 

they are very susceptible to localized corrosion such as pitting, crevice, and stress corrosion 

cracking [6]. 

The nominal elemental compositions of these two alloys are listed in Table II.3. 

Table II.3. Chemical composition of XC48 carbon steel and 304L stainless steel [7]: 

Element 

(Wt%) 
C Cr Ni Si Mn P Mo S N Fe 

XC48 0.440 0.040 0.011 0.187 0.610 0.0090 0.001 -- -- Balance 

304L 0.03 18-20 8-10.5 0.75 2 0.045 -- 0.03 0.1 Balance 

The microstructure of xc48 steel, observed under an optical microscope, is illustrated in 

Figure II.3.(a) after a chemical attack by a Nital solution (4%). The dark and striated grains 

characteristic of the pearlite pseudo-phase and the clear ferrite grains are observed. Figure 

II.3.(a) shows a very fine ferritic-pearlitic microstructure [8]. 

After an electrolytic attack with oxalic acid on the prepared 304L stainless steel for a 

few seconds, a typical austenitic microstructure can be observed in the presence of annealing 

twins in a few places (Fig.II.3-b) [8]. 
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Figure II.3. Microstructures of metals studied (a) XC 48 carbon steel, (b) 304L stainless steel 

II.2.2. Corrosive solutions  

A solution of 1M H2SO4 was prepared from analytical grade H2SO4 (purity 98%) and 

distilled water in the presence and absence of the inhibitor to be the aggressive electrolyte 

solution. A variety of 50 ppm to 500 ppm was considered the working concentration of 

inhibitors in 1M H2SO4. Double distilled water was employed in the preparation of several 

concentration test solutions. 

II.3. Instruments and technics  

II.3.1. Electromechanical measurements 

The electrochemical tests were carried out using a traditional 3-electrode (carbon steel 

or 304L SS are a working electrode WE, the platinum counter-electrode CE, and a saturated 

Ag/AgCl as the reference electrode RE). EIS measurements were carried out on a potentiostat–

galvanostat (SP-150e) coupled with a computer equipped with EC-Lab software. Before the 

measurement, the working electrode was immersed in the corrosive solution (1M H2SO4) 

(Figure II.4). A great aid in achieving the curves of potentiodynamic polarization was the 

automatic change in the potential from -200 to +200 mV with a scan rate of 0.5 mV.s-1.  



Chapter II  Experimental methods 
 

68 
 

 

Figure II.4. The experimental setup used for the electrochemical tests 

Following equation (II.1), corrosion inhibition efficiency was calculated, and the Tafel 

exploration approach was used [9] : 

𝐸𝑖𝑐𝑜𝑟𝑟(%) =
(𝑖𝑐𝑜𝑟𝑟

0 −𝑖𝑐𝑜𝑟𝑟)

𝑖𝑐𝑜𝑟𝑟
0 × 100     (II.1) 

Where i0
corr is the uninhibited solution current density and icorr is the inhibited solution current 

density. 

The Stern-Geary correlation was employed as shown by the equation to indicate the polarization 

resistance Rp (Ωcm2): 

𝑅𝑝 =
𝛽𝑎𝛽𝑐

2.30 𝑖𝑐𝑜𝑟𝑟  (𝛽𝑎+𝛽𝑐)
      (II.2) 

Where βa and βc, respectively, are the anodic and cathodic Tafel slopes. 

The Values of polarization resistance were employed according to the equation to determine 

CMFE inhibition efficiency:  

𝐸𝑅𝑝(%) =
(𝑅𝑝−𝑅𝑝

0)

𝑅𝑝
× 100     (II.3) 

R0
p and Rp represent the system's polarization resistance values before and after inhibitor 

addition.  

II.3.2. Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a non-stationary technique that 

differentiates the reactive phenomena by their relaxation time. The electrochemical system is 

submitted to a sinusoidal voltage perturbation of low amplitude and variable frequency. The 

various processes evolve at different rates at each frequency, enabling us to distinguish them. 
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A weak amplitude sinusoidal perturbation is generally superimposed on the corrosion potential 

or open circuit potential [10]: 

∆𝑼 = |∆𝑈|𝑠𝑖𝑛𝜔𝑡   withe 𝜔 = 2𝜋              (II.4) 

 

Where f is the frequency (Hz) of the applied signal.  

 

This perturbation induces a sinusoidal current ∆𝑰 superimposed to the stationary current I and 

has a phase shift with respect to the potential: 

∆𝑰 = |∆𝐼|sin (𝜔𝑡 − 𝜑)                   (II.5) 

 These values can be represented in the complex plane: 

∆𝑈 = ∆𝑈𝑟𝑒 + 𝑖∆𝑈𝑖𝑚                     (II.6) 

∆𝐼 = ∆𝐼𝑟𝑒 + 𝑖∆𝐼𝑖𝑚                        (II.7) 

 

The complex impedance is defined as: 

𝒁 =
∆𝑼

∆𝑰
= 𝒁𝒓𝒆 + 𝒁𝒊𝒎                            (II.8) 

The impedance can also be represented by a modulus and a phase angle shift 𝜑: 

|𝑍| = √𝑧𝑟𝑒
2 + 𝑧𝑖𝑚

2                                    (II.9) 

𝒕𝒈𝝋 =
𝒁𝒊𝒎

𝒁𝒓𝒆
                                              (II.10) 

The impedance data can be represented in two ways:  

- Nyquist spectrum: -Zim as a function of Zre  

- Bode spectrum: log |𝑍|and phase angle 𝝋 as a function of log f 

II.3.4. Data presentation 

There are different ways to illustrate the response of an electrochemical system to an 

applied AC potential or current. The most common plots are the Nyquist plot and the Bode plot. 

If, at each excitation frequency, the real part is plotted on the x-axis and the imaginary part is 

plotted on the y-axis of a chart, a 'Nyquist plot' is formed. A simple corroding system can be 

assumed as solution resistance, in series, with a combination of a resistor and a capacitor, 
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representing the polarization resistance and double-layer capacitance, respectively. This simple 

representation is called a Randles cell and is shown in Figure II.5 [11]. 

 

Figure II.5. Equivalent circuit for a simple electrochemical system. 

The Nyquist plot represents Z(x) in the complex plane, while the Bode plot represents 

Z(x) and phase angle h(x) in the frequency domain. The Nyquist plot is data presentation in a 

complex impedance plane consisting of a real part on the X-axis and an imaginary part on the 

Y-axis. As shown in Figure II.6, this plot has the shape of a semicircle. Notice that in this plot, 

the y-axis was chosen as negative notation and that each point on the Nyquist plot is the 

impedance at one frequency [12]. On the Nyquist plot, the impedance can be represented as a 

vector of length | Z |, and the angle between this vector and the x-axis is the phase angle 'θ. At 

high frequencies, at the leftmost end of the semicircle, where the semicircle touches the x-axis, 

the impedance of the Randles cell is entirely produced by the ohmic resistance, RΩ. The 

frequency reaches its lower limit at the rightmost end of the semicircle. The Randles cell also 

approximates a pure resistance at this frequency, but now the value is (RΩ + Rp). 

 

Figure II.6. Nyquist plot for a simple electrochemical system 
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The Nyquist plot has some limitations [13] :  

- The frequency is not clearly shown on the plot, and it is not possible to determine, for a specific 

point, the frequency used to record that point; 

- The ohmic and polarization resistances can be directly determined from the plot, but the 

electrode capacitance can be only calculated if the frequency information is known, using eq. 

(II.11): 

𝐶 =
1

𝜔𝑚𝑎𝑥+𝑅𝑝
                        (II.11) 

 -If the circuit has high and low impedance components, the larger impedance controls plot 

scaling, and distinguishing the low impedance semicircle would probably be impossible. 

A Bode plot is another popular presentation method for the impedance data. In the Bode 

plot, the data are plotted with a log of frequency on the abscissa and both the log of the absolute 

value of the impedance (|Z|) and phase-shift (θ) on the ordinate [14]. Figure II.7 schematically 

shows a Bode Plot for the same system shown in Figure II.6. Since the frequency appears as 

one of the axes in the Bode plot, it is easy to understand the dependence of impedance on the 

frequency from the plot. The log |Z| vs. log ω curve can be used to determine the values of Rp 

and RΩ. |Z| becomes independent of frequency at very high and very low frequencies. At the 

highest frequencies, the ohmic resistance controls the impedance, and log (RΩ) can be read from 

the high-frequency horizontal level. On the other hand, at the lowest frequencies, polarization 

resistance contributes, and log (Rp + RΩ) can be read from the low-frequency horizontal portion. 

 

Figure II.7. Schematically shows a Bode Plot. 
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The Bode format is advantageous when data scatter prevents good fitting of the Nyquist 

semicircle. In general, the Bode plot provides a more understandable description of the 

electrochemical system's frequency-dependent behavior than the Nyquist plot, which has 

unclear frequency values. 

In our research, the impedance measurements were performed using an AC voltage equal to ± 

10 mV by varying the frequency from 0.1 Hz to 50 kHz at the OCP. All the impedance data 

were reproduced by adopting a fitting procedure that minimizes the χ2 function as reported 

elsewhere [15]. The fitting quality q was determined as [16] : 

fn
q

2

2
                                            (II.12) 

Where nf represents the number of frequencies. If the q value is close to 1, then the mean 

difference between the experimental and numerical figures is about 1% of the impedance 

modulus. The efficiency of the corrosion inhibition was also evaluated by electrochemical 

impedance spectroscopy (EIS) analyses following Eq. (II.13) [17]:  

100)1((%)
0


ct

ct

Z
R

R
IE         (II.13) 

Rct and Rct 0 are the charge transfer resistance in the H2SO4 medium in the presence and 

absence of CMF and PGP extract, respectively. Consequently, for comparison purposes, 

independent measurements were adopted to assess the performances of the inhibition agent in 

determining a reduction of the corrosion attitude of the steel sample: weight loss (via Eq. II.3 

and electrochemical measurements (through Eqs. (II.5), (II.6) and (II.13)). 

II.4. Surface characterization 

II.4.1. SEM analysis 

SEM allows studying the surface morphology of practically all solid materials at scales 

ranging from the magnifying glass (x10) to the transmission electron microscope (x500,000 or 

more). The operation principle of scanning electron microscopy is based on an electron beam 

(electron sonde) scanning the sample's surface to be analyzed. Figure II.8 [18] illustrates the 

principle scheme of SEM, where the interaction between the electron beam and the sample 

generates secondary low-energy electrons that are accelerated towards a secondary electron 

detector that amplifies the signal. At each point of impact, there is an electrical signal. The 

intensity of this electrical signal depends on the nature of the sample at the point of impact 

which determines the secondary electron yield and on the sample's topography at the point 
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under consideration. It is thus possible, by scanning the beam over the sample, to obtain 

cartography of the scanned area. For conventional SEM, the analyzed material must be 

conductive to avoid charging phenomena due to electrons, so the metallization must be carried 

out, for example, with carbon or gold for the insulations. SEM at controlled pressure (known 

as an environmental or low vacuum) allows observation in a vacuum of up to 30 mbar, thus 

making it possible to examine wet or greasy samples and insulators without prior metallization 

(ceramics, polymers and corroded metals) or even in the presence of liquid.  

In the present work, the elaborated coatings' morphology and microstructure were 

observed using FEI Quanta 250 model instrument while applying an acceleration voltage of 20 

kVolts. SEM could be used to monitor the change in the corrosion process on the carbon steel 

and 304L SS surface in both inhibitor existence and non-existence cases.  

 

 

Figure II.8. The principle scheme of scanning electron microscope  

II.4.2. Fourier transform infrared spectroscopy (FTIR) 

The Fourier transform infrared spectroscopic analysis is a standout amongst the essential 

methods for elucidating the phenomenon of adsorbed inhibitor molecules. Numerous specialists 

have considered infrared spectral information as direct evidence of the presence of inhibitors 

on the metal surface [19-21]. 
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Fourier transform infrared spectroscopy analysis was adopted to detect the presence of the 

specific functional groups of the CMF and PGP extract inhibitor. Attenuated Total Reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR) measurements were performed with an 

FT/IR 4200 Jasco operated in the wavelength range 4000–400 cm-1 (Fig.II.9.(a) and Fig.II.9.(b)) 

 

Figure II.9. (a) FT/IR 4200 Jasco, (b) Basic Fourier transform infrared spectrometer 

component. 

II.4.3. X-Ray diffraction (XRD) 

X-ray diffraction is a technique whose use ranges from the simple identification of crystals to 

determining their atomic structure. It can provide precious crystallographic information (atoms 

arrangement, lattice parameters, etc.) on various materials (metals, polymers, ceramics, and 

composites). It makes it possible to identify the composition of the phases in their presence as 

well as their evolution and transformations, the quantitative portions of the phases in some cases 

(within the precision limits of the technique), the size of the crystallites (grains) and their 

orientation on the surface layers of the material (about 10 μm), as well as the macro/micro 

stresses. The X-ray diffraction technique is based on a crystal lattice consisting of a stack of 

families of parallel and equidistant reticular planes. The incident X-ray beam is partially 

reflected from the foreground. The unreflected beam "falls" onto the second plane to be partially 

reflected again. For the waves scattered by the different planes to be in phase and for the total 

intensity of the scattered wave to be significant, Bragg's law [22] in relation (eq.II.14) must be 

verified: 

𝒏𝝀=𝟐𝒅 𝒔𝒊𝒏𝜽      (II.14) 

Where 𝒅 is the distance of the reticular planes, 𝝀 is the wavelength, and 𝒏 the order of reflection. 

This relationship shows that it is sufficient to measure the Bragg angles 𝜽 to determine the 

dimensions and shape of the crystal's elementary lattice (Figure II.10.(a)). The amplitudes of 
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the reflected waves are used to determine the atomic structure of the pattern. The operating 

principle of the x-ray diffractometer is shown in Figure II.10.(b) [23]. 

 

Figure II.10. (a) Schematic representation of the Bragg equation  (b) the operating principle 

of the x-ray diffractometer. 

Our theoretical study has characterized the XC48 carbon steel and the 304L SS surfaces 

before immersion in aggressive solutions in the presence and absence of the inhibitor by X-ray 

diffraction using the Bruker D8 Advance A25 instrument. 

II.4.4. X-ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect. X-Rays of fixed 

energy are focused on the sample surface [24]. As a result of the photoelectric effect, electrons 

are ejected from the core shells of the atoms present in the sample. For a given element, 

electrons in various shells are bound to the atom nucleus with well-defined energies. An 

electron ejected by an incident photon will escape with energy equal to the incident photon 

energy minus the electron binding energy Eb [25]. The energies of the emitted photoelectrons 

are measured using an electron energy analyzer to obtain an electron binding energy spectrum 

for the sample, as illustrated in Figure II.11. XPS is a very surface-sensitive technique as the 

escape depth of photoelectrons is only on the order of a few nanometers. XPS is also very 

quantitative as the number of electron counts for a given element is proportional to the 

concentration of that element in the sample. By normalizing the counts from different atoms by 

the sensitivity factors, an accurate measure of the surface composition can be obtained XPS 

was used in this work to characterize the chemical compositions of fracture surfaces to 

determine the locus of failure within thin film structures [26]. 
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Figure II.11. instrement of  X-ray photoelectron spectroscopy XPS 

in the present work, the  X-ray photoelectron spectroscopy (XPS) spectra were obtained 

via XPS Kratos Axis-Ultra mode with the monochromatized Al–Kα X-ray source (hν = 1486.71 

eV) radiation. High-resolution spectra were acquired at 20 eV pass energy with an energy 

resolution of 0,9 eV. The C 1s (284.4 eV) binding energy (BE) was used as an internal reference. 

XPS spectra were deconvoluted using a non-linear least-squares algorithm with a Shirley 

baseline and a Gaussian–Lorentzian combination. Casa-XPS software was mainly applied to 

complete all spectra deconvolution. XPS analyses were applied on the protected and non-

protected steel surfaces. The carbon steel specimen was pretreated through the same gravimetric 

test method.  

II.5. Theoretical study 

II.5.1. Quantum chemical calculations 

The reactivity of a chemical species is very much characterized as far as Frontier 

orbitals; the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbitals (LUMO) [27-28]. As indicated by the Frontier sub-atomic orbital (FMO) hypothesis of 

chemical reactivity, a transition state is formed because of the interaction between HOMO and 

LUMO of responding species. The smaller the energy gap (ΔE) between HOMO and LUMO, 

the stronger the interaction between the two responding species [29-30]. The quantum chemical 

parameters, for example, the energy of the highest occupied molecular orbital (EHOMO), the 

energy of the lowest unoccupied molecular orbital (ELUMO), and the energy gap (ΔE) were 

figured utilizing following equations (II.15) [31]. 

ΔE = ELUMO – EHOMO           (II.15) 
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As EHOMO is frequently connected with the electron donating capacity of the molecule, 

high EHOMO values will probably demonstrate an inclination of a molecule to donate electrons 

to fitting acceptor molecules with low energy and empty molecular orbital. 

Similarly, the low energy gap values ΔE will render great inhibition efficiencies since 

the energy to remove an electron from the last occupied orbital will be minimized. It has been 

reported that suitable inhibitors indicate a higher value of EHOMO and a lower value of ΔE. 

Therefore, DFT made it possible for corrosion scientists to accurately predict organic 

compounds' corrosion inhibition capabilities based on electronic/molecular properties and 

reactivity indices. Previous researchers have also used the DFT study to study the interaction 

of inhibitor molecules with metal surfaces [32-35]. 

The DFT-B3LYB method was employed to optimize the CMFE compound and carry 

out the Quantum chemical calculations; with the basis set TZVP while using the Turbomole 

program package [36]. On the other hand, Materials Studio (MS) for further DFT computations 

at the level of generalized gradient approximation (GGABP) and the basis for double numeric 

polarization (DNP) are to be carried out [37]. Calculations were conducted in a liquid phase as 

a conductor-like screening model for real solutions (COSMO-RS) [36-37]. Combined with dual 

description calculation, Fukui functions were calculated using the Dmol3 module to investigate 

nucleophilicity and electrophilicity [37]. 

Equations of hardness η and electronegativity χ  (chemical potential μ) have been given 

based on the ground state energies of ionization (I) and the electron affinity (A) values for CMF 

and PGFP extract [37]. 

𝜒 = −𝜇 =
𝐼+𝐴

2
      (II.16) 

𝜂 =
𝐼−𝐴

2
          (II.17) 

𝐼 = −𝐸𝐻𝑂𝑀𝑂       (II.18) 

𝐴 = −𝐸𝐿𝑈𝑀𝑂       (II.19) 

Softness (𝜎), known as the multiplicative inverse of hardness, is commonly recognized as a 

parameter closely related to polarizability. 

𝜎 = 1/𝜂     (II.20) 

The chemical proton affinity (PA) is proportional to the chemical potential value, which means 

calculating the chemical potential is considered a test for proton affinity. The electrophilicity 

index (𝜔) of ions, atoms, and molecules is calculated from the electronegativity and hardness 

values [37]. 
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𝜔 =
𝜒2

2𝜂
                 (II.21) 

The next formula calculates the fraction of electrons transferred (ΔN) in corrosion 

studies [37].  

𝛥𝑁 = [𝜒𝐹𝑒 − 𝜒𝑖𝑛ℎ]/[2(𝜂𝐹𝑒 + 𝜂𝑖𝑛ℎ)]    (II.22) 

χFe, χinh, ηinh, and ηFe are the work function, electronegativity of inhibitor, the hardness of 

inhibitor, and hardness of (Fe) metal, respectively. ηFe value is taken equal to 0 (I=A for bulk 

metals). The work function for Fe (110) surface is 4.82 eV [37]. 

II.5.2. Molecular Dynamics (MD) simulations 

The Material Studio's Forcite module was used to carry out MD [37]. The iron structure 

was imported from the software database. It was then cleaved along (110) plane, and a slab of 

15 Å length was obtained. The MD model consists of two layers: a top layer for the solvent; 

and a frozen bottom layer of Fe(110). The solvent layer was constructed using one inhibitor 

molecule, chloride (10) ions with their counter ions, hydronium (10), and water molecules 

(100). Both layers were placed in a simulation box (15.20× 18.169 × 43.43 Å3). The system 

was first optimized using the SMART minimizer algorithm until the energies and temperature 

reached steady under periodic boundary conditions and the COMPASS force field. Electrostatic 

interactions were calculated using the Ewald summation technique with an Ewald precision of 

1.0 × 10-4 kcal mol-1 and a buffer width of 0.5 Å. The atom-based summation approach was 

used to calculate the Van der Waals interactions, a cut-off of 15.5 Å, and the buffer width of 

0.5 Å. After the optimization step, the simulation model was submitted to MD using the 

Andersen thermostat method under the canonical NTV set (constant N, T, and V) at T = 298K 

[37]. The simulation was performed with a time step of 1fs and a full time of 2ns. On MD's 

trajectory after simulation, the radial distribution function, also known as the pair correlation 

function, was determined to study the interaction between the inhibitory molecule and the iron 

surface. 

II.5.3. Programs used 

In our theoretical study, we used several programs. 

II.5.3.1. material's studio 

Materials Studio is software for the simulation and computation of materials. It is used by 

universities, research centers, and high-tech companies in advanced research on various 
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materials, such as drugs, polymers, carbon nanotubes, catalysts, metals, ceramics, etc., [38]. It 

is used to:  

- Find the most stable adsorption sites for various materials, including carbon nanotubes, 

silica gel, and activated charcoal [39]; 

- Predicting electronic, optical, and structural properties;  

- Predicting the properties of materials by methods of quantum mechanics;  

- Calculating at high speed a variety of physical and chemical molecular properties, for 

example, for rapid screening when a drug is discovered;  

- Identifying compounds with optimal physicochemical properties [40]. 

- Construct and characterize models of isolated chains or bulk polymers and predict their 

properties [41]. 

II.5.3.2. COSMOtherm 

COSMOtherm is a universal tool for calculating the predictive properties of liquids. It 

uniquely combines quantum chemistry and thermodynamics. It calculates the chemical 

potential of most molecules in almost all pure or mixed liquids at a variable temperature. This 

is the key to predicting many properties required in industrial applications or academic research, 

including solubility, Log(P), vapor pressure, and complete phase diagrams [42]. Unlike many 

other methods, COSMOtherm can predict concentration and temperature properties by applying 

thermodynamically consistent equations [43]. 

II.5.3.3 TURBOMOLE  

It is an ab-initio computational chemistry program that implements various quantum 

chemistry methods. It was developed in 2007 by the group of Professor Reinhart Ahlrichs from 

the University of Karlsruhe [44]. This program is one of the valuable tools in many fields of 

research, including homogeneous and heterogeneous catalysis, chemistry organic and 

inorganic, spectroscopy, and biochemistry [45]. 

CONCLUSION  

This chapter describes the way in which the plants studied in the following chapters were selected. It 

presents the different selection criteria, their relative importance and the conclusions obtained 

concerning the choices we made. The first part of this work is a screening stage that should allow us to 

select two plants; the study of corrosion inhibitors can be done in many ways. In our work, we used 

electrochemical methods (polarization curves and electrochemical impedance spectroscopy) as well as 

the method of the lost mass for the inhibitor of two inhibitor of an plant extract of (CMFE and PGPE ) 

. Surface analysis is performed by optical microscopy (OM) and scanning electron microscopy (SEM) 
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to examine the micrograph of the mild steel and stainless steel 304L  surface before and after time of 

immersion in 1M H2SO4 medium in the absence and presence of  (CMFE and PGPE ) inhibitor. X-ray 

diffraction and Fourier transform infrared spectroscopic analysis and X-ray photoelectron 

spectroscopy (XPS) have allowed us to elucidate the phenomenon of adsorbed inhibitor molecules and 

their atomic structures.  The experimental and analytical techniques used in this study ensure good 

reproducibility of results. 
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Part 1 : Corrosion Inhibition Performance of Cytisus Multiflorus Flower Extract (CMFE) 

on XC48 carbon Steel and 304L stainless steel in Sulfuric acidic medium 

III.1. Electrochemical measurements: 

III.1.1. Open circuit potential (OCP) measurements: 

The variation of potential versus elapsed time during 30 min for the uninhibited and the 

inhibited (CMFE) solution is presented in Figure III.1. Based on the plots presented in Figure 

III.1, it can be observed that the XC48 carbon steel samples could achieve a quasi-stable open 

circuit potential under 30 min. Therefore, 30 min OCP measurement was assumed before 

performing all electrochemical.  

In the case of an uninhibited solution, a decrease in potential EOCP is observed after 

about 5 min immersion into H2SO4. This might be attributed to the dissolution of iron [1]. The 

behavior was different for the inhibited solution. The EOCP was shifted to less negative potential 

values. No obvious fluctuation of EOCP was observed in the measurement time frame, indicating 

that these interfaces seem to have increased corrosion resistance. 

All the phenomena that happened in the presence of inhibitor are due to opposite 

processes at the metal/solution interface [2]. It is also noticed that, in most circumstances, the 

value of OCP in the presence of CMFE towards more positive potential (-450 mV for 500 ppm 

of (CMFE) in comparison with blank solution (-540 mV), which can be explained as the 

effective adsorption of inhibitor molecules on the metal surface [3]. 

The variation of the potential versus time for 30 minutes for both uninhibited and 

inhibited (CMFE) solutions is shown in Figure III.2. After just 30 minutes of aging, the open-

circuit voltage of the 304L samples remained almost constant. In light of this, all 

electrochemical activities were based on a thirty-minute OCP measurement. 

Due to the aggressive character of the acid, an uninhibited solution exhibited a decrease in the 

EOCP potential (less negative potential values with a more electropositive cathode) and a 

considerable shift in the potential [4]. During the experiments, there was no noticeable change 

in EOCP, indicating that the corrosion resistance of these interfaces improved. All behaviors seen 

in inhibitory settings may be attributed to metal/solution interface mechanism asymmetry [5]. 

Additionally, it is observed that the value of OCP in the presence of CMFE tends toward a less 

negative potential (-390 mV for -480 mV of CMFE versus -470 mV for the blank solution), 



Chapter III                                                                Results and Discussion 

 

85 
 

which can be attributed to the efficient adsorption of inhibitor molecules on the metal surface 

[6] and formation of the protective layer. 

 

Figure III.1. Open circuit potential (OCP) of the XC 48 steel in 1M H2SO4 solutions with 

various concentrations of CMFE 

 

Figure III.2. Open circuit potential (OCP) curves of 304 L in 1M H2SO4 solutions with 

various concentrations of CMFE. 

III.1.2. Polarization measurements: 

The anodic and cathodic reactions' kinetics can be analyzed using potentiodynamic 

polarization measurements. The PDP curves of XC48 steel without and with different 
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concentrations of CMFE inhibitor are represented in Figure III.3. The kinetics parameters of 

the electrochemical reactions after the extrapolation of the Tafel curves are presented in Table 

III.1. The shifts in the Ecorr values in the presence of CMFE is more negative with respect to 

blank. However, at a lower concentration (50ppm), this shift is towards a slightly positive side 

compared to the blank in the corrosion potential between 3 and 18 mV compared to the blank 

solution. 

These values are less than the value of Ecorr shift of ±85 mV, generally taken as a 

benchmark for an inhibitor to be classified as anodic or cathodic [3]. Hence (CMFE) officinal 

is extract could be considered to function as a mixed-type inhibitor. The corrosion potential 

Ecorr of XC48 steel was around -493,90 mV vs. Saturated Calomel Electrode (SCE) with a 

corrosion current density of 232,686 µA/cm2. Hydrogen evolution dominates at more negative 

potential than Ecorr, increasing the cathodic currents [7]. A shift in potential, as compared to 

different concentrations, is observed for inhibitors in 500 ppm of CMFE with Ecorr -490,638 

mV vs. SCE. The presence of the film decreased additionally significantly both the anodic and 

cathodic current densities due to a restricted supply of oxygen and water, limiting their 

reduction. Consequently, the corrosion currents are reduced by two orders of magnitude 

compared to different inhibitor concentrations, resulting in icorr 10.8691 µA/ cm2. The coating's 

protection efficiency (PE) was determined from the polarization curve. 

 

Figure III.3. Polarization curves of XC48 steel in 1M H2SO4 solutions with various 

concentrations of CMFE 
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The obtained result from Table III.1 reveals that the values of corrosion current density 

decrease and inhibition efficiency increase, respectively, as the CMFE concentration increases. 

At a concentration of 500 ppm, the corrosion current density and inhibition efficiencies are 

8.518 µA/cm2 and 95.91%, respectively. 

Table III.1. Polarization parameters for XC48 steel corrosion in 1M H2SO4 in the absence and 

presence of CMFE; 

Concentration 

(ppm) 

Ecorr 

(mV) 

icorr 

(mA/cm
2
) 

βa  

 (mV) 

βc  

(mV) 

CR 

(mmpy) 

Rp 

(Ohm) 
IE % 

Blanc -493.90 232.686 74 84.4 5.514 59.3 - 

50 -490.98 105.82 77.7 114.4 2.508 166 64.27 

200 -493.73 59.807 79.1 109.5 1.418 317 81.29 

300 -487.71 18.826 82.3 93 0.446 970 93.88 

400 -481.21 14.878 78.6 97.7 0.352 1 230 95.17 

500 -490.63 8.518 68.7 78.5 0.201 1 453 95.91 

The potentiodynamic polarization curves of 304L electrodes in 1M H2SO4 with various 

concentrations of CMFE are shown in Figure III.4. Corrosion potential (Ecorr), corrosion current 

(icorr), and Tafel's constant are the electrochemical properties listed in Table III.2. 

Results from Table III.2 and polarization curves in Figure III.4 reveal little change in 

Ecorr values over the investigated range of plant extract concentrations. Ecorr values that shift by 

more than 85 mV away from the anode or towards the cathode compared to the blank solution 

have been used in previous work to categorize inhibitors as anodic or cathodic types [8]. If the 

shift is under 85 mV, the inhibitor is a transitional kind. In the current study, ecorr shift values 

below 85 mV suggest that CMFE is a mixed-type inhibitor. 

Table III.2. Polarization parameters for 304 L corrosion in 1M H2SO4 in the absence and 

presence of CMFE 

 

Concentration 

(ppm) 
Ecorr (mV) 

icorr 

(mA.cm
-2

) 

βa 

(mV) 

βc 

(mV) 

CR 

(mmpy) 

Rp 

(Ohm) 

IE 

(%) 

 

Blanc -426,621 86,28 92,2 87,7 1,77692 181 --  

50 ppm -414,276 35,104 56,3 90,3 0,72296 322 59,31  

200 ppm -411,867 17,677 49,7 79,8 0,36406 658 79,51  

300 ppm -390,159 4,08 34,6 41,1 0,08402 1430 95,27  

400 ppm -386,957 3,296 39,6 49,2 0,06788 2062 96,17  

500 ppm -363,147 2,069 26,6 46,4 0,04261 2426 97,6  
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Figure III.4. Polarization curves of 304L in 1M H2SO4 solutions with various concentrations 

of CMFE 

In addition, icorr values dropped when the investigated plant extract was present. The 

effect was found to be more pronounced at higher plant extract concentrations, suggesting that 

this was produced by the organic components of the plant extract adsorbing to active sites on 

the surface of the 304L coupon. At 500 ppm of extract in 1M H2SO4, inhibition efficiencies of 

97.6 percent were attained, demonstrating that CMFE significantly reduced corrosion rates. 

These findings show that the extract effectively halts the corrosion of alloy 304L in the 

experimental medium. 

III.1.3. Electrochemical impedance spectroscopy (EIS) 

Figure III.5 illustrates the results obtained for EIS steel XC48 in 1M H2SO4 solutions 

interfaces with various CMFE amounts. The EIS experiments were conducted to evaluate the 

impedance of XC48 steel corrosion in 1M H2SO4 solution without and with various 

concentrations of the inhibitors. The recorded spectra were exemplified in Figure III.5 by the 

Nyquist plot. The result exhibits two distinguishable capacitive loops at f = 100.000 Hz - 0.1 

Hz (i.e., high-frequency region) and f = 0.1 Hz to 0.01 Hz (i.e., low-frequency region). Their 

diameter increases with increasing inhibitor concentration. The first loop is greater in size. is 

flattened in shape and can be attributed to the charge transfer process. The second loop is located 

at a lower frequency. is smaller, and its shape indicates a diffusion process [9]. The observed 

diffusion process may have arisen due to the migration of the oxidant (i.e., the sulfate ions) 
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from the bulk solution through the CMFE layer to the metal surface or the diffusion of adsorbed 

inhibitor/corrosion products from the metal surface toward the bulk solution [9]. 

To evaluate the anti-corrosion behavior of the used inhibitor obtained by impedance 

measurements, the equivalents circuits of Figure III.6 represent the studied electrochemical 

interface were used to reproduce the experimental results [10-11]. This fitting procedure was 

applied between 100 kHz and 0.1 Hz to extrapolate faradic parameters.  

 

In the first approach, the circuit of Figure III.6.a was used to reproduce the capacitive 

behavior of the recorded impedance. In this equivalent circuit, Rs is the non-compensated 

solution resistance. Rct is the charge transfer resistance, and (Qdl. ndl) is the constant phase 

element. CPE is used in place of double-layer capacitance to account for the non-ideal behavior 

of the working electrode [12]. The agreement between the experimental (Zexp) and the fitted 

impedance (Zfit) was assessed by determining the error on the imaginary part according to the 

following equation [10-11]:  

)(Z

)()(
100

exp

exp

)(
im

imZimZ fit

imZ




    (III.1) 

The corresponding results were reproduced in Figure III.5. Using the equivalent circuit 

of Figure III.6.a, a good agreement was obtained with the blank system (red curve). However, 

for the 400 ppm inhibited system, the same circuit (Figure III.6.a) leads to an important and 

marked divergence on the imaginary part of the impedance, mainly above 1000 Hz (blue curve). 

As a result, another contribution must be considered to reproduce the experimental impedance 

data correctly. For inhibited system. the equivalent circuit of Figure III.6.b was therefore 

adopted. The corresponding error was also added to Figure III.7 (green curve). It was seen that 

the proposed equivalent circuit (Figure III.6.b) no longer induces a systematic error. In this 

circuit. The additional contribution consists of the CPEad (Qad. nad) and the resistance Rad 

refereed to the adsorbed molecules of the used inhibitor on the XC48 steel surface [5]. Table 

III.3 lists the EIS parameters obtained from the fitting procedure using the equivalent circuit of 

Figure III.6. The computed parameters show a rise in the IEZ (%) which indicates the presence 

of the CMFE adsorbed on the surface of XC48 steel working electrode [13]. The introduction 

of the inhibitors into 1M H2SO4 solution leads to an increase of both Rs and Rct values compared 

to the blank. Rs is nearly constant for an inhibited acid solution with a value of 7.92 and 9.22 

cm2, confirming a sufficient conductivity of all tested solutions [5,14]. 
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In contrast, Qdl and Qad decrease when the CMFE are progressively added to the 1M 

H2SO4 solution. The double-layer capacitance decreases due to the adsorption of the inhibitors 

molecules of lower dielectric constant on the metallic surface and the replacement of water 

molecules [15-16]. The decrease of Qad, which indicates that the adsorbed species slow the 

corrosion reaction, confirms the formation of a more protective and thicker layer slowing the 

corrosion process [17].  

 

Figure III.5. Nyquist plot of XC 48 steel immersed in 1M H2SO4 solution without (Blank) and 

with different concentrations of CMFE. 

 

 

 

Figure III.6. Equivalents electric circuit (a) without inhibitor (Blank). (b) Solution containing 

diverse quantities of CMFE. 
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Figure III.7. Variation of the error on imaginary part as a function of frequency. 

Measurements were recorded on blank, 400 ppm, and 500 ppm inhibited systems. 

Table III.3. Electrochemical impedance spectroscopy parameters for XC48 steel corrosion in 

1M H2SO4 without and with different concentrations of CMFE. 

C  

(ppm) 

Rs 

(Ohm) 

Rct 

(Ohm) 
ndl 

Qdl 

(µF.snd-1.cm-2) 

Rad 

(Ohm) 
nad 

Qad 

(µF.snf-1. cm-2) 

IEZ 

(%) 

Blank 5.14 53.22 0.93 90.4 - - - - 

50 ppm 8.36 284.07 0.71 51.8 94.28 0.94 11.0 81.26 

200 ppm 8.02 474.30 0.75 54.0 53.47 0.92 11.5 88.78 

300 ppm 8.76 829.20 0.72 25.2 49.55 0.98 6.03 93.58 

400 ppm 7.92 899.56 0.73 26.4 43.27 0.99 5.78 94.08 

500 ppm 8.02 1100.3 0.74 22.7 32.57 0.98 5.13 95.16 

The impedance characteristics of a 304L electrode in 1 M HCl, both in the absence and 

presence of different doses of CMFE, are illustrated in Figure III.8 using Nyquist plots. A closer 

look at Figure III.8 reveals that the widths of the Nyquist plots were more remarkable when the 

extract was added to the 1 M H2SO4 solution. The extract may have acted as a barrier against 

corrosion by adsorbing onto the 304L surfaces and forming a layer that prevented further 

erosion [18]. The diameters grew with increasing extract concentrations.  
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Figure III.8. Nyquist plot of 304L Stainless Steel immersed in 1M H2SO4 solution without 

(Blank) and with different concentrations of CMFE 

Figure III.9.a depicts the equivalent circuit used for fitting impedance data. Depending 

on the value of n, the constant phase element (CPE) can represent various impedances, 

including capacitance, inductance, resistance, and Warburg impedance. For example, if n = 1, 

the CPE will show capacitance; if n = -1, it will show inductance; if n = 0 it will show resistance; 

and if n = 0.5, it will show Warburg (Warburg impedance). The results showed that the CPE 

acted as a capacitor with n values between 0.8905 and 0.9989. This led to the following equation 

being developed to determine Cdl values for electrical double layers [5]. 

The maximum frequency at which the imaginary part of the impedance dominates is 

denoted by fmax. Figure III.9.b and Table III.4 demonstrate that the Rct values in 1 M H2SO4 

solution were much higher when the CMFE was present, going from 120,89 Ωcm2 in the blank 

solution to 1749 Ωcm2 in the solution containing 500 ppm extract.  

The corrosion resistance of 304L in 1 M H2SO4 solution was improved with increased 

Rct values, as Cdl values decreased from 90,3647827 to 32,7701913 µF cm-2 [19]. This may be 

because the local dielectric constant decreased or the protective film thickness on the electrode 

surfaces increased. This finding showed that CMFE functioned by removing water molecules 

and other ions from the coupon surface, which reduced the electrode's electrical capacity by 

adsorption of organic compounds at the Metal/solution interface [20]. 
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Table III.4. EIS parameters for 304L stainless steel corrosion in 1M H2SO4 without and with 

different concentrations of CMFE. 

C 
(ppm) 

Rs 

(Ohm) 
Rct 

(Ohm) 
ndl 

Qdl 

(F.snd-1.cm-2) 
Rad 

(Ohm) 
nad 

Qad 

(F.snf-1.cm-2) 
IEZ (%) 

blank 6,846 84,12 0,906 2,10E-04     

50 ppm 12,65 206,2 0,923 1,38E-04 6,97E-07 0,106 7,84E-03 59,2 

200 ppm 7,42 736,6 0,889 5,23E-05 1,36E-07 0,639 7,82E-05 88,57 

300 ppm 7,377 1 077 0,885 5,55E-05 0,1314 0,080 4,30E-07 92,18 

400 ppm 9,46 1260 0,863 6,24E-05 2,734 0,777 7,01E-06 93,32 

500 ppm 12,02 1755 0,901 4,31E-05 2,115 0,222 8,94E-07 95,2 

 

Figure III.9. Equivalent electric circuit (a) without inhibitor (Blank). (b) Solution containing 

diverse quantities of CMLE. 

III.2. Surface characterizations  

III.2.1. Scanning electron microscope (SEM) 

The surface morphology of XC48 carbon steel is represented in Figure III.10.a, 10.b, 

and 10.c before and after immersing in 1M H2SO4 acidic solution in the presence and absence 

of an inhibitor. An aggressive attack is noted (Figure III.10.b) in the carbon steel surface's 

micrographs after immersion without inhibitor (Solution of 1M H2SO4 for 24h). The cracks and 

pits on the metal surface indicate that the solution's corrosive attack considerably damaged it. 

Meanwhile, adding 500 ppm of the inhibitor to the system (Figure III.10.c) shows a smooth and 

more compact surface, with very few notable cracks and pits, showing the metal was protected 

from the corrosive attack. The difference could easily be interpreted as the working electrode's 

steel surface was protected by the adsorbed CMFE molecules [7]. This demonstrates that an 

efficient protective layer of the tested inhibitor was adsorbed on the metal surface and played a 

useful role in protecting the surface steel against corrosion. 
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Figures.III.11.a, III.11.b, and III.11.c show the surface morphology of stainless steel 

before and after immersion in 1M H2SO4 acidic solution with and without an inhibitor. Without 

an inhibitor (Solution of 1M H2SO4 for 24h), the stainless-steel surface micrographs show 

vigorous assault following immersion (Figure III.11.b). It is clear from the metal's surface 

fractures and pits that the solution's corrosive assault was quite damaging. A smoother, more 

compact surface with less noticeable cracks and pits is seen when 500 ppm of the inhibitor is 

added to the solution (Figure III.11.c)), establishing that the metal was successfully shielded 

from the corrosive assault. The discrepancy may be explained by the fact that the working 

electrode is made of 304L stainless steel, immune to damage from the CMFE molecules that 

have been adsorbed on its surface [7]. This proves the tested inhibitor effectively adsorbs onto 

metal surfaces to prevent corrosion. 

 

 

Figure III.10. SEM images of the XC48 surface a) before immersion. b) After immersion in 

an acidic solution without CMFE. c) After immersion in an acidic solution with CMFE (500 

ppm). 
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Figure III.11. SEM image of 304L coupon surfaces, (a) showing a polished surface, (b) 

surfaces immersed in 1M H2SO4 and (c) surfaces immersed in 1M H2SO4 containing 500 ppm 

concentration of CMFE 

III.2.2. Fourier transform infrared spectroscopy 

FTIR analyses were achieved on the pure extract (CMFE) and the surface protective 

film developed on the XC 48 steel after immersion in 1M H2SO4 acid solution at the optimum 

concentration. However, the FTIR was used to predict the CMFE extract's functional group 

(Figure III.12.a). The result was compared with surface protective film spectra (Figure III.12.b). 

As shown in (Figure III.12.a), an intensive band 3335 cm-1 appeared, which can be attributed 

to the O- H's symmetrical and asymmetrical stretching modes [21]. The two peaks at 2925 cm-

1 and 2849 cm-1 are assigned to C-H stretching mode (élongation) [22]. The peak 1715 cm-1 

corresponds to C—H elongation of the benzoic ring group. The stretching mode of C=O groups 

(benzoic ring) is indicated at peaks (1600 cm-1, 1650 cm-1, 1569 cm-1,1504 cm-1 and 1455 cm-

1) [23]. The absorption of 1266 cm-1 corresponds to C—C bending vibration and the bands 

observed at 1060 cm-1 is linked to C—O stretching. The presence of C—O—c bonds is testified 

by the stretching vibration at 1115 cm-1. The FTIR spectrum of the layer formed on the metal 

surface shown in (Figure III.12.b) Indicates that the absorption peak of OH was shifted from 

3350 cm-1 to about 3240 cm-1 [24]. Two peaks shifted to 2850 cm-1 corresponding to C—H of 

benzoic ring. The peak of 1715 cm-1 is also moved to about 1725 cm-1, so it has been observed 

that approximately all peaks were shifted. 

(a) (b) (c) 
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Figure III.12. FTIR spectra: (a) CMFE and (b) surface of XC48 steel after immersion in 1M 

H2SO4 solution containing 500 ppm of CMFE. 

FTIR was used to examine the purity of the CMFE extract and the protective layer 

formed on the surface of the Inox 304L after it was immersed in a 1M H2SO4 acid solution. 

FTIR was used to predict the CMFE extract's functional group (Figure III.13.a) and compared 

to the spectra of surface protective films (Figure III.13.b). 

An intense band at 3335 cm-1 [21] was discovered, attributed to O─H's symmetrical and 

asymmetrical stretching modes. At 2925 cm-1 and 2849 cm-1, two peaks are ascribed to the C-

H stretching mode (elongation) [22]. The peak at 1715 cm-1 reflects the C-H elongation in the 

benzoic ring group. The C=O group (benzoic ring) stretches at 1600, 1650, 1569, 1504, and 

1455 cm-1 [23], as shown by peaks at those frequencies. The bands at 1060 cm-1 are related to 

C─O stretching, while the absorption at 1266 cm-1 is connected with C─C bending vibration. 

The stretching vibration at 1115 cm-1 is a signature of covalent carbon-oxygen bonding. C=O 

stretch peaks at 1715 cm-1 and peaks at 2925 cm-1 were initially ascribed to C-H of the benzoic 

ring, while OH stretch peaks at 3350 cm-1 were shifted to 3358 cm-1 in the FTIR spectrum of 

the layer produced on the metal surface [21]. Cross-ponding with a methyl group was seen at 

1456 cm-1, and vibrational peaks in the C-H bond at 1060 cm-1 were displaced to 1088 cm-1. 

For this reason, CMFE is adsorption onto the surface of 304L. 
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Figure III.13. FTIR spectra: (a) CMFE and (b) surface of 304L after immersion in 1M H2SO4 

solution containing 500 ppm of CMFE. 

III.2.3. X-ray diffraction 

X-ray diffraction was used to detect the film product on the surface of XC48 steel. XRD 

analysis indicates the presence of a peak at 2θ of 45.2° related to metallic iron (Figure III.14.a). 

The X-ray spectra of the corrosion product formed on the steel surface immersed in 1M H2SO4 

solution is shown in Figure III.14.b. The peaks at 16.3, 18.3, 23.5, 27.3, and 36.11° suggested 

the presence of Fe3O4 iron oxide and FeOOH, a minimal amount of brown film, which, due to 

Fe2O3 observed visually, leads to corrosion [25-26]. Figure III.14.c shows the X-ray diffraction 

patterns of XC48 steel immersed in the solution containing 500 ppm of CMFE. Compared to 

the spectrum of the steel surface immersed in 1M H2SO4 solution without inhibitor, which 

showed three phases of iron oxides (Fe2O3, Fe3O4, and FeOOH), this sample represented only 

a very weak Fe2O3 peak, which corresponds to the very slight oxidation of the XC48 steel in 

the presence of inhibitor. These observations reflect the adsorption of a protective film over the 

surface of XC48 steel in the presence of each plant extract [25,27,28]. 
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Figure III.14. X-ray diffraction pattern of XC48 steel; (a) before the experiment. (b) after 24 

h of immersion in 1M H2SO4 solution and (c) after 24 h of immersion in 1M H2SO4 

solution containing 500 ppm of the CMFE 

X-ray diffraction (XRD) patterns of the stainless-steel surface of Alloy 304L immersed 

in 1M H2SO4 with and without the extract are shown side-by-side in Figure III.15. The ability 

to specify phase compositions is crucial for understanding corrosion processes (as opposed to 

elemental compositions). The phase compositions of damaged materials may provide insight 

into the corrosion process, allowing for the localization of the source of the corrosion within a 

facility and the identification of a feasible remedy [29]. The XRD pattern shows peaks at 44° 

related to Cr2O3 oxide, peak at 21° related to the H15Cr1O15S2 phase, peaks at 11°, 35° and 56° 

related to the FeOOH phase, and peaks at 23 ° and 33 ° related to H3.5Fe1O3.25 phase as a result 

of the deterioration and breakdown of the 304L surface without the CMFE. The addition of the 

extract proves that iron oxide is not present. This result may be explained by the fact that CMFE 

extract has an inhibiting effect. It sped up the passivation process in 304L stainless steel and 

decreased the reactivity between anodic and cathodic species [30]. These findings show that a 

protective coating is being adsorbed onto the surface of the 304L stainless steel in the presence 

of each plant extract [31]. 
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Figure III.15. X-ray diffraction pattern of 304L (a) before the experiment. (b) After 24 hours 

in 1M H2SO4 solution and (c) after 24 hours of immersion in a 1M H2SO4 with 500 ppm CMFE 

III.2.4. XPS analysis 

a. XPS analysis CMFE carbon steel 

The XPS of the steel surface, which has been immersed in a solution of 1M H2SO4 in the 

presence of 500 ppm of CMFE for 24 hours, and of the analysis of the pure CMFE is shown in 

Figure III.16. The XPS spectra were obtained from pure CMFE (C 1s and O1s) and the CMFE-

treated steel surface (C 1s, O 1s, S 2p and Fe 2p). The results from Table III.5 demonstrate a 

decrease in carbon content in pure CMFE at 73.29% to 44.18% in the metal surface treated by 

CMFE. These indicate the adsorption of CMFE on the steel surface. A deconvolution fitting 

procedure is used to represent complex forms for the related species in all XPS spectra are 

presented in Figure III.17. 

The C1s core level spectra show four deconvoluted peaks. The first one assigned to the presence 

of –C=C / –C–C in aromatic rings [32], is located at 284.49 eV for pure CMFE (Figure III.17.a) 

and 284.58 eV for CMFE-treated carbon steel (Figure III.17.b). The second peak located at 

286.03 eV for pure CMFE (Figure III.17.a) and 285.98 eV for both CMFE-treated carbon steel 
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(Figure III.17.b). can be attributed to the carbon atom bonded to hydrogen in C-H bonds [33] 

bonds and to sulfur in C-S bonds [34]. The third contribution appears at 287.42 eV and 287.08 

eV for pure CMFE (Figure III.17.a) and CMFE-treated carbon steel (Figure III.17.a), 

respectively. These peaks correspond to the C-O with different intensities [13]. The peaks at 

288.55 eV and 288.38 eV characterize the presence of a C=0 bond [35]. 

The deconvoluted O 1s spectrum for pure CMFE (Figure III.17.c) shows two main components 

at 531.15 eV and 533.33 eV, proving the presence of -C=O and–C–OH bonds, respectively 

[18]. The O 1s spectrum for CMFE-treated carbon steel could be fitted into four prominent 

peaks (Figure III.17.d). The first peak at 529.71 eV is attributed to oxygen in the Fe2O3 and/or 

Fe3O4 oxides bonded to Fe3+ [36]. The second peak at 530.60 eV is attributable to Fe-OH and 

Fe-O in the iron hydroxides and oxides [33]. The third peak at 531.31 eV. is attributed to the 

OH of FeOOH [36]. The latest peak can be due to the oxygen of the adsorbed water at 532.79 

eV [37].  

The S 2p high-resolution XPS spectra for XC48 steel after immersion in inhibited solution 

(Figure III.17.e) show one signal which corresponds to the doublet 2p3/2 and 2p1/2 in the 168.24 

ev and 169.43 eV range characteristic of 𝑆𝑂4
2− ion [18]. 

The spectrum related to Fe 2p for CMFE-covered carbon steel surfaces shows two doublets 

(Figure III.17f). 710.58 eV (Fe 2p3/2) and 724.23 eV (Fe 2p1/2) related to high-energy ghost 

structures indicating subsequent steel surface oxidation. Three peaks constitute the 

deconvolution of the high-resolution Fe 2p3/2 XPS spectrum. The two prominent peaks at 710.41 

eV and 712.76 eV are attributed to ferric compounds such as Fe2O3/Fe3O4/FeSO4/FeOOH [37]. 

The last peak at BE=715.30 eV may be attributed to the Fe (III) satellite feature [38]. 
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Figure III.16. XPS survey spectrum of pure CMFE and CMFE treated-carbon steel in 1M 

H2SO4. 

 

Table III.5. The variation of the elemental composition of pure CMFE and CMFE-treated 

steel surface after 24h of immersion in 1M H2SO4. 

Elemental composition (wt%) C 1S 0 1S Fe 2p S 2p 

CMFE 73.29 26.71 - - 

XC48- CMFE 44.18 40.53 13.14 2.15 
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Figure III.17. The XPS deconvoluted profiles of pure CMFE (a) C 1s. (c) O 1s and for 

CMFE/Carbone steel (b) C 1s. (d) for O 1s. (e) S 2p and (f) Fe 2p1s. (e) S 2p and (f) Fe 2p 
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b. XPS analysis CMFE with 304L stainless steel 

Figure III.18 displays the results of an XPS survey scan performed on pure CMFE and a 

304L stainless steel (304L SS) surface treated with 500 ppm of CMFE at 298K after 24 hours 

of immersion in 1M H2SO4. Here we provide an X-ray photoelectron spectrum comparison of 

pure CMFE (C 1s and O 1s) and a CMFE-treated 304L SS surface (C 1s, O 1s, Cr 2p, Si 2p, 

Mn 2p, S 2p, and Fe 2p). After spraying CMFE over the surface of 304L SS, the carbon content 

dropped from 73.29 to 64.45 percent, as shown in Table III.6. As a result of these results, it is 

clear that CMFE has been adsorbed onto the surface of 304L SS. As seen in Figure III.18, using 

a deconvolution fitting approach, all XPS spectra display the intricate geometries characteristic 

of the related species. 

 

Figure III.18. XPS survey spectrum of pure CMFE and CMFE treated-304L stainless steel in 

1M H2SO4. 

Table III.6. Elemental composition after 24h of immersion in 1M H2SO4. 
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The spectrum of the C1s core level shows four distinct peaks. The presence of -C=C/-

C-C in aromatic rings [39] places the first one at 284.49 eV for untreated CMFE (Figure 

III.19.a) and at 284.46 eV for CMFE-treated 304L stainless steel (Figure III.19.b). Carbon 

atoms bond to hydrogen as C-H [33] and to sulfur as C-S [34], accounting for the second peak 

at 286.03 eV for pure CMFE (Figure III.19.a) and 285.93 eV for both CMFE treated-304L 

stainless steel (Figure III.19.b). In pure CMFE (Figure III.19.a) and CMFE treated-304L 

stainless steel (Figure III.19.b), the third contribution emerges at 287.42 eV and 287.19 eV, 

respectively; these peaks correspond to the C-O with varying intensities [13]. The most recent 

peaks, at 288.55 eV and 288.45 eV, are indicative of the existence of a C=0 bond [35]. All the 

peaks mentioned above show that CMFE molecules were successfully adsorbed onto the 304L 

stainless steel surface. 

Deconvolution of the O 1s spectra for pure CMFE (shown in Figure III.19.c) reveals 

two primary components at 531.15 and 533.33 eV, indicating the existence of -C=O and -C-

OH bonds, respectively [18]. For CMFE-treated carbon steel, the O 1s spectra may be broken 

down into four peaks (Figure III.19.d). The oxygen atoms in Fe2O3 and/or Fe3O4 oxides bound 

to Fe3+ account for the first peak at 529.91 eV [36]. The OH of FeOOH is responsible for the 

second peak at 531.63 eV [36]. The latest peak at 533.55 eV [37] may be attributable to oxygen 

in the adsorbed water. 

The XPS spectra of Cr 2p are shown in Figure III.19.e, with the strongest peak at a lower 

binding energy (577.52 eV) corresponding to chromium oxide (Cr2O3) and the second peak 

identified at 587.08 eV referring to chromium trioxide CrO3 or potentially corresponding to 

metallic chromium [40]. 
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Figure III.19. The XPS deconvoluted profiles of pure CMFE (a) C 1s, (c) O 1s and for 

CMFE /304L stainless steel (b) C 1s, (d) for O 1s, Cr 2p (e) S 2p (f) and (g) Fe 2p 
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Part 2: Corrosion Inhibition Performance of Punica Granatum Peel Extract 

(PGPE) on Carbon Steel and 304L Stainless steel in Sulfuric acidic medium 

III.3. Electrochemical measurements: 

III.3.1. Polarization measurements: 

The effect of the concentration of Punica granatum peel extract (PGPE) on the corrosion 

behavior of carbon steel in the 1M H2SO4 solution was studied by using anodic and cathodic 

polarization measurements after 30 min of the immersion time. Figure III.25 illustrates the 

potentiodynamic polarization curves for the alloy under study in the absence and presence of 

Punica granatum peel extract with different concentrations at 25°C. 

As seen in the anodic branch (Figure III.20), we can point out the difficulty of 

recognizing the linear region of the Tafel law. Hence, the current densities are determined by 

extrapolating only the Tafel cathodic linear region to the corrosion potential. Several authors 

used This adjustment method for carbon steel materials in the hydrochloric acid medium [41].  

 

Figure III.20: Tafel polarization curves for XC48 carbon steel immersed in 1M H2SO4 with 

various concentrations of Punica granatum peel extract (PGPE). 
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The electrochemical corrosion kinetic data, such as corrosion potential (Ecorr), cathodic 

and anodic tafel slopes (βa, βc), and corrosion current density icorr, obtained by extrapolation of 

the tafel lines, are included in Table III.7.  

Table III.7. Polarization parameters for carbon steel in 1M H2SO4 in Punica granatum peel 

extract (PGPE) absence and presence. 

C  

(ppm) 

Ecorr  

(mV) 

icorr 

(mA.cm-2) 

βc 

(mV) 

βa 

(mV) 

Corrosion 

rate 

(mmpy) 

Rp 

(Ohm) 
Correlation 

Efficacity 

(%) 

Blank -494,493 517,48 139,9 116,7 12,0076 53,1 0,9999  

50 ppm -507,013 245,391 131,3 111,3 5,69406 105 0,9995 49,4 

200 ppm -488,973 168,495 122,6 101,8 3,90976 138 0,9995 61,5 

300 ppm -497,697 158,738 121,1 99,8 3,68336 145 0,9996 63,3 

400 ppm -491,851 134,249 123,8 104,8 3,11512 177 0,9993 70 

500 ppm -495,625 112,807 125 109,7 2,61758 218 0,9992 75,6 

It can be seen that the corrosion rate is reduced and IE is increased by increasing the 

concentration of the inhibitor [42]. Extracts at different concentrations lead to different anodic 

and cathodic tafel slopes and Ecorr values, suggesting that these compounds behave as mixed-

type (anodic/cathodic) inhibitors [43]. Increasing inhibition efficiency with increasing extract 

concentration shows inhibition occurs because of adsorption on the carbon steel surface [44].  

It is clear from Table III.7 that the tafel cathodic slope (βc) changes slightly in the presence of 

the Punica granatum peel extract, which outlines no significant effect of Punica granatum peel 

extract on the hydrogen reduction mechanism. Such a conclusion can be revealed in Figure 

III.20 from which the cathodic polarization curves are almost parallel. On the other hand, it is 

found that the value of Icorr decreases with the addition of the Punica granatum peel extract, 

which induces an increase in the inhibition efficiency as a function of the Punica granatum peel 

extract concentration. This is due to the increased blocked fraction of the alloy surface by 

adsorbing the active components in Punica granatum peel extract. 

The representative potentiodynamic polarization curves of the 304L stainless steel 

electrode, obtained in 1M H2SO4 solution for various concentrations of Punica granatum peel 

extract, are summarized in Table III.8. Numerical values of corrosion variation current density 

(icorr), corrosion potential (Ecorr), Tafel anode slope (βa), Tafel cathode slope (βc), and percent 

efficiency.  
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Table III.8. Polarization parameters for 304 L stainless steel corrosion in 1M H2SO4 in the 

absence and presence of Punica granatum peel extract (PGPE) 

  
Ecorr 

(mV) 

icorr 

(mA.cm-2) 

βc 

(mV) 

βa 

(mV) 

corrosion 

rate 
(mmpy) 

Rp 

(Ohm) 
correlation 

Efficacity 

(%) 

Blank -426,621 86,28 87,7 92,2 1,7769 181   

100 ppm -363,712 17,579 91,2 32,8 0,362 469 0,9547 79,625 

200 ppm -364,25 16,811 93,1 33,6 0,3462 672 0,9843 80,515 

300 ppm -380,98 10,802 122,5 142,5 0,2224 1422 0,9998 87,48 

400 ppm -375,65 5,958 98,7 89,4 0,1227 2595 0,9997 93,094 

500 ppm -368,488 5,901 71,4 35,3 0,1215 3291 0,973 93,16 

 

This shows that adding Punica granatum peel extract reduces the anodic dissolution and 

delays the hydrogen evolution reaction, indicating that PGPE extract is a mixed-type inhibitor 

and controls both: Anodic and cathodic reactions. Adding 500 ppm concentrations of PGPE 

extracts reduced (icorr) from 130,253 µA to 9,39 µA. The anodic and cathodic Tafel slopes (βa 

and βc). 

 

Figure III.21. Tafel polarization curves for 304L stainless steel immersed in 1 M H2SO4 with 

various concentrations of Punica granatum peel extract 
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These results indicate that Punica granatum peel extract increases inhibition efficiencies 

for 500 ppm and attainted 92,78% and reveals that the inhibition action is due to adsorption on 

the surface of the 304L stainless steel, and the adsorption is known to depend on the structure 

extract chemical. By comparing polarization curves (Figure III.21), we see that they change 

from one concentration to another, which may be due to the structure of the constituents of the 

PGP extract. 

III.3.2. Electrochemical impedance spectroscopy (EIS) 

III.3.1.a. EIS of carbon steel in 1M H2SO4 with and without PGPE 

The Nyquist diagrams for studied carbon steel in 1M H2SO4 medium at 25°C, in the 

absence and presence of different Punica granatum peel extract concentrations, were plotted in 

EOCP potential after 30 min of immersion as depicted in Figure III.22. It is evident from this 

figure that the impedance diagrams consist of a large capacitive loop at high frequency followed 

by an inductive loop at low frequency. In addition, the inductive semicircle diameter is 

considerably less than that observed in high frequencies. On the other hand, the impedance 

spectrum shows an approximately elliptical shape that is attributed to the frequency dispersion 

due to the roughness and inhomogeneity of the metal surface [45]. 

 

Figure III.22: Nyquist plot of carbon steel immersed in 1M H2SO4 solution without (Blank) 

and with different Punica granatum peel extract concentrations. 

0 20 40 60 80 100 120 140 160 180

0

20

40

60

80

100

120

140

160

180

-Z
Im

(O
h
m

.c
m

2
)

Z
Re

(Ohm.cm
2
)

 Blank

 50 ppm

 200 ppm

 300 ppm

 400 ppm

 500 ppm



Chapter III                                                                Results and Discussion 

 

110 
 

In the acidic media, similar impedance spectra have been reported in the corrosion 

literature for carbon steel and its alloys [46]. The addition of the Punica granatum peel extract 

does not affect the shape of the loops, indicating that no change in the corrosion mechanism of 

carbon steel has occurred. The impedance data is simulated using the equivalent circuit 

illustrated in Figure III.23. The components of this circuit are the electrolyte resistance (Rs), 

charge transfer resistance (Rt), and constant phase element (CPE) for the used electrode, and L 

and RL represent the inductance and the inductive resistance associated with the inductive loop, 

respectively. Accordingly, the calculated impedance parameters are given in Table III.9.  

 

Figure III.23. Equivalent electric circuit (a) without inhibitor (Blank). (b) Solution containing 

diverse quantities of Punica granatum peel extract (PGPE). 

 

As shown in Figure III.23 and from the values of χ2 in Table III.5, a good fit by using 

the chosen equivalent circuit was obtained. This means that the adjusted data have good 

agreement with the experimental data. According to Table III.9, the Rt values increase with 

increasing Punica granatum peel extract concentration, resulting in an increase in IE attributed 

to the increase in organic inhibitory molecules (i.e., alkaloids) adsorbed on the surface of carbon 

steel. IE attains a maximum value equal to 82,50%, which confirms that Punica granatum peel 

extract has a good protection ability for carbon steel in 1M H2SO4 medium. The IE values 

computed from the EIS measurements agree with those found by the potentiodynamic 

technique. Besides, conferring to the obtained Q values in the presence of the tested inhibitor, 

it can be assumed that the Punica granatum peel extract active constituents were adsorbed onto 

the alloy surface to form a protective layer [47]. 

 

 

 
Qdl, 

ndl 

Rct  

Rs Qdl, 

ndl 

Rct  

Rs 

Qad, nad 

Rad  

(a) (b) 



Chapter III                                                                Results and Discussion 

 

111 
 

Table III.9. EIS parameters for carbon steel immersed in 1M H2SO4 solution without (Blank) 

and with different concentrations of Punica granatum peel extract (PGPE) 

 
RS 

(Ohm) 

Rct 

(Ohm) 
ndl 

Qdl 
(F.snf-1. cm-2) 

Rad 

(Ohm) 
nad 

Qad 

(F.snf-1. cm-2) 
IE 

(%) 

Blank 2,775 30,67 0,875 1,50E-04     

50 ppm 4,061 74,35 0,861 6,92E-05 1,90 1 1,08E-03 58,75 

200 ppm 5,287 95,71 0,869 1,10E-04 0,026 1 1,98E-02 67,96 

300 ppm 4,012 109,9 0,878 7,10E-05 0,279 1 1,72E-03 72,09 

400 ppm 5,267 162,7 0,868 7,85E-05 0,976 0,958 6,59E-04 81,15 

500 ppm 4,73 175,3 0,863 6,11E-05 0,621 0,984 8,58E-03 82,50 

 

III.3.2.b. EIS of 304L stainless steel in 1M H2SO4 with and without PGPE 

Electrochemical impedance spectroscopy was used to determine the behavior of the 

metal/solution interface in the absence and presence of inhibitors. The representative Nyquist 

plots of the 304L stainless steel electrode were obtained in 1M H2SO4 solution in the absence 

and presence of various concentrations of PGP extract. 

It is clear that the diameter of the half circle increases with increasing concentration of 

the extract, at a maximum value of 95,87% in 1 M H2SO4, which indicates an increase in the 

corrosion resistance of the metal. 

In addition, the highest concentration of PGPE inhibitor (500 ppm) results in a much 

larger half-circle diameter than the other four lower concentrations of PGPE shown in Figure 

III.24. These diagrams have a similar shape in all tested concentrations, indicating that almost 

a change in the corrosion mechanism occurs due to the addition of inhibitors [48]. The circuit 

consists of a constant phase element (CPE) Q, in parallel with a resistor Rct presented in Figure 

III.25. The use of a CPE type impedance has been widely described [49-51]: n -1 ZCPE [Q(jw)] 

the equation above provides information on the degree of non-ideality in capacitive behavior. 

Its value makes it possible to differentiate the behavior of an ideal capacitor (n = 1) and a CPE 

(n <1) [52]. 
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Figure III.24. Nyquist plots of the 304L immersed in 1M H2SO4 with various 

concentrations of PGPE  

 

Impedance data of 304L stainless steel in 1M H2SO4 medium without and with different 

concentrations of the PGPE extract for the concentrations extracted in 1M H2SO4 medium are 

recorded and presented in Tables III.16 and respectively; it can be seen that the presence of PG 

improves the values of Rct and reduces the Cd1 values. The decrease in Cd1 is due to the 

adsorption of PGPE on the metal surface to form an adhesive film. It suggests that the coverage 

of the metal surface with this film decreases the local dielectric constant and/or increases the 

thickness of the double -3 layer mentioned in the work done [53-55].  

 

Figure III.25. Equivalent electric circuit (a) without inhibitor (Blank). (b) Solution containing 

diverse quantities of Punica granatum peel extract. 
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Table III.16. EIS parameters of impedance for 304L stainless steel in 1M H2SO4 with and 

without PGPE extract concentration. 

 RS 

(Ohm) 

Rat 

(Ohm) 

ndl Qdl 

(F.snf-1.cm-2) 

Rad 

(Ohm) 

nad Qad 

(F.snf-1.cm-2) 
IE % 

Blanc 6,846 84,12 0,906 0,2096         

50 ppm  4,358 242,9 0,910 1,10E-04 0,7243 0,943 2,42E-06 65,368 

200 ppm 4,582 295,8 0,929 1,49E-04 0,132 0,499 1,85E-04 71,561 

300 ppm 4,522 366,3 0,934 1,61E-04 0,283 0,950 2,85E-09 77,035 

400 ppm 3,878 891,9 0,918 6,34E-05 0,2562 0,724 7,93E-03 90,568 

500 ppm 2,085 2037 0,880 4,98E-05 0,7496 0,936 3,69E-03 95,87 

 

III.4. Surface characterization 

III.4.1. SEM Observations 

The SEM images of corroded carbon steel and 304L stainless steel surface examined 

the effect of inhibitors on the corrosion process. Figure III.26 and Figure III.27 show the SEM 

image of carbon steel and 304L stainless steel samples after 24 hours of immersion in 1M 

H2SO4 solution in the absence and presence of inhibitors. This micrograph reveals that the metal 

surface was strongly damaged in the absence of the inhibitor due to the metal dissolution in an 

aggressive solution, and many cracks with high depth were distributed all over the surface 

(Figure III.26.a).  

Examination of Figure III.26.a and Figure III.27.a observed that the very strong 

corroded (crack and pits) and uneven (heavy damage) metal surface was obtained when the 

metal was immersed in 1M H2SO4 without inhibitor. In the presence of inhibitor Punica 

granatum peel extract 500 ppm, the metal surface shows Figure III.26.b and Figure III.27.b 

smoother (carbon steel surface and 304L stainless steel are covered with the protective layer 

formed by the inhibitor) with clear different morphology (surface covered means no pits and 

cracks). However, the corrosion rate is reduced in inhibited solutions because the electrode 

surface is almost corrosion-free due to the inhibitor's adsorption on the carbon steel surface and 

304L surface. 
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(a)    (b)    (c) 

Figure III.26. SEM images of the carbon steel surface: a) showing a polished surface,(b) 

immersion in 1M H2SO4. c) After immersion in1M H2SO4 containing 500 ppm of PGPE 

 

(a)    (b)    (c) 

Figure III.27. SEM images of the 304L surface: a) showing a polished surface, b) immersion 

in 1M H2SO4. c) After immersion in 1M H2SO4 containing 500 ppm of PGPE. 

III.4.2. Fourier transform infrared spectroscopy 

FTIR analyses were achieved on the pure extract (PGPE) and the surface protective film 

developed on the XC 48 steel after immersion in 1M H2SO4 acid solution at the optimum 

concentration. However, the FTIR was used to predict the functional group present in the PGPE 

extract (Fig.III.28.a and Fig.III.29.a), and then compared with spectra of the surface protective 

film (Fig.III.28.b and Fig.III.29.b).  

FTIR spectra of PGP extract (Fig.III.28.a and Fig.III.29.a), which contain bands 

corresponding to 3346.33 cm-1, 3229.04 cm-1, can be assigned to the hydroxyl group (O─H 

stretch) and a strong band around 1707.47 cm-1 which reveal the presence of carbonyl (C=O) 

stretching vibration respectively [56-57]. Peaks at 2924.44 cm-1 and 2852.94 cm-1 indicate 
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carboxylic acids stretch alkane (C─H). The peaks at 1608.8 cm-1 and 1507.26 cm-1 C=C 

aromatic compounds. The peak at 1444.34 cm-1 C=C, 1317.07 cm-1 O─H. The peak at 1174.06 

cm-1 indicates the presence of C─F, and 1029.63 cm-1 indicates the C─ OH bonding in alcohols 

[58]. The 875 cm-1 and 579.16 cm-1 peaks correspond to the C─H group of alkanes [59]. 

Figure III.28. FTIR spectra: (a) PGPE and (b) surface of XC48 steel after immersion in 1M 

H2SO4 solution containing 500 ppm of PGPE. 

The FTIR spectrum of the thin film formed on the surface of the XC 48 carbon steel 

after immersing the coupon in 1M H2SO4 containing 500 ppm of PGPE for 24 hours is shown 

in Figure III.28.b. The spectrum has a bond at 3319 and 3178.99 cm-1 due to the O─H hydroxyl 

group and 1644 cm-1 corresponding to the C=C bond [59-60]. The peak at 1081 cm-1 is due to 

the oxygen atom present in the aromatic ring. The peak observed at 441 cm-1 is attributed to the 

bending of the C─H group of alkanes. Phytochemicals present in the Punica granatum peel 

extract contain heteroatoms, which are believed to get adsorbed on the surface of the steel 

substrate making bonds with Fe2+ ions and thus acting as a potent corrosion inhibitor [61]. 

FTIR was used to examine the purity of the PGP extract and the protective layer formed 

on the surface of the 304L stainless steel after being immersed in a 1M H2SO4 acid solution 

for 24 hours. FTIR was used to predict the functional group in PGP extract (Fig.III.29.a), and 

compared to the spectra of surface protective films (Fig.III.29.b). 

Figure III.29.b shows that there is a presence of the compound of PGP extract pure in 

the protective film on the surface of the 304L samples immersed in the H2SO4 solution in the 

presence of the PGP extract of 500 ppm with a low transmittance intensity in some peak. 
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Figure III.29. FTIR spectra: (a) PGPE and (b) surface of 304L after immersion in 1M H2SO4 

solution containing 500 ppm of PGPE. 

III.4.3. X-ray diffraction 

X-ray diffraction was carried out to determine the film product formed on the surface of 

XC48 steel. XRD analysis reveals the presence of a peak at 2θ of 44.7° associated to the iron 

phase (Figure III.30.a). The XRD diffractogram of the corrosion product formed on the steel 

surface immersed in 1M H2SO4 solution is shown in Figure III.30.b. The presence of peaks at 

22.34°, 16.22°, and 26.16° suggest the formation of Fe3O4 iron oxide, FeOOH, and a very small 

amount of brown film, which is related to Fe2O3 observed visually and, therefore, leads to 

corrosion [25-26]. Figure III.30.c XRD diffractogram of XC48 steel immersed in 1M H2SO4 

solution containing 500 ppm of PGPE. Compared to the sample surface immersed in 1M H2SO4 

solution without inhibitor which presented three types of iron oxides (Fe2O3, Fe3O4 and 

FeOOH), this sample presents a very weak Fe2O3 peak, which corresponds to a slight corrosion 

of the XC48 steel in the presence of inhibitor. These results reflect the adsorption of a protective 

film on the surface of XC48 steel in the presence of plant extracts [25, 27-28].  
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Figure III.30. XRD diffractogram of XC48 steel; (a) Before experiment. (b) After 24 h of 

immersion in 1M H2SO4 solution. (c) After immersion in 1M H2SO4 with 500 ppm of PGPE. 

X-ray diffraction diffractograms of 304L stainless steel immersed in 1M H2SO4solution 

with and without plant extract are shown in Figure III.31. It is well known that determining 

phase compositions is essential for understanding corrosion processes (as opposed to elemental 

compositions). The phase compositions of corroded materials may offer insight into the 

corrosion process, permitting the localization of corrosion sources within a facility and the 

identification of a good remedy [29]. The XRD pattern shows peaks at 44° related to Cr2O3 

oxide, peak at 21° related to H15Cr1O15S2 phase, peaks at 11°, 35° and 56° related to HFeO2 

phase and peaks at 23 ° and 33 ° related to H3.5Fe1O3.25 phase as a result of the deterioration and 

breakdown of the 304L surface without the PGPE.  
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Figure III.31.X-ray diffractogram of 304L stainless steel: (a) Before the experiment. (b) 

After immersion in 1M H2SO4 solution. (c) After immersion in a 1M H2SO4 with 500 ppm 

PGPE 

The addition of the plant extract to the solution significantly affects the corrosion 

process; the absence of iron oxide explains this. As a result, the PGPE extract has an inhibiting 

effect. It accelerates the passivation process of 304L stainless steel and decreases the reactivity 

between anodic and cathodic species [30]. These findings show that a protective film was 

adsorbed onto the surface of the 304L stainless steel in the presence of plant extract [31]. 

III.5. Conclusion 

After the electrochemical study and analysis of the results, we found that the two plant 

extracts (PGPE and CMFE) inhibit the corrosion of the two metals (XC48 and 304L stainless 

steel). The results of the analyzes using the infrared spectrum and microscopic scanning showed 

the presence of the two extracts compounds on the surfaces. 
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IV. Theoretical study 

IV.1. Quantum molecular descriptors of CMFE (QMDs) 

IV.1.1. Theoretical study of CMFE with 304L stainless steel and XC48 carbon steel 

The frontier molecular orbital, which can be used to study chemical reactivity and kinetic 

stability, is the essential molecular orbital in a molecule. The frontier molecular orbitals are the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO). Electronic absorption, the transition from the ground to the first excited state, is 

primarily explained by one-electron excitation from HOMO to LUMO. The system's kinetic 

stability increases as the HOMO-LUMO distance widens. As a result, it takes more energy to 

pass electrons from the ground state HOMO to the excited state LUMO. For each compound. 

Table IV.1 lists the measured orbital energies, with the HOMO-LUMO gap (Egap), as well as 

other chemical descriptors, i.e., chemical potential (μ), global hardness (η), and electrophilicity 

index (ω)) for CMFE and pure cluster components of Fe20 and 304L stainless steel. 

Table IV.1 shows that 304L and Fe20 have the highest HOMO energy and Rutin the highest 

LUMO energy, which means that the two metals (Fe20 and 304L) cluster is the more electron 

donator and Rutin is the more electron acceptor. Consequently, Rutin shows the highest 

inhibiting activity. 

Table IV.1. Global reactivity descriptors CMFE 

Isomer 
EHOMO 

(eV) 

ELUMO 

(eV) 

Gap 

(eV) 
𝜒 𝜂 𝜔 ΔNmax 

304L -4.601 -4.592 0.009 4,597 0,005 2347.535 919,4000 

Fe20 -4.139 -4.072 0.067 4.106 0.033 252.824 124,4242 

DHF -6.938 -3.277 3.661 5.107 1.830 7.125 2,7907 

CGP -6.927 -3.380 3.547 5.154 1.774 7.489 2,9052 

Rutin -6.684 -3.194 3.490 4.939 1.745 6.991 2,8303 

The 304L steel molecule has the lowest energy gap (0.009 eV) and the lowest hardness 

of any molecule. It is also the most reactive (0.005 eV), followed by the Fe20 molecule (energy 

gap 0.067 eV and η = 0.033 eV). Both DHF and CGP inhibitor molecules show gap energies 

that are comparable to each other, which indicates that their effect on the corrosion behavior of 
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the 304L and Fe20 cluster metal surfaces is similar. Rutin has also been found to be less reactive 

than the other ingredients. This result also shows that CGP and DHF are more stable than Rutin. 

Parr et al. [1-2] developed the global electrophilicity index (ω) based on thermodynamic 

properties and calculated the beneficial shift in energy when a chemical system reaches 

saturation by adding electrons. The energy loss is caused by the flow of electrons from the 

donor (HOMO) to the acceptor (LUMO) in molecules.  

Isomer 
Optimized 

structure 
HOMO LUMO Sigma-surface 

Fe20 

    

304L 

    

CGP 

    

DHF 

    

Rutin 

    

Figure IV.1. DFT global reactivity descriptors and COSMO-RS results. 

The high value of EHOMO demonstrates that 304L and Fe20 clusters can act as electron 

donors (it has the greatest electrophilicity index, which is 2347.535eV and 252.842 eV, 
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respectively). According to Table IV.1, the 304L and Fe20 cluster molecules are electron donors, 

whereas the inhibitory molecules are electron acceptors. The ELUMO energy that is the greatest 

among the three inhibitors correlates to the inhibition efficiency that is the highest (the highest 

electron acceptor ability). This demonstrates that the DHF is the CMFE extract constituent 

responsible for the most excellent inhibition. The fact that the DHF has the largest ΔNmax proves 

it is an acceptor. 

Figure IV.1 depicts the HOMO and LUMO regions, which indicate the ability to act as 

either an electron donor or an electron acceptor. The 304L cluster's surface may be nonpolar, 

and also that of the Fe20 cluster, as seen by the Cosmo surfaces' green color. Hydrogen bond 

acceptor (HBA) regions in red and donor (HBD) regions in blue may be seen. 

The HOMO was found to be located on the conjugated π-bonds of the phenylchromane 

in the three molecules DHF, CGP, and Rutin (See Figure IV.1). The LUMO was concentrated 

on the phenylchromane simple bonds of the three molecules. Table IV.1 also gives the HOMO 

and LUMO of the Fe20 cluster and 304L. 

If ΔNmax > 0, an inhibitor molecule transfers its e- to a metal and vice versa if ΔNmax 

< 0 [3]. From Table IV.1, all the calculated values of the ΔNmax of the three molecules are less 

than zero. This confirms the molecule's electron-accepting character already demonstrated. 

Rutin with the lowest ΔNmax is the more electron acceptor from the iron surface (electrons 

donator).  

According to the simple charge transfer model for donation and back-donation of 

charges proposed recently by Gomez et al. [1], an electronic back-donation process might be 

occurring governing the interaction between the inhibitor molecule and the metal surface. The 

concept establishes that if both processes occur, namely charge transfer to the molecule and 

back-donation from the molecule, the energy change is directly proportional to the hardness of 

the molecule, as indicated in the following expression. ΔEBack-donation =-η/4. 

The ΔEBack-donation implies that when η > 0 and ΔEBack-donation< 0, the charge transfer to a 

molecule, followed by a back-donation from the molecule, is energetically favored. Hence, it 

is possible to compare the stabilization among inhibiting molecules in this context since there 

will be an interaction with the same metal. Then, it is expected that it will decrease as the 

hardness increases. Consequently, the back-donation is so pronounced for the Rutin molecule. 
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Figure IV.2. Surface polarity and potentials of Fe20 cluster and 304L in CMFE major 

compounds 

Figure IV.2 shows the charge distribution of the binary interacting system. It is noted 

that the green surface is for the non-polar regions of the complex. The red one is for the 

hydrogen bond acceptor (HBA) region, and finally, the blue region is for the hydrogen bond 

donor (HBD) region [4].  

The relative probability distributions (𝜎-profiles) of the inhibitor, 304L and the Fe 

cluster (Fe20) and their related 𝜎-potentials are depicted in Figure IV.2. 𝑃(𝜎) denotes the 

number of molecular surface segments having a specific screening charge density σ [5-6]. 

 𝜎 > 0 represents the surfaces of negative polarity. Whereas 𝜎 < 0 is for positive 

polarity surfaces [7-8]. 𝜎 ≈  0 is the non-polar (hydrophobic) areas. As a result the profile 

curves can be separated into three sections: the HBD (hydrogen bond donor) zone (– 0.025 <

𝜎 <– 0.010) the non-polar zone (– 0.010 < 𝜎 < +0.010) and the HBA (hydrogen bond 

acceptor) region (+0.010 < 𝜎 < +0.025).  

In Figure IV.2.a, the three inhibitor molecules are found to be mostly non-polar (green-

colored surfaces) with σ є [-0.01, 0.01] au. The iron cluster Fe20 is, as expected, completely 

non-polar. The adsorption is expected to be in the non-polar region, as concluded from Figure 

IV.2.b. It is noticed that chemical potential is always positive in the polar regions (non-

spontaneous phenomena). The chemical potential for the four molecules is less than zero in the 

non-polar region which suggests that the interaction forces are Van der Waals type. This 

confirms that the only possible interaction is with nonpolar groups or molecule chemisorption 

(chemical bound) as will be revealed by the AIM study. 
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Figure IV.3. Interaction energies of : (a) system inhibitor-Fe20 cluster (b) system inhibitor-

304L 

Figure IV.3 shows that the large contributing interaction energy in mixing the inhibitor 

with Fe20 cluster and 304L cluster is Van der Waals type. The contributions of electrostatic 

(Hmisfit) and hydrogen bonding (HHB) enthalpies were found to be negligible for the first type of 

interaction energy and null for the second one (no Hydrogen bonding).  

A molecular graph of the optimized CMFE-Fe20 cluster complex is presented in Figure 

IV.4, while in Table IV.2, the topological parameters at BCP of interaction contacts are listed.  

(a) 

(b) 
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Table IV.2. The topological parameters at BCP of interaction contacts 

 BCP ρc (Ha) 
2ρ(r) 

(Ha) 
G (Ha) V (Ha) EHB (eV) 

H=G+V 

(Ha) 

G/|V| 

DHF@Fe20 

53 5.77E-03 8.13E-03 1.89E-03 -1.74E-03 -2.37E-02 1.44E-04 1.08E+00 

145 5.25E-02 1.27E-01 4.24E-02 -5.29E-02 -7.19E-01 -1.05E-02 8.01E-01 

154 1.64E-02 2.66E-02 7.47E-03 -8.30E-03 -1.13E-01 -8.26E-04 9.00E-01 

177 3.83E-02 1.05E-01 2.99E-02 -3.37E-02 -4.59E-01 -3.79E-03 8.88E-01 

CGP@Fe20 

97 7.92E-02 3.95E-01 1.08E-01 -1.17E-01 -1.59E+00 -9.03E-03 9.23E-01 

154 4.63E-03 9.06E-03 1.88E-03 -1.49E-03 -2.03E-02 3.86E-04 1.26E+00 

191 5.87E-02 1.52E-01 5.07E-02 -6.36E-02 -8.65E-01 -1.29E-02 7.98E-01 

Rutin@Fe20 

126 1.17E-02 1.16E-01 2.10E-02 -1.31E-02 -1.79E-01 7.90E-03 1.60E+00 

136 8.49E-04 6.40E-03 1.09E-03 -5.77E-04 -7.85E-03 5.11E-04 1.89E+00 

185 2.26E-01 4.41E-02 2.49E-01 -4.86E-01 -6.61E+00 -2.38E-01 5.11E-01 

178 2.77E-04 5.40E-03 9.03E-04 -4.57E-04 -6.21E-03 4.46E-04 1.98E+00 

218 3.24E-03 7.86E-02 1.33E-02 -6.96E-03 -9.47E-02 6.35E-03 1.91E+00 

 

DHF@Fe20

 

CGP@Fe20

 

Rutin@Fe20

 

Figure IV.4. Molecular graph of the optimized molecules-XC48 cluster 

From the results in Table IV.2. the calculated values of ρ(r) in BCPs are quite low, and 

2ρ(r) are positive. This indicates the occurrence of Hydrogen bonds (HBs) interaction in the 

case of the twelve BCPs bonds. On the other hand, the positive values of 
2ρBCP and HBCP 

indicates the weak molecular interaction (electrostatic, G/|V|>1) between the BCPs atoms (for 

DHF@Fe20: BCP 53; for CGP@Fe20: BCP 154 and for Rutin@Fe20:BCPs 126, 136, 178 and 

218). The EHB < 0 is characteristic of weak hydrogen bonding [8].  
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On the contrary, for DHF@Fe20: BCPs 145, 154, and 177; CGP@Fe20: BCPs 97 and 

191, and for Rutin@Fe20:BCP 185, Close inspection of the energetic AIM parameters reveals 

that the intermolecular hydrogen bonds in the gas phase have positive 
2ρBCP and a negative 

HBCP shows a partially covalent character of the investigated interactions (G/|V|<1). The values 

of ρBCP and 
2ρBCP of intermolecular HB interactions are well correlated with the hydrogen 

bond energies strength calculated by the Espinosa method [9]. It is known that high electron 

density corresponds to the strongest HB with a shorter H-bond distance, and low electron 

density corresponds to the weakest HB with a longer H-bond distance [10]. 

IV.1.2. Monte Carlo (MC) simulations of CMFE 

The inhibitors are adsorbed on the Fe(110) and 304L surfaces with an almost flat 

orientation, as it is shown. The inhibitor molecule (green colored) and metal surface interact 

with the donor-acceptor, which results in parallel adsorption of the inhibitor molecule. The 

inhibitor molecule has π-electrons, which provide many electrons to the unoccupied dorbitals of 

iron. On the other hand, the phenyl rings p-anti-bonding empty orbitals can accept an electron 

from the 4s or 3d orbitals of iron to produce feedback bonds. Many large-scale organic 

corrosion inhibitors, such as those described in refs [11-12], have this parallel arrangement on 

steel surfaces, where the p–d hybridization plays a prominent role. However, small inhibitory 

molecules can chemisorb perpendicular to the iron surface with unsaturated heteroatoms via s 

molecular orbitals [11]. The values for adsorption-desorption and deformation energy are listed 

in Table IV.3. 

Table IV.3. Adsorption energies (kcal mol-1) of the inhibition system 

Energy Fe20 304L 

Total Energy 1.28E+03 1.28E+03 

Adsorption Energy (Eads) -3.34E+03 -3.34E+03 

Rigid Adsorption Energy (Era) -58.001 -61.2936 

Deformation Energy (Edef) -3.28E+03 -3.28E+03 

d
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) CGP -304.681 -307.338 

DHF -271.169 -268.843 

Rutin -75.912 -105.767 

H2O -16.499 -16.499 

H3O
+ -24.909 -24.908 

SO4
2- -54.878 -54.880 
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The results show that the three inhibitor molecules adsorb well on the iron surface in an 

acidic aqueous solution (CGP has slightly stronger adsorption energy in gas (isolated)) and 

liquid state). Moreover, the strength of the adsorption is proportional to the solution's acidity. 

All adsorption energies were negative, indicating that the adsorption is exothermic and 

spontaneous.  

According to the principle of higher absolute values of the adsorption energy, the order 

of inhibitory efficiency of the studied complexes is the following: [CGP] > [DHF] > [Rutin] 

against corrosion of Fe20 and 304L steel in 100 H2O + 10 H2SO4 solution. 

The optimal adsorption arrangement of inhibitors on metal surfaces (XC48 and 304L) 

is shown in Figure IV.5.  

 

 

Figure IV.5. Extract's main components adsorption on (a) Fe20 clusters (b) 304L clusters 

Furthermore, the magnitude of Eads may be used to determine the adsorption system 

stability. Eads' greater absolute values are associated with more potent inhibitor-Fe(110) 

interactions and higher corrosion inhibition effectiveness. 

The adsorption mechanism of the inhibitors on the surface of the 304L-steel was 

elucidated using MD simulations. Table IV.4 shows that the adsorption of inhibitor molecules 

onto the surface of 304L material leads to a strong interaction. In addition, each inhibitor 

(a) 

(b) 
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molecule was found either parallel to or nearly flat on the metal surface. More research into the 

interaction and binding energies associated with inhibitor adsorption is likely required before 

we learn anything valuable about the 304L-inhibitor relationship. It's worth noting that the DHF 

inhibitor compound had the most negative interaction energy among all the chemicals studied. 

This study supports the hypothesis of a previous study that DHF may adsorb preferentially on 

the iron surface. 

Table IV.4. Molecular Dynamic simulation results for the inhibition systems with 304L 

 DHF CGP Rutin 

Etot 18944.43 18016.02 16288.30 

E304L 18841.42 17883.04 16087.79 

Einh 124.39 152.66 213.53 

Eint -21.38 -19.7 -13.02 

Optimized 

structure 

 
  

 

IV.2. Quantum molecular descriptors of PGPE (QMDs) 

IV.2.1. Theoretical study of PGPE with XC48 and 304L 

 The optimal structures of the examined systems are shown in Figure IV.6. Table IV.5 

contains the calculated orbital energies for the metal complexes (304L) and the Fe35 carbon 

steel cluster, as well as the various chemical descriptors, such as μ, η and χ. The energy gap 

value plays a crucial role in determining the adsorption of inhibitor molecules on metal surfaces, 

making it an essential factor to consider. Reactivity and inhibition efficiency worsen with 

increasing gap values [13-14]. The inhibitory activity improves as the energy is necessary to 

take an electron out of the hight occupied molecular orbital (HOMO) [15]. A "soft" molecule 

in chemistry possesses a small gap value, indicating strong chemical reactivity and poor kinetic 
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stability [16]. Organic compounds are regarded as efficient corrosion inhibitors if they offer 

electrons to the empty orbit of a metal and accept free electrons from a metal [17-18].  

Fe35 

 

Punicalgin 

 

Callagic acid 

 
304L 

 

Gallic acid 

 

Ellagic acid 

 
Punicallin 

 

Figure IV.6. Optimized structures of XC48 carbon steel, 304L stainless steel and the PGPE 

compounds 

 Table IV.5 indicates that 304L stainless steel has the lowest gap (at 0.009 eV). Thus, it 

is a minor reactive inhibitor. The Galic Acid had the highest gap at 3.229 eV. These results 

show that Galic acid is the most stable molecule in the system according to the minimum energy 

gap theory, and due to its low hardness and small gap according to gap energy, steels and 

compounds are arranged as follows: 304L, XC48, Punicalin, Punicalgin, Gallagic acid, Ellagic 

acid, and finally Galic Acid. 

To quantify the positive energy shift that occurs when a chemical system approaches 

saturation by adding electrons, the electrophilicity index (ω) is established by Parr et al. [19]. 
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Table IV.5. Global reactivity descriptors PGPE  

 HOMO(eV) LUMO(eV) GAP(ev) Χ η ω ΔNmax 

Punicalin - 5.139 - 3.216 1.923 4.177 0.962 9.074 4.345 

Ellagicacid - 5.432 - 2.771 2.661 4.102 1.331 6.322 3.083 

Gallagicacid - 5.324 - 2.826 2.497 4.075 1.249 6.649 3.263 

GalicAcid - 5.407 - 2.178 3.229 3.792 1.615 4.454 2.349 

Punicalgin - 5.248 - 2.888 2.360 4.068 1.180 7.014 3.448 

Fe35 - 4.565 - 4.549 0.015 4.557 0.008 1348.383 591.770 

304L - 4.601 - 4.592 0.009 4.596 0.005 2250.349 979.197 

Table IV.5 shows that electron flow will be from Punicalin, Punicalgin, Gallagic acid, 

Ellagic acid, and Galic Acid to iron and 304L (positive ΔN). The chemical potentials will still 

be unbalanced until this electron flow stops. The number of electrons given up by the inhibitor 

molecule to the metal atom was determined using Pearson's electronegativity scale [20].  

The computed electron transfer (ΔN) from inhibitor to 304L and XC 48 were estimated 

and presented in Table IV.5. The ΔN values can be inferred that electron donation plays a 

significant role in the efficiency with which inhibition occurs. EHOMO = - 5.139 eV and ELUMO 

= - 3.216 eV for Punicalin, respectively, show that it has the greatest and lowest inhibition 

efficiencies. Furthermore, it has demonstrated inhibitors can create a feedback connection by 

accepting electrons from the metal's d-orbital that are not occupied. Thus, the potential for 

building a feedback link should be determined by the magnitude of ELUMO. When the ELUMO 

energy is small, it is easier for electrons in the metal's d-orbital to be accepted, followed by 

Punicalin, with the lowest energy at - 3.216 eV.  

The overall hardness is proportional to obtain values for "ΔEBack-donation", thus the correct 

formula is "-η/4" with η>0 for all molecules, ΔEBack-donation < 0 [21]. Upon receiving a charge, a 

molecule may donate that charge to another atom, causing a net energy gain. Since all inhibitory 

chemicals will interact with the same metal, evaluating their stabilization against each other 

will be possible. Back-donation is preferred for Punicalin since its expected effectiveness as an 

inhibitor decreases with increasing hardness: [Punicalin] > [Punicalgin] > [Gallagic acid] > 

[Ellagic acid] > [Galic Acid]. 

 In the Ellagic acid, Gallagic acid, and Gallic Acid structures, the HOMO and LUMO 

were located through most of the molecule (Table IV.6).  



Chapter IV                                  Results and Discussion 

 

134 
 

Table IV.6. Frontier molecular orbitals of the molecules. 

 HOMO LUMO ESP 

Punicalin 

   

Ellagic 
acid 

   

Gallagic 
acid 

  
 

Gallic Acid 

   

Punicalgin 
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Figure IV.7. COSMO-RS study: surface polarity and potentials 

Figure IV.7 illustrates the distribution of charges in the binary interacting system. The 

green surface in the figure represents the non-polar regions of the complex. The red region 

corresponds to the hydrogen bond acceptor (HBA) region, while the blue region represents the 

hydrogen bond donor (HBD) region [4]. 

In Figure IV.7.a, it can be observed that the three inhibitor molecules are predominantly 

non-polar, indicated by the green-colored surfaces, with a charge density range of σ є [-0.01, 

0.01] au. As expected, the iron cluster Fe20 is completely non-polar. The adsorption is expected 

to occur in the non-polar region, as deduced from Figure IV.7.b. 

The relative probability distributions (σ-profiles) of the inhibitor, 304L, and the Fe 

cluster (Fe35), along with their corresponding σ-potentials, are depicted in Figure IV.7. The 

parameter P(σ) represents the number of molecular surface segments with a specific screening 

charge density σ [5-6]. 

The positive polarity surfaces are represented by σ>0, while the negative polarity 

surfaces are denoted by σ<0 [7-8]. The charge density σ ≈ 0 corresponds to the non-polar 

(hydrophobic) areas. Consequently, the profile curves can be divided into three sections: the 

hydrogen bond donor (HBD) zone (–0.025<σ<–0.010), the non-polar area (–0.010<σ<+0.010), 

and the hydrogen bond acceptor (HBA) region (+0.010<σ<+0.025). 

(a) 
(b) 
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Figure IV.8. Interaction energies of the PGPE system inhibitor-304L cluster 

Based on the findings presented in Figure IV.8, it can be observed that the Van der 

Waals interaction energy contributes significantly to the mixing of the inhibitor with both the 

Fe35 cluster and the 304L cluster. Specifically, the Van der Waals interaction energy is the 

primary contributor to the overall contact energy in these interactions. 

Interestingly, it was discovered that the contributions of hydrogen bonding (HB) and 

electrostatic (Hmisfit) enthalpies were found to be null for the second type of interaction energy, 

where no hydrogen bonding occurs. This means there is no significant involvement of hydrogen 

bonding or electrostatic interactions in this particular type of interaction. 

Although hydrogen bonding and electrostatic contributions were present for the first 

type of interaction energy, their magnitudes were negligible. In other words, while they 
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contribute to the overall interaction, their impact is relatively small compared to the dominant 

Van der Waals interaction energy. 

IV.2.2. Monte Carlo (M.C.) simulations of PGPE 

 A Monte Carlo simulation was conducted to investigate the physical adsorption of 

various complexes on an iron (110) surface, as shown in Table IV.7. this study focused on 

physical forces, specifically Van der Waals and electrostatic interactions. The stability of the 

adsorption system was assessed based on the adsorption energy (Eads), where a higher absolute 

value indicates stronger inhibitor-Fe (110) interactions and more efficient corrosion inhibition. 

The study results revealed that Punicalagin with 10 H2SO4 exhibited the best complex, 

displaying active interactions with the 304L surface. Following the principle of higher absolute 

values of the adsorption energy, the inhibitory efficiency of the studied complexes can be 

ranked as follows: [Punicalagin]>[Punicalin]>[Gallagic_acid]>[Ellagic_acid]>[Gallic_acid] 

against the corrosion of Fe35 and 304L steel in both 5 H2SO4 and 10 H2SO4 solutions. 

Table IV.7. Adsorption energies (kcal/mol) of the extract's main components on the Fe35 and 

304L at different acid concentrations 

Structures 
Energy 

Fe35 304L 

5 H2SO4 10 H2SO4 5 H2SO4 10 H2SO4 

Total Energy 1321.260 1861.000 1313.594 1870.435 

Adsorption energy -8285.024 -8814.623 -8292.691 -8805.189 

Rigid adsorption energy -53.437 -56.096 -61.478 -54.856 

DeformationEnergy -8231.587 -8758.527 -8231.213 -8750.332 

d
E

a
d
/d

N
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D

e
s
o
rp

ti
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n
 E

n
e
rg

y
) 

Punicalagin -1741.665 -1750.064 -1760.225 -1720.472 

Gallagic_acid -811.995 -823.237 -816.278 -824.337 

Gallic_acid -197.817 -197.054 -206.446 -196.487 

Ellagic_acid -360.739 -362.695 -365.848 -361.079 

Punicalin -1367.387 -1351.970 -1358.706 -1348.864 

H30+ -54.828 -54.829 -54.828 -54.825 

SO4
2- -25.409 -25.409 -25.409 -25.409 

H2O -16.499 -16.499 -16.499 -16.499 

 
 

The optimal adsorption arrangement of PGPE inhibitors on metal surfaces (XC48 and 

304L) is shown in Figure IV.9.  
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Figure IV.9. Extract's main components adsorption on the two iron clusters 

 IV.3. Conclusion 

In conclusion, the electrochemical study and analysis findings in this chapter demonstrate the 

corrosion inhibition properties of two plant extracts, namely PGPE and CMFE, on the metals 

XC48 and 304L stainless steel. The results indicate that these plant extracts effectively inhibit 

the corrosion process of both metals. 

Further investigations using infrared spectrum analysis and microscopic scanning have 

provided valuable insights. The presence of compounds from the two extracts on the metal 

surfaces has been confirmed through these analyses. Additionally, Monte Carlo simulations 

have supported and validated these experimental observations. 
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This chapter provides comprehensive evidence of the corrosion-inhibitory effects of PGPE and 

CMFE extracts on XC48 and 304L stainless steel. The extracts' compounds on the metal 

surfaces indicate their potential role in forming a protective layer and inhibiting corrosion. 

These findings contribute to the understanding and development natural extract-based corrosion 

inhibitors for various metal systems. 
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The present work was devoted to studying the corrosion inhibition of XC48 carbon steel 

and 304L stainless steel, in an aggressive environment of sulfuric acid at 1M, investigated by 

potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) methods. 

Scanning electron microscopy (SEM) with X-ray photoelectron spectroscopy (XPS) and X-ray 

diffraction (XRD) analysis were performed to analyze the metal surface. Fourier-transform 

infrared spectroscopy with attenuated total reflectance (FT-IR/ATR) was applied to investigate 

the adsorption behavior. Finally, the experimental results were confirmed using density 

functional theory (DFT) calculations. 

 This study examines the inhibitory property of some green products, such; as Cytisus 

multiflorus extract (CMFE) and Punica granatum extract (PGPE). The essential objective of 

this manuscript is to add to the literature other natural, biodegradable, non-toxic, less expensive, 

and available inhibitors with significant inhibitory efficacy. 

Cytisus Multiflorus is a species (Leguminosae-cytiseae), a broad and diverse genus 

found around the Mediterranean, particularly in North Africa and Europe. This genus of plants 

has bioactive, antiparasitic, and antioxidant properties with a high concentration of phenolic 

compounds. 

Pomegranate (Punica granatum) is one of the essential fruits grown in Turkey, Iran, the 

USA, the Middle East, and Mediterranean and Arabic countries. It is originated from southeast 

Asia. Extracts from various parts of the plant have exhibited antioxidant, antibacterial, and 

antifungal activities. The peeling part of pomegranate contains hydroxyl, carbonyl, and 

aromatic groups with a considerable amount of punicalagin, punicalin, granatin A, granatin B, 

maleic acid, ursolic acid, gallic acid, and antioxidant materials. These substances with 

influential constitutive chemical groups in their structure could show corrosion inhibition 

performance. 

The polarization curves obtained indicate that the addition of the tested inhibitors to the 

corrosive medium causes a decrease in the corrosion rate. They also show that the inhibitor 

molecules tested can be classified as mixed inhibitors. The evaluation of the inhibitory power 

revealed that CMFE and PGPE are the most effective inhibitor; their inhibitory efficiency 

reaches 75.6% and 97.60% at a concentration of 500 ppm in XC48 carbon steel and 304L 

stainless steel, respectively. 
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The electrochemical impedance spectra of the inhibitors studied show that the values of 

the charge transfer resistance and the film resistance formed at the metal/solution interface 

increase with increasing inhibitor concentration. This is assigned to the adsorption of these 

inhibitors to the metal surface. The values of inhibitory efficacy, estimated by electrochemical 

impedance spectroscopy and the potentiodynamic method, are in good agreement.  

Scanning electron microscopy (SEM) images of XC48 carbon steel and 304L stainless 

steel immersed in a sulfuric acid containing CMFE and PGPE show a less corroded surface, 

indicating that these molecules have adsorbed onto the metal surface and forming a barrier 

between these inhibitors and metal surface.  

The XRD spectrum of carbon steel immersed in 1M H2SO4 solution containing CMFE 

and PGPE (500 ppm), on the other hand, shows prominent peaks which are typical of the metal, 

and the absence of the peaks of the oxides are explained by the adsorption of our extracts 

(CMFE and PGPE) on the metal surface, leading to the creation of a protective layer on the 

surface of the steels. 

FT-IR and XPS results confirmed the development of a protective layer comprising 

CMFE and PGPE molecules with iron.  

DFT calculations give a better insight into the reactivity of the CMFE and PGPE  with 

respect to XC48 carbon steel and 304L stainless steel at a good correlation with the 

experimental results. 
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The use of Cytisus Multiflorus Flowers Extract (CMFE) as a carbon steel corrosion inhibitor in 1 M H2SO4

solution was investigated by potentiodynamic polarization and electrochemical impedance spectroscopy
(EIS) methods. Potentiodynamic polarization curves indicated that CMFE behaves as a mixed-type inhi-
bitor. Quantum chemical parameters were also calculated, which provided a reasonable theoretical
explanation for the adsorption and inhibition behavior of CMFE on the carbon steel. The presence of
CMFE leads to the formation of a protective film revealed by the Scanning Electron Microscope (SEM)
and attenuated total reflectance (FTIR-ATR). The process of corrosion inhibition of carbon steel by
CMFE in a 1 M H2SO4 was studied by X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) analysis. The Density Functional Theory (DFT) and molecular dynamics (MD) studies are conducted
to explore the connection between quantum calculations and experimental findings.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Steel and alloys are the most widely used metals in various
fields in the daily life of people in the world. Due to its physical
and mechanical excellent properties [1,2], it is used in different
industrial sectors such as the automobile industry and machinery
in the military and aerospace industries due to its low cost [3,4].
However, mild steel corrodes upon contact with acids, such as its
use in an acidic environment used in pickling and descaling pro-
cesses and chemical industries, such as sulfuric acid, hydrochloric
acid, and other acids [5,6].

Nowadays, one of the essential topics in industrial and aca-
demic studies is the corrosion phenomenon of mild steel in acidic
media [7]. Corrosion inhibitors can be classified into three classes
cathodic, anodic or mixed type [8]. During the past last decades,
various types of anti-corrosion methods used plasma electrolytic

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.118397&domain=pdf
https://doi.org/10.1016/j.molliq.2021.118397
mailto:yacinebenguerba@univ-setif.dz
https://doi.org/10.1016/j.molliq.2021.118397
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq
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oxidation [9,10], physical vapor and chemical vapor deposition
[11,12], electrodeposition [13,14], applying polymeric and organic
coatings [15,16] and using corrosion inhibitors [17], are among the
most widely used methods of protecting metals from corrosion in
acidic environments. Due to its low cost, non-toxic nature, and the
presence of different heterocyclic atoms, double conjugate bonds,
polar groups, and aromatic rings, plant extracts are highly effective
environmental inhibitors in various industries [11]. The corrosion
inhibition property of organic compounds having highly electron-
dense hetero-atoms such as N, S, and O is well established. To date,
a large number of plant extracts have been reported. Various plant
parts, such as seeds, leaves, flowers, and fruits, have been used as
anti-corrosion factors [4].

Apricot juice [18] Calendula officinalis flower heads [19] Darda-
gan Fruit [20] Garlic [11], inox. Glycine max meal [21] Hymenaea
stigonocarpa fruit shell [22].

Cytisus Multiflorus is a species (Leguminosae-cytiseae), a broad
and diverse genus found around the Mediterranean, particularly in
North Africa and Europe. This genus of plants has bioactive, anti-
parasitic and antioxidant properties with a high concentration of
phenolic compound [23].

However, this study aims to investigate the inhibitory effect of
CMFE(CMFE) regarding the corrosion of hard steels in sulfuric acid
H2SO4. Therefore, the inhibition efficiency was determined by
adapting weight loss measurement, open circuit polarization,
potentiodynamic polarization (PDP) experiments, and electro-
chemical impedance spectroscopy (EIS). Scanning electron micro-
scopy (SEM) with X-ray photoelectron spectroscopy (XPS) and X-
ray diffraction (XRD) analysis was were performed to analyze the
metal surface. Fourier-transform infrared spectroscopy with atten-
uated total reflectance (FT-IR/ATR) were applied to investigate the
adsorption behavior. Thus, Adsorption isotherms were also plotted.
In addition, the activation parameters of the corrosion process
were acquired using Arrhenius and transition-state plots. The the-
oretical findings of quantum chemistry calculations and MD simu-
lations were compared with experimental data as part of our study
to better understand corrosion mechanisms (see Table 1 and
Table 2).
2. Materials and methods

2.1. Inhibitor extract

The Cytisus multiflorus flowers (CMF) were collected in March
2019 from the region of Collo in the Northeastern Algeria. The
Table 1
Major chemical structures of CMF components [23].

CGP DHF

name chrysin-7-O-b-D-glucopyranoside (Molecular
Formula: C21H18O10 Molecular Weight 430,4 g/mol)

(7) Dihydroxyflav
Formula: C15H10O

Compound

Table 2
Chemical composition of XC48 carbon steel.

Element C SI Mn P

% wt 0.440 0.187 0.610 0.009

2

flowers of C. multiflorus (5 g) were grounded and defatted with
150 ml of n-hexane, for three times. The residue was extracted
with 150 ml of an 80% ethanol solution (v/v) at room temperature
for 1 h then the resulting mixture was filtered. The residue was
removed in the same conditions three more times, and the filtrated
solutions were combined, concentrated, and freeze-dried. For sub-
sequent use, the dried extract (ethanolic extract) of C. multiflorus
was stored in a vacuum at a desiccator in the dark. This procedure
was performed in triplicate [24].
2.2. Metal sample

In the experiments regarding the corrosion process, XC48 Steel
was used to prepare specimens and the working electrode. They
helped in applying gravimetric and electrochemical studies, before
each experiment, the samples were mechanically polished (using
emery paper with a mesh/in grade from 400 to 2400), cleaned with
double distilled water, and with acetone and finally dried in hot air
before being immersed in the corrosive electrolyte. For the electro-
chemical studies the samples cut and embedded in an inert resin
with a 0.5 cm2 exposed surface section.
2.3. Working solutions

A solution of 1 M H2SO4 was prepared from analytical grade
H2SO4 (purty 98%) and distilled water both in the presence and
absence of the inhibitor to be the aggressive electrolyte solution.
A variety of 50 ppm to 500 ppm was considered the working con-
centration of inhibitors in 1 M of H2SO4. Double distilled water was
employed in the preparation of several concentration test
solutions.
2.4. Electromechanical measurements

The electrochemical experiments were carried out by using a
traditional 3-electrode (carbon steel as a working electrode WE,
the platinum counter-electrode CE, and a saturated Ag/AgCl as
the reference electrode RE).EIS measurements were carried out
on a potentiostat–galvanostat (SP 300) coupled with a computer
equipped with EC-Lab software. Before the measurement, the WE
was immersed for one hour in the corrosive solution (1 M
H2SO4). A great aid in achieving the curves of potentiodynamic
polarization was the automatic change in the potential from
�200 to +200 mV with a scan rate of 0.5 mV.s�1. Following equa-
Rutin

one isomer of chrysin (Molecular
4 Molecular Weight: 254.2 g/mol)

(4.5) Rutin (Molecular Formula:
C27H30O16 Molecular Weight:
610.5 g/mol)
(Rutin)

Cr Mo Ni Fe

0 0.040 0.001 0.011 98.703



A. Kahlouche, H. Ferkous, A. Delimi et al. Journal of Molecular Liquids 347 (2022) 118397
tion (1), corrosion inhibition efficiency was calculated, the Tafel
exploration approach was used [25]:

Eicorr %ð Þ ¼
i0corr � icorr

� �
i0corr

� 100 ð1Þ

Where i0corr is the uninhibited solution current density and icorr the
inhibited solution current density.

The Stern-Geary correlation was employed as shown by equa-
tion to indicate the polarization resistance Rp (X cm2):

Rp ¼ babc

2:30icorrðba þ bcÞ
ð2Þ

Where ba and bc respectively are the anodic and cathodic Tafel
slopes respectively.

The Values of polarization resistance were employed according
to equation in order to determine CMFE inhibition efficiency:

ERp %ð Þ ¼
Rp � R0

p

� �
Rp

� 100 ð3Þ

Where R0p and Rp represent the values for system’s polarization
resistance before and after inhibitor addition.

The EIS measurements were carried out at an open circuit
potential with a frequency window of 50 to 10 mHz and an ampli-
tude of 10 mV. The data obtained was used to determine inhibition
efficiency (EEIS) by employing the following formula [26]:

EEIS %ð Þ ¼
Rct � R0

ct

� �
Rct

� 100 ð4Þ

Surface coverage degree was also determined by:

h ¼ ðRct � R0
ctÞ

Rct
ð5Þ

While R0
ct and Rct indicate the charge transfer resistance before

and after inhibitor (CMFF) addition.

2.5. Surface characterization

The cylindrical carbon steel samples of (Diameter: D = 15 mm
and Thickness H = 2 mm) are prepared and used in the following
surface analyzes:

2.5.1. SEM analysis
SEM could be used to monitor the change in corrosion process

on the carbon steel surface in both cases of inhibitor existence
and its non-existence. The samples were immersed in the corrosive
solution (H2SO4, 100 ml, 1 M in both existence and absence of the
CMFE inhibitor (500 ppm) for 24 h at room temperature. After that,
the samples were extracted and cleaned with double distilled
water and dried soon after. The SEM analysis was performed using
FEI Quanta 250 model instrument while applying an acceleration
voltage of 20 kVolts.

2.5.2. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy analysis was adopted

to detect the presence of the specific functional groups of the
CMF Extract inhibitor. Attenuated Total Reflectance Fourier-
transform infrared spectroscopy (ATR-FTIR) measurements were
performed with a FT/IR 4200 Jasco operated in the wavelength
range 4000–400 cm�1.

2.5.3. X-Ray diffraction (XRD)
Our theoretical study has characterized the XC48 carbon steel

surface before immersion in aggressive solutions in presence and
3

absence of the inhibitor by X-ray diffraction using Bruker D8
Advance A25 instrument.

2.5.4. XPS analysis
The corrosion inhibition obtained results were verified by X-

rays photoelectron (XPS) analysis on the pure CMFE and the steel
surface. The latter was treated with 500 ppm CMFE at 298 K after
24 h of immersion in 1 M H2SO4 to determine the inhibited inter-
face’s chemical composition. The sample was collected and washed
shortly with double distilled water. XPS measurements on Kratos
Axis Ultra have been carried out with AlKa (1486.6 eV) radiation
for surface study. At 20 eV pass energy with a resolution of
0.9 eV, the high-resolution spectra were acquired. The C 1s line
of 284.4 eV was used to correct the energy charge shift’s binding
energies.

2.6. Theoretical study

2.6.1. Quantum chemical calculations
The DFT-B3LYB method was employed to optimize the CMFE

compound and carry out the Quantum chemical calculations; with
the basis set TZVP while using the Turbomole program package
[27]. On the other hand, Materials Studio (MS) for further DFT com-
putations at the level of generalized gradient approximation (GGA-
BP) and the basis for double numeric polarization (DNP) are to be
carried out [28]. Calculations were conducted in a liquid phase as a
conductor-like screening model for real-solutions (COSMO-RS)
[27,28]. Fukui functions, combined with dual description calcula-
tion, were calculated using the Dmol3 module to investigate nucle-
ophilicity and electrophilicity [28].

Equations of hardness g and electronegativity v (chemical
potential l) have been given based on the ground state energies
of ionization (I) and the electron affinity (A) values for CMFE [28].

v ¼ �l ¼ I þ A
2

ð6Þ

g ¼ I � A
2

ð7Þ

I ¼ �EHOMO ð8Þ

A ¼ �ELUMO ð9Þ
Softness (r), known as the multiplicative inverse of the hard-

ness, is commonly recognized as a parameter closely related to
the polarizability.

r ¼ 1=g ð10Þ
The chemical proton affinity (PA) is proportional to the chemi-

cal potential value, which means calculating the chemical potential
is considered a test for proton affinity. The electrophilicity index
(x) of ions, atoms, and molecules is calculated from the elec-
tronegativity and hardness values [28].

x ¼ v2

2g
ð11Þ

The fraction of electrons transferred (DN) is calculated in corro-
sion studies by the next formula [28].

DN ¼ ½vFe � vinh�=½2ðgFe þ ginhÞ� ð12Þ
The atom in molecule (AIM) characteristics were calculated

using ADF software [63]. The def-TZVP basis set was used for
molecular structure optimization in the DFT-B3LYP [63]. Materials
Studio 2017 was utilized with molecular mechanics and Monte
Carlo simulations to better understand the interactions between
the inhibitors and steel surfaces.
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2.6.2. MD simulations
The Material Studio’ Forcite module was used to carry out MD

[32]. The iron structure was imported from the software database.
It was then cleaved along (110) plane, and a slab of 15 Å length
was obtained. The MD model consists of two layers: a top layer
for the solvent; and a frozen bottom layer of Fe(110). The solvent
layer was constructed using one inhibitor molecule, chloride (10)
ions with their counter ions, hydronium (10), and water molecules
(100). Both layers were placed in a simulation box (15.20 � 18.1
69 � 43.43 Å3). The system was first optimized using the SMART
minimizer algorithm until the energies and temperature reached
a steady-state under periodic boundary conditions and the COM-
PASS force field. Electrostatic interactions were calculated using
the Ewald summation technique with an Ewald precision of
1.0 � 10-4 kcal mol�1 and a buffer width of 0.5 Å. The atom-
based summation approach was used to calculate the Van der
Waals interactions, a cut-off of 15.5 Å and the buffer width of
0.5 Å. The simulation model was submitted to MD after the opti-
mization step, performed using the Andersen thermostat method
under the canonical NTV set (constant N, T, and V) at T = 298 K
[32]. The simulation was performed with a time step of 1 fs and
a full time of 2 ns. On MD’s trajectory after simulation, the radial
distribution function, also known as the pair correlation function,
was determined to study the interaction between the inhibitory
molecule and iron surface.
3. Results and discussion

3.1. Electrochemical measurements:

3.1.1. Open circuit potential (OCP) measurements
The variation of potential versus elapsed time during 30 min for

the uninhibited and the inhibited (CMFE) solution is presented in
Fig. 1. It can be observed that the mild steel samples could achieve
a quasi-stable open circuit potential under 30 min. Therefore,
30 min OCP measurement was assumed prior to performing all
electrochemical.

In the case of uninhibited solution, a decrease in potential EOCP
is observed after about 5 min immersion into H2SO4 this might be
attributed to the dissolution of iron [29]. The behavior was differ-
ent for the inhibited solution. The EOCP was shifted to more positive
Fig. 1. Open circuit potential (OCP) of the XC 48
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potential values and no obvious fluctuation of EOCP was observed in
the measurement time frame, indicating that these interfaces seem
to have an increased corrosion resistance.

All the phenomena happened in the presence of inhibitor are
due to opposite processes existed at the metal/solution interface
[30]. It is also noticed that, in most circumstances, the value of
OCP in the presence of CMFE towards more positive potential (-
450 mV for 500 ppm of (CMFE) in comparison with blank solution
(-540 mV), which can be explained as the effective adsorption of
inhibitor molecules on the metal surface [31].
3.1.2. Polarization measurements
The anodic and cathodic reactions kinetics can be analyzed

using potentiodynamic polarization measurements. The PDP
curves of XC48 steel without and with different concentrations of
CMFE inhibitor are represented in Fig. 2. The kinetics parameters
of the electrochemical reactions after the extrapolation of the Tafel
curves are presented in Table 3. The obtained result from Table 3
reveals that the values of corrosion current density decreases and
inhibition efficiency increases respectively as the CMFE concerta-
tions increases. At a concentration of 500 ppm, the corrosion cur-
rent density and inhibition efficiency are 8.518 mA/cm2 and
96.339% respectively. The shifts in the Ecorr values in presence of
CMFE is more negative with respect to blank. However, at lower
concertation (50 ppm), this shift is towards slight positive side as
compared to the blank. In the corrosion potential between 3 and
18 mV in comparison to the blank solution. These values are less
than the value of Ecorr shift of ± 85 mV generally taken as a bench-
mark for an inhibitor to be classified as anodic or cathodic, [31]
hence (CMFE) officinalis extact could be considered to function
as a mixed-type inhibitor. The corrosion potential Ecorr of XC48
steel was found to be around �493,90 m V vs. Saturated Calomel
Electrode (SCE) with a corrosion current density 232,686 mA/cm2.
Hydrogen evolution dominates at more negative potential than
Ecorr, resulting in an increase in the cathodic currents [32]. A shift
in potential, as compared to different concentrations is observed
for of inhibitor in 500 ppm of CMFE with Ecorr � 490,638 m V vs.
SCE. The presence of the film decreased additionally significantly
both the anodic and cathodic current densities due to a restricted
supply of oxygen and water, limiting their reduction. Conse-
quently, the corrosion currents are reduced by two orders of mag-
steel at different concentrations of CMFE.



Fig. 2. Polarization curves of XC48 steel in 1 M H2SO4 solutions with various concentration of CMFE.

Table 3
Polarization parameters for XC48 steel corrosion in 1 M H2SO4 in the absence and presence of CMFE;

Concentration(ppm) Ecorr (mV) Icorr (mA/cm
2) ba (mV) bc (mV) CR (mmpy) Rp (Ohm) ɵ IE Rp %

Blanc �493.90 232.686 74 84.4 5.5149 59.3 0.9998 –
50 �490.98 105.82 77.7 114.4 2.50804 166 0.9984 64.27
200 �493.73 59.807 79.1 109.5 1.41849 317 0.9999 81.29
300 �487.71 18.826 82.3 93 0.446196 970 0.9997 93.88
400 �481.21 14.878 78.6 97.7 0.352624 1 230 0.9998 95.17
500 �490.63 8.518 68.7 78.5 0.201885 1 453 0.9997 95.91
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nitude compared to different concentrations of inhibitor and
results in icorr 10,8691 mA/cm2. The protection efficiency (PE) of
the coating was determined from the polarization curve.
Fig. 3. Nyquist plot of XC48 steel immersed in 1 M H2SO4 solution without (Blank)
and with different concentrations of CMFE.
3.1.3. Electrochemical impedance spectroscopy (EIS)
Fig. 3 illustrate the results obtained for EIS steel XC48 in 1 M

H2SO4 solutions interfaces, with various CMFE amounts. The EIS
experiments were conducted in order to evaluat the impedance
of XC48 steel corrosion in 1 M H2SO4 solution without and with
various concentrations of the inhibitors. The recorded spectra were
exemplified in Fig. 3 by Nyquist plot. The obtained result exhibits
two distinguishable capacitive loops at f = 100.000 Hz � 0.1 Hz
(i.e high frequency region) and f = 0.1 Hz to 0.01 Hz (i.e low fre-
quency region). Their diameter increases with increasing inhibitor
concentration. The first loop greater in size is flattened in shape
and can be attributed to the charge transfer process. The second
loop located at lower frequency is smaller and its shape indicating
the presence of a diffusion process [33]. The observed diffusion
process may have arisen due to the migration of the oxidant (i.e.,
the sulphate ions) from the bulk solution through the CMFE layer
to the metal surface or the diffusion of adsorbed inhibitor/corro-
sion products from the metal surface toward the bulk solution [33].
5

To evaluate the anticorrosion behavior of the used inhibitor
obtained by impedance measurements the equivalents circuits of
Fig. 4 representing the studied electrochemical interface were used
to reproduce the experimental results [34,35]. This fitting proce-
dure was applied between 100 kHz and 0.1 Hz to extrapolate fara-
dic parameters. The agreement between the experimental and



Fig. 4. Equivalent electric circuit (a) without inhibitor (Blank). (b) Solution
containing diverse quantities of CMFE.
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calculated points is based on the v2 function defined elsewhere
[35].

With nf the number of the frequency. The fitting quality q is
determined by:

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
v2

2 � nf

s
ð13Þ

When q close to 1. the fitting quality is considered satisfactory
(Table 4).

In first approach. The circuit of Fig. 4.a was used to reproduce
the capacitive behavior of the recorded impedance. In this equiva-
lent circuit Rs is the non-compensated solution resistance. Rct is the
charge transfer resistance and (Qdl. ndl) is the constant phase ele-
ment. CPE used in place of double layer capacitance to account
for the non-ideal behavior of the working electrode [34]. The
agreement between experimental (Zexp) and the fitted impedance
(Zfit) was assessed by determining the error on imaginary part
according to the following equation [35,36]:

eZðimÞ ¼ 100
ZexpðimÞ � ZfitðimÞ

ZexpðimÞ ð14Þ

The corresponding results were reproduced in Fig. 5. Using the
equivalent circuit of Fig. 4.a, a good agreement was obtained with
the blank system (red curve). However for 400 ppm inhibited sys-
tem. the same circuit (Fig. 4.a) leads to an important and marked
divergences on the imaginary part of the impedance mainly above
1000 Hz (blue curve). As a result another contribution must be
considered to correctly reproduce the experimental impedance
data. For inhibited system the equivalent circuit of Fig. 4.b was
therefore adopted. The corresponding error was also added to the
Fig. 5 (green curve). It was clearly seen that the proposed equiva-
lent circuit (Fig. 4.b) no longer induces a systematic error. In this
circuit the additional contribution consist of the CPEad (Qad. nad)
and the resistance Rad refereed to the adsorbed molecules of the
used inhibitor on the XC48 steel surface [37].

Table 4 lists the EIS parameters obtained from the fitting proce-
dure using the equivalent circuit of Fig. 4. The computed parame-
ters show a rise in the IEZ (%) which indicates the presence of the
CMFE adsorbed on the surface of XC48 steel working electrode
[38]. The introduction of the inhibitors into 1 M H2SO4 solution
leads to an increase of both Rs and Rct values compared to the
Table 4
EIS parameters for XC48 steel corrosion in 1 M H2SO4 without and with different concent

Rs (cm2) Rct (cm2) ndl Qdl (mF.snd-1.cm�

Blank 5.14 53.22 0.93 90.4
50 ppm 8.36 284.07 0.71 51.8
200 ppm 8.02 474.30 0.75 54.0
300 ppm 8.76 829.20 0.72 25.2
400 ppm 7.92 899.56 0.73 26.4
500 ppm 8.02 1100.3 0.74 22.7
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blank. Rs is nearly constant for inhibited acid solution with value
varying between 7.92 and 9.22 .cm2 confirming a sufficient con-
ductivity of all tested solutions [37,39]. In contrast, Qdl and Qad

decrease when the CMFE is progressively added to the 1 M
H2SO4 solution. The decrease of the double layer capacitance is
due to the adsorption of the inhibitors molecules of lower dielec-
tric constant on the metallic surface and replacement of water
molecules [40,41]. The decrease of Qad, which indicates that the
corrosion reaction is slowed by the adsorbed species. Confirm the
formation of a more protective and a thicker layer slowing the cor-
rosion process [42].

3.2. Scanning electron microscope (SEM)

The surface morphology of XC48 carbon steel is represented in
Fig. 6.a, 6.b and 6.c before and after immersing in 1 M H2SO4 acidic
solution in presence and absence of inhibitor. An aggressive attack
is noted (Fig. 6.b) in carbon steel surface’s micrographs after
immersion in the absence of inhibitor (Solution of 1 M H2SO4 for
24 h). The cracks and pits on the metal surface indicate that the
solution’s corrosive attack considerably damaged it. Meanwhile,
adding 500 ppm of the inhibitor to the system (Fig. 6.c) shows a
smooth and more compact surface, with very few notable cracks
and pits; showing that the metal was indeed protected from the
corrosive attack. The difference could easily be interpreted as the
working electrode’s steel surface was protected by the adsorbed
CMFE molecules [32]. This demonstrates that an efficient protec-
tive layer of the tested inhibitor was adsorbed on the metal surface,
and played a useful role in protecting the surface steel against
corrosion.

3.3. Fourier transform infrared spectroscopy

FTIR analyses were achieved on the pure extract (CMFE) and the
surface protective film developed on the XC 48 steel after immer-
sion in 1 M H2SO4 acid solution at the optimum concentration.
However, the FTIR was used to predict the functional group present
in CMFE extract (Fig. 7.a) and then compared with spectra of sur-
face protective film (Fig. 7.b). As shown in (Fig. 7.a) an intensive
band 3335 cm�1 appeared. Which can be attributed to symmetrical
and and asymmetrical stretching modes of O–H [43]. The two
peaks at 2925 cm�1 and 2849 cm�1 are assigned to C—H stretching
mode (élongation) [44]. The peak 1715 cm�1 corresponds to C—H
elongation of the benzoic ring group. Stretching mode of C@O
groups (benzoic ring) is indicated at peaks (1600 cm�1,
1650 cm�1, 1569 cm�1, 1504 cm�1 and 1455 cm�1) [45]. The
absorption 1266 cm�1 corresponds to C—C bending vibration and
the bands observed at 1060 cm�1 is linked to C—O stretching.The
presence of C—O—c bonds is testified by the stretching vibration
at 1115 cm�1. The FTIR spectrum of the layer formed on the metal
surface shown in (Fig 0.7.b) Indicates that the absorption peak of
OH was shifted from 3350 cm�1 to about 3240 cm�1 [46]. Two
peaks shifted to 2850 cm-1corresponding to C—H of benzoic ring.
The peak of 1715 cm�1 is also moved to about 1725 cm�1, so it
has been observed that approximately all peaks were shifted.
rations of CMFE.

2) Rad (cm2) nad Qad (mF.snf-1. cm�2) IEZ (%)

– – – –
94.28 0.94 11.0 81.26
53.47 0.92 11.5 88.78
49.55 0.98 6.03 93.58
43.27 0.99 5.78 94.08
32.57 0.98 5.13 95.16



Fig. 5. Variation of the error on imaginary part as a function of frequency.
Measurements recorded on blank, 400 ppm and 500 ppm inhibited systems.
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These observations suggested that molecules of (CMFE) extract
were adsorbed on the surface of the steel.

3.4. X-ray diffraction

X-ray diffraction was used to detect the film product on the sur-
face of XC48 steel. XRD analysis indicates the presence of a peak at
2h of 45.2� related to metallic iron (Fig. 8.a). The X-ray spectra of
the corrosion product formed on the steel surface immersed in
1 M H2SO4 solution is shown in Fig. 8.b. The peaks at 16.3, 18.3,
Fig. 6. SEM images of the XC48 surface a) Before immersion. b) After immersion in acidic
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23.5, 27.3 and 36.11 suggested the presence of Fe3O4 iron oxide,
FeOOH and a very small amount of brown film. Which due to
Fe2O3 observed visually and consequently leads to corrosion
[47,48]. Fig. 8.c shows the X-ray diffraction patterns of XC48 steel
immersed in the solution containing 500 ppm of CMF. Compared to
the spectrum of the steel surface immersed in 1 M H2SO4 solution
without inhibitor which showed three phases of iron oxides (Fe2O3,
Fe3O4 and FeOOH), this sample represented only a very weak Fe2O3

peak, which corresponds to the very sligh oxidation of the XC48
steel in the presence of inhibitor. These observations clearly reflect
the adsorption of a protective film over the surface of XC48 steel in
the presence of each plant extracts [49–51].
3.5. XPS analysis

The XPS survey scan of pure CMFE and steel surface was treated
by 500 ppm of CMFE at 298 K after 24 h of immersion in 1 M H2SO4

are shown in Fig. 9. The XPS spectra were obtained from pure CMFE
(C 1s. and O1s) and the CMFE-treated steel surface (C 1s. O 1s. S 2p
and Fe 2p). The results from Table 5 demonstrate a decrease in car-
bon content in pure CMFE at 73.29% to 44.18% in the metal surface
treated by CMFE. These indicate the adsorption of CMFE on the
steel surface. A deconvolution fitting procedure is used to repre-
sent complex forms for the related species in all XPS spectras are
presented in Fig. 10.

The C1s core level spectra show four deconvoluted peaks. The
first one. assigned to the presence of–C@C/–C–C in aromatic rings
[52], is located at 284.49 eV for pure CMFE (Fig. 10.a) and
solution without CMFE. c) After immersion in acidic solution with CMFE (500 ppm).



Fig. 7. FTIR spectra: (a) CMF extract and (b) surface of XC48 steel after immersion in 1 M H2SO4 solution containing 500 ppm of CMF extract.

Fig. 8. XRD pattern of XC48 steel; (a) before experiment. (b) After 24 h of immersion in 1 M H2SO4 solution. and (c) after 24 h of immersion in 1 M H2SO4 solution containing
500 ppm of the CMFE.
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284.58 eV for CMFE-treated carbon steel (Fig. 10.b). The second
peak located at 286.03 eV for pure CMFE (Fig. 10.a) and
285.98 eV for both CMFE-treated carbon steel (Fig. 10.b). Can be
attributed to the carbon atom bonded to hydrogen in C–H bonds
[53] bonds and to sulfur in C-S bonds [54]. The third contribution
appears at 287.42 eV and 287.08 eV for pure CMFE (Fig. 10.a)
8

and CMFE-treated carbon steel (Fig. 10.b), respectively. These
peaks correspond to the C–O with different intensities [38]. The
peaks at 288.55 eV and 288.38 eV characterise the presence of
C@0 bond [55].

The deconvoluted O 1s spectrum for pure CMFE (Fig. 10.c)
shows two main components located at 531.15 and 533.33 eV.



Fig. 9. XPS survey spectrum of pure CMFE and CMFE treated-carbon steel in 1 M
H2SO4.

Table 5
The variation of elemental composition of pure CMFE and CMFE-treated steel surface
after 24 h of immersion in 1 M H2SO4.

Elemental composition (wt%) C 1S 0 1S Fe 2p S 2p

Cryt 73.29 26.71 – –
XC48- Cryt 44.18 40.53 13.14 2.15

Fig. 10. The XPS deconvoluted profiles of pure CMFE (a) C 1s. (c) O 1s and for CMFE/Ca
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Which proves the presence of -C@O and –C–OH bonds. respectively
[56]. The O 1s spectrum for CMFE-treated carbon steel could be fit-
ted into four prominent peaks (Fig. 10.d). The first peak at
529.71 eV is attributed to oxygen in the Fe2O3 and/or Fe3O4 oxides
bonded to Fe3+ [57]. The second peak located at 530.60 eV is attri-
butable to Fe-OH and Fe-O in the iron hydroxides and oxides [53].
The third peak at 531.31 eV is attributed to OH of FeOOH [57]. The
lalest peak can be due to the oxygen of the adsorbed water at
532.79 eV [58].

The S 2p high-resolution XPS spectra for XC48 steel after
immersion in inhibited solution (Fig. 10.e) show one signal which
corresponds to the doublet 2p3/2 and 2p1/2 in the 168.24–169.43 eV
range characteristic of SO2�

4 ion [56].
rbone steel (b) C 1s. (d) for O 1s. (e) S 2p and (f) Fe 2p1s. (e) S 2p and (f) Fe 2p.



Table 6
Global reactivity descriptors.

Isomer EHOMO (eV) ELUMO (eV) Gap (eV) v g x DN

Fe20 �4.139 �4.072 0.067 4.106 0.033 252.824 0.000
DHF �6.938 �3.277 3.661 5.107 1.830 7.125 �0.139
CGP �6.927 �3.380 3.547 5.154 1.774 7.489 �0.149
Rutin �6.684 �3.194 3.490 4.939 1.745 6.991 �0.239
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The spectrum related to Fe 2p for CMFE-covered carbon steel
surfaces shows two doublets (Fig. 10.f). 710.58 eV (Fe 2p3/2) and
724.23 eV (Fe 2p1/2) related to high-energy ghost structures indi-
cating subsequent steel surface oxidation. Three peaks constitute
the deconvolution of the high-resolution Fe 2p3/2 XPS spectrum.
The two prominent peaks at 710.41 eV and 712.76 eV are attribu-
ted to ferric compounds such as Fe2O3/Fe3O4/FeSO4/FeOOH [58].
Table 7
Frontiers molecular orbitals.

Isomer HOMO LUMO

Fe20

DHF

CGP

Rutin

Fig. 11. COSMO-RS study: surfac
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The last peak at BE = 715.30 eV may be attributed to the Fe (III)
satellite feature [59].
3.6. Quantum chemical study

The frontier molecular orbitals which can be used to study the
chemical reactivity and kinetic stability, are the essential molecu-
lar orbitals in a molecule. The frontier molecular orbitals are the
highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO). Electronic absorption or the
transition from the ground to the first excited state is primarily
explained by one-electron excitation from HOMO to LUMO. The
system’s kinetic stability increases as the HOMO-LUMO distance
widens. As a result, it takes more energy to pass electrons from
the ground state HOMO to the excited state LUMO. For each com-
pound. Table 6 lists the measured orbital energies. with the
HOMO-LUMO gap (Egap), as well as other chemical descriptors
i.e., chemical potential (l), global hardness (g) and electrophilicity
index (x)) for CMFE and Fe cluster pure components.

Table 6 shows that Fe20 has the highest HOMO energy and Rutin
the highest LUMO energy, which means that iron cluster is the
more electron donator and Rutin is the more electron acceptor.
Consequently, Rutin shows the highest inhibiting activity.

The highest HOMO-LUMO gap and hardness were calculated for
the iron surface and the three selected molecules. Fe cluster was
found to be the most reactive because of its lowest gap and hard-
ness followed by Rutin with 0.067 and 3.49 eV, respectively. This
results also show that CGP and DHF are more stable than Rutin..
Parr et al. [60,61] developed the global electrophilicity index (x)
based on thermodynamic properties and calculates the beneficial
shift in energy when a chemical system reaches saturation by add-
ing electrons. The energy loss is caused by the flow of electrons
from the donor (HOMO) to the acceptor (LUMO) in molecules.
es, polarities, and potentials.
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It is noted that if DN > 0 an inhibitor molecule transfers its e- to
a metal and vice versa if DN < 0 [32]. From Table 6, all the calcu-
lated values of the DN of the three molecules are less than zero.
This confirms the molecules electron-accepting character already
demonstrated. Rutin with the lowest DN is found to be the more
electron acceptor from iron surface (electrons donator).

According to the simple charge transfer model for donation and
back-donation of charges proposed recently by Gomez et al., [62]
an electronic back-donation process might be occurring governing
the interaction between the inhibitor molecule and the metal sur-
face. The concept establishes that if both processes occur, namely
charge transfer to the molecule and back-donation from the mole-
cule, the energy change is directly proportional to the hardness of
the molecule, as indicated in the following expression. DEBack-
donation = �g/4.

The DEBack-donation implies that when g > 0 and DEBack-
donation < 0 the charge transfer to a molecule, followed by a back-
donation from the molecule, is energetically favored. In this con-
text, hence, it is possible to compare the stabilization among
Fig. 12. Interaction energies of the

Fig. 13. Molecular graph of the opt
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inhibiting molecules, since there will be an interaction with the
same metal, then, it is expected that it will decrease as the hard-
ness increases. Consequently, the back-donation is so pronounced
for the Rutin molecule.

The HOMO was found to be located on the conjugated p-bonds
of the phenylchromane in the the three molecules DHF, CGP, and
Rutin (See Table 7). The LUMO was concentrated on the
phenylchromane simple bonds of the three molecules. Table 7 also
gives the HOMO and LUMO of the Fe cluster.

Fig. 11 shows the charge distribution of the binary interacting
system. It is noted that the green surface is for the non-polar
regions of the complex. The red one is for the hydrogen bond
acceptor (HBA) region and finally. The blue region is for the hydro-
gen bond donor (HBD) region [63].

The relative probability distributions (r-profiles) of the inhibi-
tor and the Fe cluster (Fe20) and their related r-potentials are
depicted in Fig. 11. PðrÞ denotes the number of molecular surface
segments having a specific screening charge density r [64,65].
r > 0 represent the surfaces of negative polarity. whereas r < 0
system inhibitor-Fe20 cluster.

imized molecules-Fe20 cluster.
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is for positive polarity surfaces [66,67]. r � 0 is the non-polar (hy-
drophobic) areas. As a result. the profile curves can be separated
into three sections: the HBD (hydrogen bond donor) zone
ð�0:025 < r < �0:010Þ. The non-polar zone
ð�0:010 < r < þ0:010Þ. and the HBA (hydrogen bond acceptor)
region ðþ0:010 < r < þ0:025Þ.

In Fig. 11(a), the three inhibitor molecules are found to be
mostly non-polar (green colored surfaces) with r є[-0.01, 0.01]
au. The iron cluster Fe20 is as expected completely non-polar. The
adsorption is expected to be in the non-polar region as concluded
from Fig. 11(b). It is noticed that chemical potential is always pos-
itive in the polar regions (non-spontaneous phenomena). The
chemical potential for the four molecules is less than zero in the
non-polar region which suggests that the interaction forces are
Van der Waals type. This confirms that the only possible interac-
tion is with nonpolar groups or molecule chemisorption (chemical
bound) as will be revealed by the AIM study.
Fig. 14. MCS study results: a) Steel (blue)/carbon (grey)/ (O: red; H: white/inhibitor (gre
referred to the web version of this article.)

Table 9
Adsorption energies (kcal mol�1) of the inhibition system.

Energy

Total Ead

Inhibitor in water (1OO H2O) DHF 9.50 �1323.7
CGP 29.41 �1354.5
Rutin 59.33 �1335.5

Inhibitor in acidic medium (1OO H2O + 10 H2SO4) DHF �9.61 �2671.9
CGP 18.73 �2694.4
Rutin 39.73 �2684.3

Table 8
The topological parameters at BCP of interaction contacts.

BCP qc (Ha) r2q(r) (Ha) G (Ha)

DHF@Fe20 53 5.77E�03 8.13E�03 1.89E�03
145 5.25E�02 1.27E�01 4.24E�02
154 1.64E�02 2.66E�02 7.47E�03
177 3.83E�02 1.05E�01 2.99E�02

CGP@Fe20 97 7.92E�02 3.95E�01 1.08E�01
154 4.63E�03 9.06E�03 1.88E�03
191 5.87E�02 1.52E�01 5.07E�02

Rutin@Fe20 126 1.17E�02 1.16E�01 2.10E�02
136 8.49E�04 6.40E�03 1.09E�03
185 2.26E�01 4.41E�02 2.49E�01
178 2.77E�04 5.40E�03 9.03E�04
218 3.24E�03 7.86E�02 1.33E�02
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Fig. 12 shows that the large contributing interaction energy in
mixing the inhibitor with Iron cluster is Van der Waals type. The
contributions of electrostatic (Hmisfit) and hydrogen bonding
(HHB) enthalpies were found to be negligeable for the first type
of interaction energy and null for the second one (no Hydrogen
bonding).

A molecular graph of the optimized CMFE-Fe cluster complex is
presented in Fig. 13, while in Table 8 the topological parameters at
BCP of interaction contacts are listed.

From the results in Table 8 the calculated values of qðrÞ in BCPs
are quite low values and r2q(r) are positive. Which indicates the
occurrence of Hydrogen bonds (HBs) interaction in the case of
the twelve BCPs bonds. On the other hand, the positive values of
r2qBCP and HBCP indicate the weak molecular interaction (electro-
static, G/|V|>1) between the BCPs atoms (for DHF@Fe20:BCP 53; for
CGP@Fe20:BCP 154 and for Rutin@Fe20:BCPs 126, 136, 178 and
218). The EHB < 0 is characteristic of weak hydrogen bonding [68].
en). (For interpretation of the references to colour in this figure legend, the reader is

dEad
dNi

Era Edef Inhibitor H2O H+
SO2�

4

2 �34.84 �1288.87 �86.63 �9.95
9 �40.27 �1314.31 �119.69 �10.61
5 �38.07 �1297.48 �102.48 �10.23
9 �56.09 �2615.90 �91.32 �9.74 �28.04 �76.18
4 �47.84 �2646.59 �114.23 �10.10 �28.59 �73.87
2 �58.42 �2625.90 �91.05 �10.17 �28.39 �76.88

V (Ha) EHB (eV) H = G + V (Ha) G/|V|

�1.74E�03 �2.37E�02 1.44E�04 1.08E + 00
�5.29E�02 �7.19E�01 �1.05E�02 8.01E�01
�8.30E�03 �1.13E�01 �8.26E�04 9.00E�01
�3.37E�02 �4.59E�01 �3.79E�03 8.88E�01
�1.17E�01 �1.59E + 00 �9.03E�03 9.23E�01
�1.49E�03 �2.03E�02 3.86E�04 1.26E + 00
�6.36E�02 �8.65E�01 �1.29E�02 7.98E�01
�1.31E�02 �1.79E�01 7.90E�03 1.60E + 00
�5.77E�04 �7.85E�03 5.11E�04 1.89E + 00
�4.86E�01 �6.61E + 00 �2.38E�01 5.11E�01
�4.57E�04 �6.21E�03 4.46E�04 1.98E + 00
�6.96E�03 �9.47E�02 6.35E�03 1.91E + 00
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On the contrary for DHF@Fe20:BCPs 145, 154 and 177;
CGP@Fe20:BCPs 97 and 191 and for Rutin@Fe20:BCP 185, Close
inspection of the energetic AIM parameters reveals that the inter-
molecular hydrogen bonds in gas phase have positiver2qBCP and a
negative HBCP which show partially covalent character of the inves-
tigated interactions (G/|V|<1). The values of qBCP and r2qBCP of
intermolecular HB interactions are well correlated with the hydro-
gen bond energies strength which is calculated by Espinosa
method [69]. It is known that the high electron density corre-
sponds to the strongest HB with shorter H-bond distance and
low electron density corresponds to the weakest HB with longer
H-bond distance [70].

Fig. 14 depicts the inhibitors’ optimal adsorption arrangement
on the Fe(110) surface.

The inhibitors are adsorbed on the Fe(110) surface with an
almost flat orientation. As it is shown. The inhibitor molecule
(green colored) and metal surface engage in a donor–acceptor
interaction. which results in parallel adsorption of the inhibitor
molecule. The inhibitor molecule has p-electrons. which provide
a high number of electrons to the unoccupied dorbitals of iron. On
the other hand. the phenyl rings p-antibonding empty orbitals
can accept an electron from the 4s or 3d orbitals of iron to produce
feedback bonds. Many large-scale organic corrosion inhibitors,
such as those described in refs [71–73], have this parallel arrange-
ment on steel surface, in which the p–d hybridization plays a
prominent role. However, small inhibitory molecules. Can chemi-
sorb perpendicular to the iron surface with unsaturated heteroa-
toms via s molecular orbitals [71]. The values for adsorption–
desorption and deformation energy are listed in Table 9. The
results show that the three inhibitor molecules adsorb well on
the iron surface in an acidic aqueous solution (CGP have a slight
stronger adsorption energy in gas (isolated)) and liquid state).
Moreover, the strength of the adsorption is proportional to the
acidity of the solution. All of the adsorption energies were nega-
tive, indicating that the adsorption is exothermic and spontaneous.

Furthermore, the magnitude of Eads may be used to determine
the adsorption system stability. Eads’ greater absolute values are
associated with more potent inhibitor–Fe(110) interactions and
higher corrosion inhibition effectiveness.
4. Conclusion

CMFE was used in this research as an anti-corrosion additive to
prevent the corrosion of carbon steel XC48 in H2SO4 solution. The
CMFE as a mixed-type corrosion inhibitor, has been shown to sup-
press the cathodic and anodic reactions of XC48 carbon steel in
electrochemical studies. At 500 ppm, the extract had a 95.91% anti-
corrosion effectiveness. Furthermore, quantum chemistry proved
that CMFE’s inhibitory effectiveness was closely linked to its
HOMO and LUMO energies. As an electron donor, it may lead to
the formation of a stable organic coating on the metal surface,
which would prevent corrosion in acidic solutions. Furthermore,
practical testing and theoretical calculations were shown to be in
excellent agreement with SEM observations, XPS and FT-IR
analyses.
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