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Abstract 

 Recently, corrosion has become a major concern at local and industrial scales, which 

hampers their conventional production unit. Corrosion is the destruction or deterioration of 

material because of electrochemical and chemical reactions with its environment. It causes 

significant financial losses as well as harmful effects on the environment. Mild steel (MS) is 

frequently used as a construction material in several industries (marine, oil and gas industry, 

petrochemicals, chemical refineries, automobile industries, reinforced concrete structures, and 

automobiles) due to its following properties: strong mechanical durability, easy processing, 

and low cost. However, unfortunately, MS has a greater propensity to corrode in the acidic 

medium due to its lower corrosion resistance. Hence, it is very necessary to use suitable 

approaches to protect the MS in corrosive environments. In this present work, green corrosion 

inhibitors (objectives 1, 2, 3, and 4) and epoxy coating (EP) reinforced with RGO-ZnO-PANI 

nanocomposite (objective 5) were used to protect the MS in 1 M HCl and 3.5% NaCl, 

respectively. Therefore, the entire work of this thesis has been divided into five major parts. 

 In the first part of the present study, chayote extracts were used to protect MS in 1 M 

HCl solution. Herein, a novel and eco-friendly corrosion inhibitor using Sechium edule 

(chayote) fruit extract is developed. The chemistry of chayote extract was investigated by 

Fourier transform infrared (FTIR) and Ultraviolet-Visible (UV-Vis) spectroscopies. The anti-

corrosive effectiveness of prepared chayote extracts was evaluated using weight loss and 

electrochemical techniques. Results of potentiodynamic polarization indicated that the chayote 

extracts were highly effective, with protection efficiencies of 85.72% and 76.82% at the 

concentration of 2000 mg L-1 of prepared chayote fruit extract in water at pH 3 (CEPH3) and 

at the original pH 5.2 (CE), respectively. The shift in corrosion potential (Ecorr) was less than 

85 mV with respect to the corrosion potential of the blank, revealing that both chayote extracts 
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behaved as a mixed type of inhibitor.  Langmuir adsorption isotherm showed the best fit for 

the adsorption studies. The free energies (ΔGᵒ
ads) obtained from tests were found to be -53.046 

kJ mol-1 (CE) and -50.278 kJ mol-1 (CEPH3), demonstrating prepared chayote extracts 

adsorbed onto the metal surface by the chemical adsorption process. Thermodynamic 

parameters (activation energy, enthalpy, and entropy) were obtained from 303 K to 323 K, 

indicating that corrosion is spontaneous and endothermic. Outcomes of FESEM, AFM, EDX, 

and XRD analysis showed that a protective layer was formed on the surface of mild steel (MS) 

in the presence of chayote extracts.  

 In the second part of the present study, a novel ecofriendly inhibitor was prepared from 

Praecitrullus fistulosus (tinda fruit and peel) for mild steel (MS) corrosion in 1 M HCl. The 

presence of phenol, 3,5-bis (1,1-dimethyl ethyl)-, 9-octadecenoic acid, methyl ester, 

hexadecanoic acid 15-methyl-, methyl ester, 9, 12-octadecadienoic acid, methyl ester, 9, 12, 

15-octadecatrienoic acid, methyl ester, (Z,Z,Z-), ascorbic acid, and phytol were identified as 

major constituent through LC-MS analysis of tinda extracts. The existence of these compounds 

was further confirmed through FTIR analysis, which shows the presence of various functional 

groups, such as -OH, C=O, C-O-C, C=C, and aromatic rings in the tinda extracts. 

Electrochemical and gravimetric analyses were used to investigate the inhibitory effect of tinda 

extracts. Outcomes of Tafel analysis revealed that both tinda extracts significantly reduced the 

corrosion current as compared to blank and achieved 83.73% and 87.59 % inhibition 

efficiencies at 200 mg L-1 of tinda peel extract (TPE) and tinda fruit extract (TFE), respectively. 

The change in corrosion potential (Ecorr) was within an ± 85 mV range compared to that of the 

uninhibited system, indicating that both tinda extracts demonstrated a mixed-type inhibition 

behavior. During adsorption studies, the best fit was obtained for the Langmuir adsorption 

model. The obtained values of standard Gibbs free energy (ΔGᵒads) for TPE and TFE lie 

between -20 and -40 kJ mol-1 but close to -20 kJ mol-1, which reveals the preferential physical 
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adsorption of the extracts on the metal surface. Thermodynamic parameters, including 

activation energy, enthalpy, and entropy, were computed across the temperature range of 303 

to 323 K, suggesting that corrosion occurs spontaneously by the endothermic process. FESEM 

analysis depicted that inhibited systems exhibited smooth and crack-free surfaces as compared 

to blank systems. AFM images demonstrated that surface roughness was significantly reduced 

for the inhibited system. In EDX analysis, the weight percentage of Cl was reduced in the 

presence of tinda extracts as compared to blank, and in XRD analysis, the iron chloride (FeCl2) 

peak did not appear in the presence of inhibitor, but it was in the uninhibited system. All 

surface-related findings signify that tinda extracts are adsorbed on the MS surface and form a 

protective layer that separates the metal from the corrosive solution. 

 In the third part of the present study, a novel environment-friendly corrosion inhibitor 

was developed from Phaseolus lunatus peel and seeds, and their chemistry was studied by 

liquid chromatography-mass spectrometry (LC-MS) and fourier transform infrared 

spectroscopy (FTIR) analyses. The inhibitory effect of Phaseolus lunatus peel extracts (PLPE) 

and Phaseolus lunatus seed extract (PLSE) on mild steel (MS) degradation in 1 M HCl was 

explored by electrochemical and weight loss methods. Findings show that the anticorrosive 

behavior of PLPE and PLSE was enhanced with rising their doses and declined with 

temperature elevation. The maximum inhibition efficiencies during Tafel analysis, 85.69 % 

and 90.78 %, were obtained at 200 mg L-1 of PLPE and PLSE, separately. In the inhibited 

system, Ecorr (corrosion potential) exhibited a positive shift (< ± 85 mV) as compared to the 

blank system, which means the inhibitor works as a mix-type of inhibitor. PLPE and PLSE 

followed the Langmuir adsorption isotherm. The values of ΔGᵒads were computed, which 

indicated the preferential physisorption of Phaseolus lunatus extracts on MS. Several kinetic 

and thermodynamic parameters (Ea, ΔH, and ΔS) were evaluated for elevating the temperature 

from 303 to 323 K, signifying the spontaneous degradation of MS through the endothermic 

TH-3816_196107102



Abstract  

 

ii 
 

process. Moreover, field emission scanning electron microscopy (FESEM) revealed smooth, 

crack-free surfaces in the presence of inhibitors compared to the blank, and atomic force 

microscopy (AFM) showed reduced surface roughness in the inhibited system. Energy-

dispersive X-ray spectroscopy (EDX) revealed a lower Cl wt% in the presence of Phaseolus 

lunatus extracts, while X-ray diffraction (XRD) showed the absence of FeCl2 peaks in the 

inhibited system. These findings indicate that extract molecules adsorb on the MS surface, 

forming a protective layer that inhibits corrosion. 

 In the fourth part of the present study, Duranta erecta plant organs were used to develop 

Duranta erecta fruit extract (DEFE) and Duranta erecta leaves extract (DELE). These extracts 

were characterized by LC-MS and FTIR analyses and employed to mitigate the MS 

deuteriation in 1 M HCl. The inhibitive effect was scrutinized by weight loss and 

electrochemical methods. Outcomes revealed that Duranta erecta extracts are good inhibitors 

for MS corrosion in HCl. The corrosion inhibitory effect of both DEFE and DELE was 

increased with their dosage up to 200 mg L-1 but decreased with temperature. The highest 

corrosion inhibitory efficacies of about 90.8 % and 91.8 % were recorded at 200 mg L-1 of 

DEFE and DELE, respectively. Adsorption of Duranta erecta extracts over the MS surface 

was accomplished through Langmuir adsorption. The values of ΔGᵒads were -29.00 kJ mol-1 

and -29.90 kJ mol-1 for inhibited MS corrosion with DEFE and DELE, respectively, confirming 

that they favored physical adsorption (mix-type adsorption) over the MS surface. Some 

thermodynamic parameters (Ea, ΔH, and ΔS) were determined from PDP data of the following 

temperature range: 303 to 323 K, which implies the spontaneous degradation of MS through 

an endothermic process.  Acid attack on the metal surface was studied using FESEM, EDX, 

and AFM analysis, which qualitatively confirmed the findings of the corrosion test. 

 In the fifth part of the present study, a novel corrosion-resistant RGO-ZnO-PANI 

nanocomposite was successfully synthesized by decorating ZnO nanorods onto reduced 
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graphene oxide (RGO) via ultrasonication, followed by polyaniline (PANI) wrapping and 

incorporated into the epoxy matrix through the solution blending method. Coating morphology, 

chemical structure, thermal stability, and wettability were analyzed through Field emission 

scanning electron microscopy (FESEM), Fourier transform infrared spectroscopy (FTIR), 

Thermogravimetric analysis (TGA), and contact measurements. Among all coatings (EP, 

EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI), the EP/RGO-ZnO-PANI coating 

exhibited the smoothest surface, highest thermal stability, and enhanced hydrophobicity. The 

anticorrosive behavior of mild steel (MS) coated with epoxy-based nanocomposite coatings 

was evaluated using potentiodynamic polarization (PDP), electrochemical impedance 

spectroscopy (EIS), and salt spray tests. PDP results displayed that the EP/RGO-ZnO-PANI 

coating provided the highest corrosion protection efficiency (99.98 %) in a 3.5 wt% NaCl 

solution. EIS and salt spray tests (ASTM B117) analysis confirmed superior long-term 

corrosion resistance of the ternary composite coating over 45 days immersion in 3.5% NaCl 

and 1000 h exposure to 5 wt% NaCl, respectively, compared to other coatings.  These findings 

suggested that the synthesized ternary composite is a potential candidate for corrosion 

protection applications. 

 

Keywords: Mild steel; Corrosion; Corrosion inhibitor; Tinda fruit; Phaseolus lunatus; 

Duranta erecta: Electrochemical impedance spectroscopy; Potentiodynamic polarization; 

Tafel curve; Adsorption studies; Inhibition efficiency; Corrosion mechanism; Tafel analysis; 

Anti-corrosive coating; Epoxy coating; Salt spray test 
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Nomenclature 

Abbreviation 

Symbol Abbreviation 

AFM Atomic force microscopy 

CE Chayote extract 

CPE Constant phase element 

EP Epoxy 

DEFE Duranta erecta fruit extract 

DELE Duranta erecta leaves extract 

EDX Energy Dispersive X-ray 

EIS Electrochemical impedance spectroscopy 

FESEM Field Emission Scanning Electron Microscopy 

LC-MS Liquid chromatography-mass spectroscopy 

MS Mild steel 

OCP Open circuit potential 

PDP Potentiodynamic polarization test 

PLPE Phaseolus lunatus peel extract 

PLSE Phaseolus lunatus seed extract 

TFE Tinda fruit extract 

TPE Tinda peel extract 

XRD X-ray diffraction 

 

Notations 

Symbol Nomenclature 

𝐴 Effective area (cm2) 

A Exponential factor 

𝑏𝑎 Anodic slope (V decade-1) 

𝑏𝑐 Cathodic slope (V decade-1) 

𝐶𝑑𝑙 Capacitance of the effective layer (µF cm-2) 

𝐶R Corrosion rate having a unit of (mmpy) 
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𝐶𝑤𝑎𝑡𝑒𝑟 Concentration of water (g L-1) 

𝐸 Applied potential (V) 

Ecorr Corrosion potential (V) 

𝑖 Measured current density (µA cm-2) 

𝑖𝑐𝑜𝑟𝑟 Corrosion current density (µA cm-2) 

𝑖⁰𝑐𝑜𝑟𝑟 Corrosion current density in the absence of inhibitor (µA cm-2) 

𝑖⁰𝑐𝑜𝑟𝑟 
Corrosion current density in the presence of inhibitor (µA cm-2) 

Kads Adsorption equilibrium constant (L g-1) 

𝑛 Phase shift 

𝑅 Universal gas constant (8.314 J mol-1 K-1) 

𝑅2 Linear regression coefficient 

𝑅𝑆 Solution resistance (Ω cm2) 

𝑅𝑐𝑡 Charge-transfer resistance (Ω cm2) 

Ri
𝑐t Charge transfer resistance in the presence of inhibitor (Ω cm2) 

R0
𝑐t 

Charge transfer resistance in the absence of inhibitor (Ω cm2) 

𝑡 Exposure time (h) 

𝑊 Weight loss (g) 

𝑤𝑜 Weight loss of the MS sample in the absence of inhibitor (g) 

𝑤𝑖 Weight loss of the MS sample in the presence of inhibitor (g) 

𝑌0 Amplitude comparable to capacitance or modulus of CPE (µMho cm-2) 

𝑍𝐶𝑃𝐸 Impedance of the CPE (Ω cm2) 

∆𝐺°𝑎𝑑𝑠 Standard Gibbs free energy (kJ mol-1) 

𝜃 Surface coverage 

𝜇𝐶𝑅% Corrosion inhibition efficiency 

µ𝑅𝑐𝑡% Inhibition efficiency calculated from 𝑅𝑐𝑡
𝑖  and 𝑅𝑐𝑡

0  

µ𝑃% Inhibition efficiency calculated from 𝑖𝑐𝑜𝑟𝑟
𝑖  and 𝑖𝑐𝑜𝑟𝑟

0  

𝜌 Density of the MS (g cm-3) 

𝜔 Angular frequency (rad sec-1) 
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Introduction and literature review 

 

 This chapter presents a quick overview of conventional, non-eco-friendly corrosion 

inhibitors and anti-corrosive coatings. It also highlights the growing need for green 

alternatives and novel anticorrosive coating with enhanced anti-corrosive properties. 

Additionally, the global impact of corrosion is discussed, emphasizing its adverse effects on 

humans and the environment. This chapter also reviews recent advancements and experimental 

approaches that have been used to mitigate corrosion. Some recent efforts to use natural 

extracts as corrosion inhibitors and epoxy-based coatings are also discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-3816_196107102



Chapter 1 

 
 

2 
 

 Corrosion 

 Corrosion is the destruction or deterioration of metal because of electrochemical and 

chemical reactions with its environment. It is an undesirable natural process that converts the 

metals into unwanted substances during exposure to the corrosive environment. It leads to 

various social consequences, such as plant shutdowns due to equipment failures, reduced 

operational efficiency, safety hazards, environmental impact, economic losses, decreased 

public trust, and increased maintenance requirements, etc. in several industries (aerospace, 

automotive, and petroleum industries) (K O et al., 2019; Verma et al., 2024). According to the 

report of NACE 2013, corrosion poses a significant global economic challenge, with annual 

losses estimated at around US$ 2.5 trillion, which was approximately 3.4% of the global Gross 

Domestic Product (GDP) (Koch et al., 2016; News, 2019). India incurs an annual economic 

loss of about 4-5% of its GDP due to corrosion.  

 

 Classification of corrosion 

 Corrosion is classified into two categories based on the environmental condition of 

metallic structures: Wet and dry corrosion. Wet corrosion occurs when metal comes into 

contact with a liquid, typically an aqueous solution or an electrolyte. It is the most widespread 

and destructive form of corrosion, responsible for the majority of corrosion-related damage. 

Wet corrosion is commonly seen everywhere around us. For example, corrosion of steel is 

caused by water. Dry corrosion occurs when metal interacts with surrounding air in the absence 

of moisture. It is primarily driven by atmospheric gases such as oxygen, hydrogen, hydrogen 

sulfide, and nitrogen, as well as halogens and certain inorganic vapors. Generally, dry corrosion 

is less harmful than wet corrosion, but it can be severe at higher temperatures. The presence of 

even a small amount of moisture can change the corrosion picture completely. For example, 

dry chlorine is practically non-corrosive to ordinary steel, but moist chlorine dissolved in water 
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is highly corrosive and attacks most common metals and alloys (Fontana et al., 1979; Landolt, 

2007).  

 

 In addition, according to electrochemical theory, metal corrosion in aqueous 

environments is induced by simultaneous oxidation and reduction reactions that occur on metal 

surfaces. For an immersed metal in a corrosive electrolyte, metal deterioration caused by 

corrosion leads to the formation of distinct potential zones, disrupting the crystalline lattice 

structure (Landolt, 2007). This potential difference leads to the formation of anodic and 

cathodic sites on the metal surface. Oxidation occurs at the anode, where metal atoms lose 

electrons, which then travel through an electronic conductor to the cathodic site, where they 

are consumed during the reduction reaction (Roberge, 2000). These electrochemical processes 

drive corrosion, leading to material deterioration. The fundamental chemical reactions 

occurring at the anodic and cathodic regions are given below (Hart, 2023). At anode: In 

aqueous solution, metal undergoes oxidation to form respective ions. 

𝑀 →  𝑀+𝑛  +  𝑛𝑒−                                                                                                                                          (1.1) 

At Cathode: Multiple reduction processes occur that mainly depend on the nature of the 

corrosive electrolyte.   

(a) In de-aerated acidic corrosive solutions, H2 gas is formed as follows:  

 2𝐻+  +  2𝑒−   →  𝐻2                                                                                                               (1.2) 

(b) In aerated acidic corrosive solutions, oxygen is reduced as follows:  

4𝐻+  + 𝑂2  + 4𝑒−   →  2𝐻2𝑂                                                                                               (1.3) 

(c) In de-aerated neutral or alkaline corrosive electrolytes, OH- ions are formed 

2𝐻2𝑂 +  2𝑒−   →  2𝑂𝐻−  +  𝐻2                                                                                          (1.4) 

(d) In aerated neutral or alkaline corrosive electrolytes, OH- ions are formed with the 

liberation of H2 gas. 
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2𝐻2𝑂 + 𝑂2  +  4𝑒−   →  4𝑂𝐻−                                                                                          (1.5) 

During the metal immersion in the corrosive solution, metal ions and OH- are formed at the 

anode and cathode, respectively. These ions diffuse toward and form an insoluble metal oxide. 

Over the steel surface, this process constructs a ferric oxide layer, which is well known as rust 

(Edition, 2004).  

 

 Types of corrosion 

 Uniform corrosion 

 The uniform attack is the most common form of corrosion. It is usually characterized 

by a chemical or electrochemical reaction that proceeds uniformly over the exposed surface or 

extensive area. The metal becomes thinner and eventually fails (Fig. 1.1 (a)). 

 

 Galvanic corrosion 

 A potential difference usually exists between two dissimilar metals when immersed in 

a corrosive or conductive solution. If these metals are placed in contact or otherwise electrically 

connected, this potential difference produces electron flow between them. Corrosion of the less 

corrosion-resistant metal is usually increased, and the attack on more resistant material is 

decreased compared with the behavior of these metals when they are not in contact. In this 

case, less resistant metal becomes anodic, and more resistant metal becomes cathodic. Usually, 

the cathode or cathodic metal corrodes very little or not in this type of couple. Because of the 

electric currents and dissimilar metals involved, this form of corrosion is called galvanic or 

two-metal corrosion (Fig. 1.1 (b)). 
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 Crevice corrosion 

 Intensive localized corrosion frequently occurs within crevices and other shielded areas 

on metal surfaces exposed to corrosive solutions. This type of attack is usually associated with 

small volumes of stagnant solution caused by holes, gasket surfaces, lap joints, surface 

deposits, and crevices under bolt and rivet heads. As a result, this form of corrosion is called 

crevice corrosion or, sometimes, deposit or gasket corrosion (Fig. 1.1 (c)) 

 

 Pitting corrosion 

 Pitting is a form of extremely localized attack that results in holes in the metal. These 

holes may be small or large in diameter, but they are relatively small in most cases. Pits are 

sometimes isolated or so close together that they look like a rough surface. Generally, a pit may 

be described as a cavity or hole with a surface diameter about the same as or less than the depth. 

It causes equipment to fail because of perforation, with only a small weight loss percentage for 

the entire structure (Fig. 1.1 (d)). 

 

 Intergranular corrosion 

 A uniform attack typically occurs when a metal corrodes because grain boundaries are 

slightly more reactive than the grains themselves. In this case, corrosion occurred severely 

along the grain boundaries while the grains remained almost unaffected. It is known as 

intergranular corrosion. This type of corrosion can be triggered by the presence of impurities 

or excess of alloy elements or by the depletion of elements at the grain boundaries (Fig. 1.1 

(e)). 
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  Exfoliation corrosion 

 Exfoliation corrosion is a form of selective corrosion that progresses along multiple 

planes parallel to the direction of rolling or extrusion. The schematic of this corrosion is shown 

in (Fig. 1.1 (f)) 

 

 Erosion corrosion 

 Erosion corrosion is the acceleration or increase in the rate of deterioration or attack on 

a metal because of relative movement between a corrosive fluid and the metal surface. 

Generally, this movement is quite rapid, and mechanical wear effects or abrasion are involved. 

Metal is removed from the surface either as dissolved ions or as solid corrosion products that 

are mechanically swept away by the flowing medium (Fig. 1.1 (g)).  

 

 Stress corrosion 

 Stress corrosion cracking (SCC) refers to the formation of cracks in a material due to 

the combined influence of tensile stress and exposure to a corrosive environment. Many 

investigators have classified all cracking failures occurring in a corrosive medium as stress 

corrosion cracking, including failures due to hydrogen embrittlement (Fig. 1.1 (h)).  

 

 Microbial induced corrosion 

 Microbial activity can create acidic environments through changes in pH and oxygen 

levels. Sulfate-reducing bacteria, such as Desulfovibrio, produce hydrogen sulfide (H₂S), 

which can dissolve in water and lead to the formation of sulfuric acid. Microbial corrosion is 

not induced by an easy chemical interaction between metal and water but rather by bacteria 

and fungi altering the environment (Fig. 1.1 (a)) (Mahmoud et al., 2021). 
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Fig. 1.1 Types of corrosion.  

 

 Major tragedies due to corrosion 

 In the last few decades, many industrial and non-industrial accidents happened due to 

corrosion, like the Bhopal gas tragedy in 1984, Carlsbad pipeline explosion in 2000, Prudhoe 

Bay oil spill in 2006, Guadalajara sewer explosions in 1992, Accident of the Aloha Airlines 

flight Boeing 737, in 1988, Sinking of the Tongan inter-island ferry ‘‘Princess Ashika’’in 2009, 

and etc.  

 

 Chemical plant explosion in Bhopal 

 It was the worst corrosion-related disaster regarding human death, injury, and 

subsequent health problems. Investigation revealed that steel pipes corroded and water leaked 

into tanks containing methyl isocyanate. The iron corrosion products provided a catalyst for a 
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reaction, which blew apart the plant, allowing the methylisocyanate and other toxic gases to 

escape, killing over 8000 people. Since then, an additional 15,000 have died due to the 

explosion, and an estimated 500,000 others are suffering from gas-related disorders (C M 

Hansson, 2011). The chemical plant after the explosion is shown in Fig.1.2 (a). 

 

 Guadalajara sewer explosions in Mexico 

 The explosions took place in Guadalajara on 22 April 1992, in the downtown district 

of Analko. Almost 8 km of streets were destroyed. Officially, by the Lloyd's of London 

accounting, 252 people were killed, nearly 1,500 were injured, and 15,000 people were 

homeless. The sewer explosion was traced to the water pipe installation, which had been placed 

above the gas installations several years before the explosion. The corrosion of the water pipes 

caused water leaks out of them, which subsequently caused the corrosion of the gas pipes and 

gas leaks in the sewers (Petrovic, 2016). The destroyed street of Guadalajara sewer explosions 

is shown in Fig. 1.2 (b). 

 

 Carls bad gas pipeline explosion 

 On August 19, 2000, a 76 cm diameter natural gas transmission pipeline operated by 

the El Paso Natural Gas Company ruptured adjacent to the Pecos River near Carlsbad, New 

Mexico. The released gas ignited and burned for 55 minutes. During this accident, twelve 

persons were killed, and escaping gas created a crater 16 meters wide and blew out three large 

pieces of the pipeline. One of the pieces showed significantly more corrosion damage than the 

other one (Petrovic, 2016). The created creata and pitting corrosion on the piece of a pipeline 

are shown in Fig. 1.2 (c). 
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 Prudhoe bay oil spill 

 One of the worst oil leaks occurred on March 2, 2006, when approximately 1 million 

liters of crude oil leaked from a corroded transit pipeline in Northern Alaska. The leak's 

location was in a culvert surrounding the transit line as it passes under a caribou crossing (C 

M Hansson, 2011). Oil leaked over snow is shown in Fig. 1.2 (d). 

 

 Accident of Boeing 737 from Aloba Airlines  

 After reaching the cruising altitude of 24,000 feet (approximately 8,000 meters), the 

pilots of the Boeing 737 heard a sudden whooshing sound from the fuselage, followed by a 

loud, windy noise. They observed that a significant portion of the upper crown skin in section 

43 had separated from the aircraft during flight. This structural failure caused an explosive 

decompression in the cabin. The incident tragically resulted in the death of one flight attendant, 

who was standing in the aisle at the time the fuselage segment detached (Czaban, 

2018). Boeing 737 from Aloba Airlines is shown in Fig. 1.2 (e).  

   

 Sinking of the Tongan inter-island ferry ‘‘Princess Ashika’’ 

Before completing one month of service, this ferry tragically sank in 2009, losing 74 

passengers and crew members (Fig. 1.2 (f)). Investigations revealed that severe corrosion had 

significantly affected structural integrity, preventing its doors and entrances from closing 

properly, which ultimately contributed to the disaster (C. M. Hansson, 2011). 
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Fig. 1.2 Pictures of (a) Bhopal gas tragedy in 1984, (b) Guadalajara sewer explosions in 

1992, (c) Carlsbad pipeline explosion in 2000, (d) Prudhoe Bay oil spill in 2006, (e) 

Accident of the aloha airlines flight Boeing 737 in 1988, and (f) Sinking of the Tongan 

inter-island ferry ‘‘Princess Ashika’’ in 2009. 

 

 Based on the above tragedies, the effects of corrosion can be divided into three 

categories, as represented by Fig. 1.3. Corrosion often originates huge failures in structures, for 

instance, rapid degradation of metal bodies, leading to costly repairs and a waste of time in 

repairing or replacing a particular system of a shutdown plant (Shehata et al., 2018). 

Additionally, the process of repairing corrosion is hazardous and can result in injuries or 
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fatalities for workers (Shehata et al., 2018). These factors compel researchers to address 

corrosion as a critical issue that needs aggressive attention worldwide.  

 

 

Fig. 1.3 Breakdown of corrosion cost. 

 

 Therefore, in the last few years, corrosion has become a major concern due to the 

abovementioned losses. Several corrosion-controlling techniques have been employed to 

reduce these corrosion-related losses, which will be discussed later. Few studies have reported 

that the implementation of the best corrosion control technique can save up to 35% of 

corrosion-related losses, which can be a potential savings (Solovyeva et al., 2023). 

 

 Corrosion in mild steel 

Recently, mild steel (MS) has become a vital structural material due to its following 

properties: stronger mechanical durability, easy processing, and low cost. Therefore, MS is 

frequently used as a construction material in several industries, including marine, oil and gas, 

petrochemicals, chemical refineries, pipelines, automobile industries, and reinforced concrete 

structures. However, when it is exposed to processes like acid pickling, industrial washing, 
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acid descaling, and oil-wet cleaning, mild steel becomes highly vulnerable to corrosion, leading 

to material deterioration and significant economic losses (Haque et al., 2020). 

In this present study, we are focusing on controlling the corrosion of mild steel metal. 

 

 Corrosion controlling techniques 

 Most commonly used corrosion control techniques, such as selection of material, 

cathodic protection, use of inhibitors, and anticorrosive coatings, are shown in Fig. 1.4. In the 

last few decades, these strategies have shown their outstanding corrosion mitigating nature for 

protecting the several metallic structures in various corrosive electrolytes.  

 

 

Fig. 1.4 Corrosion control strategies. 

 

Selection of materials 

 Materials science and engineering play a vital role in this modern age of science and 

technology. Various materials are used in several sectors like industry, housing, agriculture, 

transportation, etc., but they are degraded mainly due to corrosion. Therefore, the primary aim 

to prevent corrosion is the selection of the appropriate materials and their suitable design for 

long service life in the specific application conditions. This involves choosing metals that are 

less prone to chemical reactions than steel, such as stainless steel or platinum. Additionally, 

Corrosion 
controlling 
techniques

Selection of 
material

Cathodic 
protection

Corrosion 
inhibitors

Coatings
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corrosion-prone areas can be strategically avoided during the design process. While no metal 

is completely resistant to corrosion, some exhibit greater durability over time. 

However, for developing countries and industries, choosing extremely corrosion-resistant 

metals may not be feasible due to higher costs. Therefore, price remains a critical factor in 

material selection. 

Advantages: 

• It offers excellent metal protection against rust and other forms of corrosion, and it 

significantly extends the durability of used structures and objects, which reduces the 

frequent replacement of components. 

• It enhances the capability of structures that can be used in extreme environmental 

conditions, such as high humidity, saltwater, chemicals, and industrial pollutants. 

Disadvantages: 

• It can be more expensive than traditional metals and in some cases, the higher cost may 

outweigh the benefits of enhanced corrosion resistance. 

• Less availability may lead to potential supply chain challenges. 

 

Cathodic protection 

 Cathodic protection is a widely used corrosion-controlling technique for protecting 

huge metallic structures from corrosion. In this technique, interesting metal (metal to be 

protected) is connected to highly reactive metal, which is degraded with time to protect the 

metal of interest. This process relies on the principles of anodic and cathodic behavior in 

galvanic systems. There are two types of cathodic protection: (i) impressed current cathodic 

protection (ICCP) and (ii) sacrificial anode cathodic protection (SACP), also known as galvanic 

cathodic protection (Ameh and Ikpeseni, 2018).  
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Impressed current cathodic protection: In this technique, metallic surface is protected by 

supplying the electrons from an external power source (battery). The metal (substrate) to be 

protected is connected to the negative terminal of the DC power source, making it the cathode. 

Meanwhile, an inert anode, typically a graphite rod, is connected to the positive terminal. Here, 

a protective current greater than the corrosion current is applied to counter the corrosion 

current's effects. The supplied electrons ensure the metal remains in a cathodic state, effectively 

preventing corrosion and safeguarding the structure (Fig. 15 (a)). 

Sacrificial anode cathodic protection: The metal (substrate) to be protected is converted into 

a cathode using sacrificial anodes. It is accomplished by connecting the metal (substrate) to 

another metal with a lower electrode potential. As a result, the substrate metal acts as the 

cathode, while the more reactive metal serves as the anode. The anode corrodes over time, 

sacrificing to protect the substrate metal from corrosion (Fig. 15 (b)).  
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Fig. 1.5 (a) Impressed current cathodic protection and (b) sacrificial anode cathodic 

protection. 

 

Advantages: 

• It significantly reduces corrosion in metal structures, extending their life.  

• It is effective in various environments, including soil, seawater, freshwater, and 

industrial corrosive conditions. 
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• It is very effective for pipelines, underground storage tanks, marine structures, and 

offshore platforms as compared to other techniques.  

Disadvantages: 

• It has a high initial cost because it requires power sources, anodes, and monitoring 

equipment. 

• Impressed current cathodic protection (ICCP) requires a continuous power supply. 

• It has a lower driving voltage/current. 

 

Use of corrosion inhibitor 

 An inhibitor is a chemical substance or combination of substances that, when added 

even in very low concentrations to the corrosive environment, effectively prevents or reduces 

corrosion without significant reaction with the components of the environment (Shang and Zhu, 

2021). The molecules of corrosion inhibitors start to adsorb on the metallic surface and hinder 

metal degradation in corrosive solutions by forming an inhibiting layer on the metallic surface, 

which isolates it from the surrounding electrolytes. 

 Advantages: 

• Outstanding effectiveness for the protection of metals and their alloys   

• Simple to use and cost-effective technique 

• It can be used in a wide range of conditions, including acidic, neutral, and alkaline 

environments 

• It can be easily applicable in irregular shapes and small diameters pipes 

Disadvantages: 

• Few of them can be harmful to the aquatic life. 
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Coating 

 The anti-corrosive coating is another commonly used corrosion-controlling technique 

that protects metallic bodies from dry and wet environments. The coating is a protective layer 

applied on metallic surface to reduce corrosion. It acts as a physical barrier that separates the 

metal surface from the corrosive environment (Udoh et al., 2024). Applying an organic coating 

on the surface of a reactive metal is an effective way to prevent corrosion while also providing 

additional surface properties without affecting its mechanical characteristics. This method is 

widely used to protect metal surfaces in transportation, pipelines, marine, and infrastructure 

industries. 

Advantages: 

• It is economically feasible and inert to the environment 

• It can support the strength and stability of metal components by preventing 

deterioration  

• It can be effective for lower temperature application 

Disadvantages: 

• Not all coatings adhere well to every type of metal, requiring specific formulations or 

additional treatments to ensure proper bonding.  

• It does not work properly at higher temperatures. 

Among all the existing corrosion-controlling methods, this research mainly focuses on 

corrosion inhibitors and anticorrosive coatings for the mitigation of mild steel corrosion. 

 

 Corrosion inhibitors 

 Corrosion inhibitors can be categorized either as anodic, cathodic, or mixed type 

depending on whether their influence (mechanism of action) is mainly retarding the anodic or 

cathodic reaction of the corrosion process or both of them (Hamdani et al., 2018). 
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❖ Anodic inhibitor 

 An anodic inhibitor increases anodic polarization and shifts the corrosion potential of 

inhibited systems towards the more positive side as compared to uninhibited systems, as 

illustrated in Fig. 1.6 (a) (Finšgar and Jackson, 2014). It is also known as a passivating inhibitor. 

These inhibitors significantly hinder corrosion reactions occurring at the anode by forming a 

complex compound with a newly produced metal ion. They adsorb onto the metal surface, 

creating a protective film or barrier that significantly decreases the corrosion rate. Anodic 

inhibitors must be present in sufficiently high concentrations for adequate metal protection. If 

the concentration is too low, the inhibitor molecules will not fully cover the metal surface, 

leaving exposed areas vulnerable to localized corrosion. Due to this risk, anodic inhibitors are 

sometimes considered dangerous when used in inadequate amounts. There are two types of 

passivating inhibitors: (i) Oxidizing anions (for example, chromates, nitrites, and nitrates) that 

can passivate steel even in the absence of oxygen. (ii) Non-oxidizing ions (for example, 

phosphates, tungstates, and molybdates) that require oxygen to effectively passivate steel (Lee 

et al., 2018).  

 

❖ Cathodic inhibitor 

 Cathodic inhibitors induce cathodic polarization and shift the corrosion potential 

towards the more negative side in inhibited systems compared to uninhibited ones, as illustrated 

in Fig. 1.6 (b). These inhibitors are also known as precipitation inhibitors because they mitigate 

corrosion by slowing the reduction reaction of the cathodic area through the formation of 

precipitates that block the cathodic areas. These inhibitors significantly reduce hydrogen gas 

evaluation in acid environments and oxygen reduction in near-neutral conditions, decreasing 

the overall corrosion rate. Cathodic inhibitors are classified into three categories based on their 

mechanism of action: (i) Cathodic poisons: A compound (for example, arsenic, antimony, 
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selenium, and tellurium) that reduces the recombination and hydrogen evolutions is known as 

cathodic poison. (ii) Cathodic precipitates: A compound (for example, calcium, magnesium, 

and zinc ions) that favorably precipitates as oxides on the cathodic area and produces a 

shielding film on the metal’s surface that behaves as a barrier for metal protection. (ii) Oxygen 

scavenger: A compound (for example, hydrazine and sodium sulphite) that reacts with existing 

oxygen in the system and forms a product to make oxygen-free systems which results in lesser 

corrosion (Buckner et al., 2016). 

 

❖ Mix-type inhibitor 

 A mix-type inhibitor is a chemical compound that reduces anodic and cathodic reactions in the 

corrosion process. This type of inhibitor forms a protective layer on the metallic surface, which 

blocks both anodic and cathodic reactive sites, resulting in strong hindering of corrosion. In the 

presence of a mix-type inhibitor, corrosion potentials' values do not show a huge shift compared 

to uninhibited systems (Fig. 1.6 (c)). Organic corrosion inhibitors generally offer mix-type 

inhibiting behavior. 

 

 

Fig. 1.6 Shifting in corrosion potential due to the presence of a corrosion inhibitor. 
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 Based on the chemical nature, corrosion inhibitors are further classified in two 

categories ((i) inorganic and (ii) organic). 

 

I. Inorganic corrosion inhibitor 

 Inorganic corrosion inhibitors play a crucial role in protecting metal surfaces by 

forming a barrier that minimizes metal exposure to corrosive environments. A huge number of 

inorganic compounds, including chromates, phosphates, molybdates, silicates, oxides, nitrites, 

dichromate, cadmium arsenic salts, nitrite, alkaline, and metal sulphides, have been widely 

utilized in acidic conditions. In this case, the protection is due to the reduction of electropositive 

ions and their deposition on the metal surface, lowering the overvoltage of the main cathodic 

depolarization reaction. Recent studies have shown that the addition of heavy metal ions such 

as Pb2+, Ti+, Mn2+, and Cd2+ inhibits iron corrosion in the acids medium (A. Al-Amiery et al., 

2023). 

 

II. Organic corrosion inhibitor 

 A wide range of organic compounds have been used as corrosion inhibitors, including 

amines, imines, thiourea, mercaptans, guanidine, amino acids, alcohols, and aldehydes. These 

inhibitors protect metal surfaces by adhering to them and forming a strong protective layer that 

shields the metal from corrosive environments. The use of organic compounds as inhibitors is 

one of the most effective methods for preventing metal corrosion in acidic environments. 

Organic compounds containing sulphur, nitrogen, and oxygen exhibit lower corrosion rates due 

to their high ability to adsorb onto the metal surface, forming a protective barrier. The 

adsorption of corrosion inhibitors is primarily influenced by the molecule’s physical and 

chemical characteristics, including functional groups, molecular weight, steric factors, 

structure, aromaticity, the electron density of donor atoms, and the p-orbital nature of donating 
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electrons. The electronic structure of the molecule also plays a crucial role. Organic inhibitors 

can act as anodic, cathodic, or mixed-type inhibitors, either individually or in combination. 

Their effectiveness depends on several factors, such as molecular size, carbon chain length, 

aromaticity, conjugation, and the nature of bonding atoms.  

 In addition, recently numerous synthetic organic (amino acids, alcohols, amines, 

phenols, azole, and phosphate esters) and inorganic compounds (phosphate, chromate, 

dichromate, cadmium, arsenic salts, nitrite, alkaline, and metal sulfides) have been used as 

corrosion inhibitors in several harsh electrolytes for protecting the various metals and alloys 

from their degradation (Al-Amiery et al., 2023; Bijapur et al., 2023; Zhang et al., 2021). These 

synthetic inhibitors showed outstanding inhibiting effects, but unfortunately, they are 

expensive, and few of them are toxic to human and their environments, especially the aquatic 

environment fauna and flora (Ikeuba et al., 2024; Njoku et al., 2023). Nowadays, the discovery 

and preparation of green inhibitors have captivated the attention of both researchers and 

industrial professionals, and this high attention is due to their outstanding effectiveness, 

environmentally friendly, biodegradable behavior, and low cost. This current research is about 

developing a novel green corrosion inhibitor. 

 

 Green Corrosion inhibitors 

 Green corrosion inhibitors are most commonly used in corrosion mitigation 

applications in acidic conditions due to their simple implementation, excellent anti-corrosion 

properties, and eco-friendly behavior. These green corrosion inhibitors are further classified 

into two categories: (i) chemically synthesized and (ii) extracted from natural products and 

plant materials. 
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1.5.2.1 Chemically synthesized 

 In recent years, several chemically synthesized inhibitors have been used for metal 

protection. Considering the concept of green chemistry and the vision of human sustainability, 

a new corrosion inhibitor named N1-(2-aminoethyl)-N2-(2-(2-(furan-2-yl)-4,5-dihydro-1H-

imidazol-1-yl) ethyl) ethane-1,2-diamine (NNED) is synthesized from biomass platform 

molecules. Both weight loss and electrochemical measurements demonstrated that 

the corrosion inhibitor had a good anti-corrosion performance for carbon steel in 

1 M HCl medium, with inhibition efficiency higher than 90% at the lower level of inhibitor 

concentration (5 ppm) (Chen et al., 2021). Munis et al., have synthesized a green corrosion 

inhibitor; 2-(2-heptadecyl-4, 5-dihydro-1H-imidazole-1-yl) ethanol (HDIE), with the help of 

microwave radiations in solvent-free conditions. Its anti-corrosive behavior was studied by 

using several corrosion measuring techniques (electrochemical as well as weight loss analysis). 

The results showed that inhibition efficiency above 90% is achievable at 298 K with 0.5 m 

mL−1 inhibitor concentration (Munis et al., 2020). Fakir et al., have synthesized silica 

nanomaterials (nanosilicate) using rice husk, which was used to protect carbon steel in NaCl 

environment. The effects of various concentrations of inhibitor, temperature, and immersion 

time on the inhibition efficiency of nanosilicate corrosion inhibitor were studied using weight 

loss studies, electrochemical impedance spectroscopy, and potentiodynamic polarization 

studies. It has been found that with the increase in the concentration of inhibitors, corrosion 

efficiency increases. A maximum of 82 % inhibition efficiency was exhibited at 700 ppm of 

nanosilicate. Polarization results confirmed that nanosilicate is a mixed-type corrosion 

inhibitor (Fakir et al., 2023). Furthermore, Two acrylate derivatives such as, 3-((3-ethoxy-2-

(ethoxycarbonyl)-3-oxoprop-1-en-1-yl)amino) benzoic acid (EOAB) and diethyl 2-

((benzylamino)methylene)malonate (DBMM) were synthesized via a solvent- and heating-free 

procedure. Weight Loss Study demonstrated that both molecules mitigate corrosion with 85 
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and 90 % efficiencies. Electrochemical experiments proved that the corrosion mechanism is 

charge transfer and that the presence of EOAB and DBMM at any tested concentration in the 

electrolyte significantly increases the polarization resistance and lowers the corrosion density 

current. This is due to the formation of the inhibiting layer by their adsorption on the metallic 

surface (Machado Fernandes et al., 2024). 

 

1.5.2.2 Extracted from natural products and plant materials 

 Natural (green) corrosion inhibitors are mainly derived from natural products and plant 

materials, which are widely used for the corrosion protection of metals due to their following 

advantages: easily available, nontoxic, affordable, eco-friendly procedures, environmentally 

acceptable, and renewable. The diversity of green corrosion inhibitors is indeed high, and many 

of them have the potential to be considered as efficient and practical corrosion inhibitors in the 

field. They can prevent metal corrosion in both acidic and alkaline environments. They are a 

mixture of several organic corrosion inhibitors. Therefore, green inhibitors have similar 

electronic structures to the traditional organic corrosion inhibitors (Wang et al., 2022) that are 

mainly composed of oxygen, nitrogen, sulfur atoms, aromatic rings, and unsaturated bonds, 

which participate in its bonding with metals (Abd El-Lateef et al., 2023; Guo et al., 2020; Jeeja 

et al., 2022; Wang et al., 2022). The interaction between inhibitors and the metal-electrolyte 

interface significantly influences the mechanism of electrochemical reactions. During these 

reactions, a polar functional group serves as a reaction center for stabilizing inhibitor 

adsorption on metal (Goyal et al., 2018; Verma et al., 2017). An effective inhibitor must replace 

the water molecule from the metallic surface to establish the electrostatic interaction with the 

charged surface. For an ideal inhibitor, this interaction should be stronger than the interaction 

between the water molecule and the metal surface (Ali and Mahrous, 2017). The strength of 

the interaction depends on the structure of inhibitor molecules, the charge of the surface, and 
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the type of corrosive electrolyte. This current research is about developing a novel green 

corrosion inhibitor. 

 

 Anticorrosive coatings 

 Covering metallic surfaces by coating is the most common and convenient technique 

to prevent metal corrosion. The traditional corrosion protection coating works as a physical 

barrier, which could isolate the metal products from the external medium to avoid the reaction 

condition of the corrosion process. Anticorrosive coatings consist of a coat that can be 

classified, as often generally, into four types: (i) metallic coatings, (ii) conversion coatings, (iii) 

inorganic coatings, and (iv) organic coating. 

 

1.5.3.1 Metallic Coatings 

 It is usually named according to the metal used, for example, copper, zinc, nickel, and 

gold coatings (Pedeferri, 2018).  Relatively thin coatings of metallic material can provide a 

satisfactory barrier between the metal and its environment (Revie and Uhlig, 2008).    

 

1.5.3.2 Conversion Coatings 

 These types of coatings are formed on the surface of various metals as the result of 

chemical or electrochemical reactions after immersion in suitable solutions. The most popular 

processes for obtaining conversion coatings are phosphatizing, chromatin, and anodic 

oxidation. 

 

1.5.3.3 Inorganic Coatings 

 These coatings are created through chemical action that changes the surface layer of 

metal into metallic oxide film or compound to reduce corrosion. 
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Hot enamels: Enamels are obtained from a mixture of silica, titanium oxides, feldspars, clay, 

and melting additives such as borax, fluorosilicates, nitrates, and carbonates of lithium and 

potassium, melted at a temperature between 1000 and 1400 °C to obtain alkaline aluminium 

borosilicate compounds, then rapidly cooled in water and successively ground. This powder, 

added with colored pigments, is sprayed on the metal surface and heated in an oven at 750–

850 °C for some tens of minutes.  

Thick corrosion-resistant coatings: To resist very high aggressive corrosion conditions, such as 

those found inside chemical reactors, thick layers of corrosion-resistant materials are used: 

glassy materials, cured inorganic silicates, ceramics, sulfur, graphite, and carbon, often applied 

in the form of tiles or bricks stuck with suitable adhesives. To absorb the inevitable differential 

expansion strains, membranes made of resins, asphalt, or synthetic elastomers are often 

interposed. Glassy and ceramic materials are resistant in all environments except hydrofluoric 

and caustic ones (Pedeferri, 2018).    

  

1.5.3.4 Organic Coatings 

 It is an organic corrosion barrier between the metal and the corrosive environment. It 

maintains the durability of structures and provides resistance to weather, humidity, abrasion, 

chemical resistance, toughness, and aesthetic appearance. Organic coating efficiency depends 

on the mechanical properties of the coating system, type and concentration of suspended 

inhibitors, pretreatment of the metal surface, adhesion of the coating to the underlying metal 

base, and other additives that inhibit substrate corrosion. Coating formulation usually contains 

solvent, resin (binder), pigment, filler, and additives.  
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 Organic coatings are classified according to the resin's chemical structure, and the 

following resins are frequently used in the paint industry. 

The vinyl resin: It contains the vinyl linkage group. Vinyl coatings are copolymers of vinyl 

chloride and vinyl acetate. Vinyl copolymers require a large amount of solvent to dissolve. The 

vinyl copolymer has excellent protection against acids, alkalis, and water and good protection 

against the weather.  

Urethane resins: It is synthesized from isocyanates and chemical compounds with hydroxyl or 

urethane groups, including water, polyesters, epoxies, and acrylics. Polyester and epoxy have 

better barrier resistance to moisture and chemical attack than acrylic polyol. Aliphatic 

isocyanate-based coatings are resistant to UV light and have excellent gloss and color retention. 

Polyester resin: It is synthesized with components that introduce unsaturation into the polymer 

chain. The paint is manufactured by mixing a dissolved polyester resin in a styrene monomer 

with pigment and a reaction inhibitor.   

Epoxy resins: It forms a durable protective coating only when polymerized with amine, 

polyamide, or esterified fatty acids. Coal-tar epoxies are modified with coal-tar filler to 

improve moisture resistance. Coatings are highly resistant to solvents, acids, and alkalis and 

are based on phenolic cross-linked epoxies. These coatings are used to protect process 

equipment. When the phenol-formaldehyde constituent of phenol is used to cross-link epoxy 

resin instead of amine, the coating has improved resistance to alkalis. 

 In addition, among all the above resins-based coating, Epoxy resins (EP) are widely 

used in several industries as a heavy-duty anticorrosion coating because of their excellent 

properties, such as chemical resistance, toughness, low shrinkage on cure, mechanical, 

corrosion resistance, high tensile strength, durability against physical damage, and excellent 

adhesion on various substrates. 
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 Literature review 

 In this section, a literature survey was carried out on green corrosion inhibitors and 

nanofillers-based epoxy coatings for controlling steel corrosion. 

 

 Green corrosion inhibitors derived from plants 

 Numerous green corrosion inhibitors have been developed from various organs of 

plants such as, flowers (Rajendran and Karthikeyan, 2012), fruit (Bhan and Golder, 2023; 

Golafshani et al., 2023; Pourzarghan and Fazeli-Nasab, 2021), fruit peel (N. Bhardwaj et al., 

2022; Elazabawy et al., 2023; Lin et al., 2021; Rocha et al., 2014), seed (Abbout et al., 2021; 

Bhardwaj et al., 2021; Fernine et al., 2022; Odewunmi et al., 2015), leaf (Qiang et al., 2018; 

Ramezanzadeh et al., 2019; Tan et al., 2021; Zehra et al., 2022), stem (Arora et al., 2007), and 

root (Singh et al., 2014) to protect the different metals from corrosive solutions (Fig. 1.7), these 

green corrosion inhibitor exhibited excellent corrosion inhibiting properties due to the presence 

of a huge range of active phytochemical like amino acids, carbohydrates, proteins, 

polyphenolic compounds, etc. The existence of these phytochemicals was identified using the 

LC-MS and FTIR analysis. 

 

 

Fig. 1.7 Different plant organs. 
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 Furthermore, yew (Taxus baccata) extracts were prepared and used to inhibit the carbon 

steel dissolution in 1 M HCl. Their anticorrosive behavior was scrutinized through weight loss 

and electrochemical measurements. They reached the maximum inhibitory effect (83.28 %) of 

yew extract at 700 mg L-1 compared to blank (Hanini et al., 2019). Furthermore, Dysphania 

ambrosioides (DA) was also used as a corrosion inhibitor, which showed an inhibitory 

efficiency of about 84% at 1.5 g L-1 concentration (Daoudi et al., 2022). Saeed et al. (2019) 

have prepared sweet melon peel extract (SMPE), which was utilized as a green corrosion 

inhibitor. The outcomes of electrochemical measurements displayed that the metal dissolution 

rate was 5 times lower in the presence of SMPE (0.5 g L-1) as compared to the blank system at 

333 K (Saeed et al., 2019). Onukwulia and Omotioma (2019) used bitter leaves (Vernonia 

amygdalina) extract as a corrosion-inhibiting agent for hindering the MS degradation in HCl, 

and its corrosion-inhibiting properties were studied by weight loss method. During the weight 

loss investigations, it was observed that the corrosion rate decreased with the addition of an 

inhibitor, and 85.40% inhibition efficiency was achieved at 1000 mg L-1 (Onukwulia and 

Omotioma, 2019). Additionally, (Mbamalu and Chinedu, 2023) used the leaf of chromolaena 

odorata for preparing a green inhibitor to protect the MS in an acidic solution, and this extract 

provided a good inhibitory effect with  83.33 % percentage inhibitory efficiency for 700 mg L-

1 dose of the inhibitor (Mbamalu and Chinedu, 2023). Sanaei et al., (2019) developed Rosa 

cannin fruit extract as a corrosion inhibitor for mild steel protection from 1 M HCl, and 

inhibitory efficiency was investigated by electrochemical impedance spectroscopy and 

potentiodynamic polarization techniques. Results reveal that Rosa cannin fruit extract behaved 

as a mix-type of inhibitor, and the corrosion rate decreased with the addition of inhibitor. The 

maximum corrosion inhibition efficiency was achieved 86% at 800 ppm concentration of 

inhibitor (Sanaei et al., 2019). Umoren et al., (2015) used weight loss and electrochemical 

methods to study the anticorrosive and adsorption behavior of strawberry fruit extract at the 
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interface of steel and acids. Outcomes showed that corrosion inhibiting tendency increased 

with the increase the amount of strawberry fruit extract but decreased with increasing the 

temperature (Umoren et al., 2015). El-Katori and Al-Mhyawi, (2019) prepared Bassia muricata 

extract (green inhibitor) for corrosion inhibition of aluminum immersed in 1 M H2HO4. 

Anticorrosive behavior was determined by electrochemical and weight loss methods. The 

inhibition efficiency increases with the addition of an inhibitor and reaches 90% at 300 ppm. 

Tafel results showed that the inhibitor acts as a mixed type of inhibitor. The inhibitor molecules 

were adsorbed on metal by Temkin adsorption and formed a protective layer, which was 

confirmed by FESEM and AFM analysis (El-Katori and Al-Mhyawi, 2019).  

 

 Epoxy based coatings 

 Recently, epoxy coatings have been most commonly used to protect several metals and 

their alloys in various corrosive environments due to their following advantages:  highly 

compressible substances with exceptional resistance to corrosion, high tensile strength, 

durability against physical damage, superior fatigue resistance, and excellent adhesion 

properties to the various substrates. Unfortunately, organic coatings generally become 

defective, and micropores develop during long exposure to a corrosive environment. These 

defects and micropores work as a passage that transfers the corrosive ions to the coating/metal 

interface, and corrosion starts (Xavier, 2021).  

In the last few years, serious attempts have been made to improve the corrosion-

resistive properties and durability of epoxy coatings by incorporating various carbon-based 

nanofillers. But two-dimensional graphene and its derivatives exhibited outstanding 

reinforcing properties in epoxy resin-based coatings among the other reported nanofillers due 

to its large specific surface area and exceptional permeability, which were most commonly 

used as nanofillers to enhance the anti-corrosive properties of epoxy coatings, and they also 
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enhance the physicochemical, structural, and other features. Furthermore, graphene improves 

the above properties of coatings because of its highly active surface with several functional 

groups, such as carbonyl, epoxy, and hydroxyl groups, on the GO surface (Khatoon et al., 

2021). Rajabi et al. (2015) prepared the GO/epoxy coating and reported that GO nanofillers 

containing composite coatings showed better anti-corrosive and mechanical properties at a 

lower amount of nanofillers. However, on higher loading, composite coatings showed opposite 

results due to the aggregation of nanofillers (Rajabi et al., 2015). GO nanosheets tend to 

aggregate due to their high surface energy, making it challenging to achieve a uniform 

distribution in a polymer epoxy matrix. Therefore, the decoration of inorganic nanoparticles on 

GO sheets improves their surface properties, reducing their aggregation(Gu et al., 2015; Jiang 

et al., 2019; Li et al., 2012; Zhao et al., 2022). 

 Moreover, these decorated inorganic nanoparticles increase the steric hindrance and 

alter the interfacial interactions, resulting in a more homogeneous dispersion of the GO 

nanosheets within the epoxy matrix. In the literature, Pourhashem et al. (2017) decorated SiO2 

on the GO nanosheet’s surface and obtained enhanced SiO2-GO dispersion in epoxy than that 

of GO nanosheets. They also observed that this binary composite (SiO2-GO) based coating 

showed outstanding corrosion-resisting properties among all coatings (Pourhashem et al., 

2017). In the last few years, RGO has been most commonly utilized in coating preparation due 

to its following advantages: More reactive surface area and better compatibility with several 

organic solvents and matrix resins compared to pristine graphene. Its functionalization can 

further enhance its dispersibility in various media and provide additional features such as 

improved mechanical, electrical, or thermal properties. These characteristics of RGO enable 

its uniform distribution within the polymer matrices, leading to the formation of more durable 

and compact coatings due to the strong interactions between the RGO and the polymer matrix 

(Wang et al., 2021; Zhu et al., 2021). However, RGO tends to aggregate at higher loadings, 
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which negatively impacts the coating’s performance. To overcome this limitation, RGO has 

been functionalized or decorated with other nanoparticles or polymers to enhance its dispersion 

and stability. 

 Rajitha et al. (2020) decorated the ZnO particles on RGO sheets to prepare the RGO-

ZnO composite, and they found that RGO-ZnO nanocomposite in PU resin-based coatings 

exhibited enhanced anti-corrosive properties as compared to the individual RGO and ZnO 

coatings (Rajitha et al., 2020). Furthermore, RGO surface was modified by anchoring the ZrO2 

nanoparticles through single-step hydrothermal reaction, prepared ZrO2@RGO hybrid 

composite in EP coatings could effectively prevent electrolyte penetration, and ZrO2 

nanoparticles played a synergistic role with RGO nanosheets in alleviating corrosion (Zhou et 

al., 2022). Few studies reported that RGO was also factionalized with MoS2 and this binary 

composite was added to epoxy coating. The electrochemical test results revealed that 

anticorrosion property and permeability resistance of the MoS2-RGO/epoxy composites 

coating was enhanced significantly due to excellent barrier property of MoS2-RGO hybrid 

(Chen et al., 2018). 

 Few studies have reported that electrically conductive polymers play a key role in anti-

corrosive coatings due to their ability to provide anodic protection and metal passivation 

through their own oxidation processes (Nguyen et al., 2003; Reut et al., 1999). Among all the 

available conducting polymers, polyaniline (PANI) is the most suitable aspirant for coating 

reinforcement because of its following properties: environmentally stable, simple synthesis 

process, better processability, and economical. PANI displays outstanding corrosion-resisting 

properties for metal degradation (Ahmadinia and Farshi Azhar, 2022). In the last few years, 

several researchers have used PANI for protecting the metal from corrosion (Kraljić et al., 

2003). Guo et al. (2019) prepared a nanocomposite by doping PANI in alkyd resin and found 

that the prepared nanocomposite showed enhanced anti-corrosive properties (Guo et al., 2019). 
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Furthermore, Xiao et al. (2018) have added binary composite (PANI-GO) to epoxy resin and 

achieved significantly improved corrosion inhibiting behavior than that of pure epoxy coating 

(Xiao et al., 2018) and Goswami et al., (2024) have investigated the anticorrosive behavior of 

PANI wrapped nitrogen-doped graphene nanocomposites coating and found that The NGr-

PANI-ES-8 nanocomposite having a maximum content of NGr (8 %) showed the highest Rc, 

Rct, and total impedance. The total impedance of the NGr-PANI-ES-8 coated mild steel sample 

exhibited a huge decrease from 1.7 × 1015 to 2.17 × 104 Ω cm2 only in 7 days of immersion 

(Goswami et al., 2024). The summary of recent studies on GO or RGO based composites used 

for an anticorrosive application in 3.5 wt% NaCl solution is shown in Table 1.1. 

 

Table 1.1 Summary of recent studies on GO or RGO based coatings used for an 

anticorrosive application in 3.5 wt% NaCl solution. 

Metal Coating matrix nanofillers References 

Carbon steel Epoxy GO (Rajabi et al., 2015) 

Mild steel Epoxy SiO2-GO (Pourhashem et al., 2017) 

N80 tubing Epoxy RGO (Zhu et al., 2019) 

Mild steel Polyurethane RGO-ZnO (Rajitha et al., 2020) 

Steel Epoxy ZrO2@RGO (Zhou et al., 2022) 

Steel Epoxy MoS2-RGO (Chen et al., 2018)  

Carbon steel Epoxy CNNS@rGO (Liu et al., 2022) 

Mild steel Epoxy EP-rGO/APOD-WS2 (Xavier et al., 2024) 

Mild steel Epoxy rmGO-PANI-ES (Mourya et al., 2024) 
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 Motivation of the work 

 This report documented the focus on green corrosion inhibitors and epoxy-based 

coatings to mitigate mild steel corrosion in corrosive mediums. Therefore, the motivation of 

the work is divided into two parts as follows: 

 Green corrosion inhibitors 

 Metal corrosion has become an emerging concern at local and industrial scales, which 

hampers their conventional production unit. In recently reported studies, several synthetic 

organic (amino acids, alcohols, amines, phenols, azole, and phosphate esters) and inorganic 

compounds (phosphate, chromate, dichromate, cadmium, arsenic salts, nitrite, alkaline, and 

metal sulfides) have been utilized as corrosion inhibitors in various corrosive electrolytes to 

mitigate the corrosion of metal and their alloys. These inhibitors are effective but costly, and 

some are toxic to human and their environments, especially the aquatic environment fauna and 

flora. Nowadays, the development of green corrosion inhibitors is gaining huge popularity as 

a sustainable and eco-friendly alternative to synthetic corrosion inhibitors due to their 

following advantages such as renewable, biodegradable, inexpensive, eco-friendly, and safe 

for human exposure, which makes them appropriate for metal protection in various industries 

namely, oil and gas, petrochemical, marine applications. The green inhibitors have similar 

electronic structures to the traditional organic corrosion inhibitors that are mainly composed of 

oxygen, nitrogen, sulfur atoms, aromatic rings, and unsaturated bonds, which participate in its 

interactions with metals (Wang et al., 2022)(Abd El-Lateef et al., 2023; Ikeuba et al., 2023). 

This interaction between inhibitors and the metal-electrolyte interface significantly influences 

the mechanism of electrochemical reactions. During these reactions, a polar functional group 

serves as the reaction's center for stabilizing the inhibitor's adsorption on metal.  

 In the last few decades, several bio-extracts have been used for metal protection in the 

acidic environment. These extracts showed good inhibition due to the presence of a wide range 
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of phytochemicals, such as phenolics, saponins, tannins, flavonoids, terpenoids, alkaloids, 

vitamins, amino acids, fatty acids, and many others. Recently, several bio-extracts have been 

prepared from different plants, like strawberry, Prunusdulcis, chayote, tinda, Phaseolus 

lunatus, and Duranta erecta, and have been used in several applications like medical purposes, 

nanoparticle synthesis, sensor preparation, and many others.  

 Umoren et al., (2015) developed a strawberry (Fragaria ananassa) fruit-based corrosion 

inhibitor for mild steel protection in 1 M HCl. The phytochemicals reported in the strawberry 

fruit were vitamin C, flavonoids, phenolic acids, lignans, and tannins. Strawberry fruit extract 

has been used for several medical purposes due to its good antioxidant properties. Additionally, 

it acts as a mix-type inhibitor, and its corrosion inhibiting tendency increased with the inhibitor 

concentration but declined with temperature (Umoren et al., 2015). 

 Oshomogho et al., (2020) reported Prunusdulcis (almond) seed extracts as a green 

corrosion inhibitor. Prunusdulcis plants are known to contain various phytochemicals such as 

phenolics, saponins, tannins, and flavonoids with organically active components like 

proanthocyanidins monomers, isorhamnetin-3-O-rutinoside and chlorogenic acid. These 

compounds contain heteroatomic components that help adsorb the metal surface, thereby 

causing corrosion inhibiton in corroding environments (Oshomogho et al., 2020).  

 Chayote, scientifically known as Sechium edule, is a vegetable crop that belongs to the 

Cucurbitaceae family. This plant produces a distinctive food crop that comprises a pear-shaped 

fleshy fruit with a single soft seed. Chayote is widely cultivated across tropical and subtropical 

regions worldwide. One of the nutritional benefits of chayote is that it contains various 

vitamins, including vitamins A, B, and C (ascorbic acid). Additionally, chayote is a source of 

several bioactive compounds, such as alkaloids, flavonoids, saponins, and terpenoids (Daulay 

et al., 2021; Veigas et al., 2020). The presence of ascorbic acid in chayote extract has made it 
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useful as a reducing and capping agent for nanoparticle synthesis (Bhan and Golder, 2023). 

Chayote extract has not been explored as a corrosion inhibitor. 

 Tinda (Praecitrullus fistulosus) is a vegetable crop that belongs to the Cucurbitaceae 

family. It is cultivated in Asia since ancient times. It is one of the excellent plants gifted by 

nature, having the composition of essential constituents that are required for normal and good 

human health (Senger et al., 2024; Tyagi et al., 2017). Praecitrullus fistulosus reportedly 

possesses a range of bioactive compounds, including polyphenols, flavonoids, ascorbic acid, 

tannin, alkaloid, saponin, phytosterol, diterpenes, thiamsin, carotene, proteins, carbohydrates, 

and cardiac glycosides (Tiwari et al., 2020). Additionally, few studies reported that tinda fruits 

are rich in secondary metabolites, exhibiting the following medicinal properties: anti-

inflammatory, antioxidant, antihelminthic, antidiabetic activity, and antimicrobial (Madhu et 

al., 2019). The presence of antioxidant compounds in tinda extracts (Madhu et al., 2019) makes 

it useful as a reducing and stabilizing agent for synthesizing metal ions (K. Bhardwaj et al., 

2022). Madhu et al., 2022 have utilized tinda extracts to synthesize silver nanoparticles (Madhu 

et al., 2022), but tinda extract has not been used as a corrosion inhibitor till now.  

 Phaseolus lunatus is an edible legume that belongs to the Fabaceae family, spreads and 

adapts well to dry land, and is easily cultivated. These beans and their seeds are considered as 

the best source of dietary proteins and essential nutrients derived from plants, exhibiting the 

most abundance in amino acids like lysine (Adebo, 2023) and leucine (Seidu et al., 2015), as 

well as high in following fatty acids, linoleic acid (Ogunji et al., 2003), oleic acid (Ezeagu and 

Ibegbu, 2010), 9-Octadecenoic acid (Z)-, methyl ester (Marimuthu et al., 2014) and also 

contain lower amount of ascorbic acid (Ogechukwu and Ikechukwu, 2021). Recently, several 

studies have reported that these compounds have excellent corrosion-inhibiting ability against 

acidic mediums (Ameh, 2018; Hermoso-Diaz et al., 2019; Jano et al., 2014; Tran et al., 2024). 

However, Phaseolus lunatus has not been explored as a corrosion inhibitor. 
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 Duranta erecta is a widely cultivated ornamental plant, and it has attracted people's 

attention due to its vibrant flowers and golden berries. It is most commonly used for 

landscaping, hedges, decorative, and medical purposes in several countries such as India, 

Bangladesh, South Africa, Indonesia, Brazil, and many others. It belongs to the Verbenaceae 

family. Few studies have reported that ethyl acetate and aqueous extracts of Duranta erecta 

leaves exhibited significant antimalarial activity (Patil and Hooli, 2014). Furthermore, some 

researchers have also found that Duranta erecta plant organs possess several biological 

activities, such as antimicrobial, antiviral, antioxidant, and antimalarial properties. The plant 

has been found to contain diverse classes of phytoconstituents, including flavonoids, flavonoid 

glycosides, iridoid glycosides, steroids, alkaloids, phenolics, terpenoids, saponins, and tannins 

(Subsongsang and Jiraungkoorskul, 2016). Moreover, Duranta ereacta leaves extracts have 

also been utilized to prepare AgNPs (Patel and Patel, 2022), but they are not used as corrosion 

inhibitors. 

 In the above discussion, bio-extracts of chayote, tinda, Phaseolus lunatus, and Duranta 

erecta are reported to be very rich in beneficial phytochemicals and utilized for nanomaterial 

synthesis and medical applications, but these bio-extracts have not been explored as corrosion 

inhibitor for mild steel protection against HCl. 

 

 Epoxy based coatings 

 One of the most effective industrial practices for mitigating corrosion is the application 

of protective coatings on metallic substrates. Epoxy coatings are widely used to protect metals 

and their alloys from corrosion in various industries due to their excellent corrosion resistance, 

mechanical strength, chemical resistance, and adhesion properties. However, these epoxy 

coatings become defective during prolonged exposure, resulting in the failure of desired 

protection (Xavier, 2021). To address this issue, extensive research has been conducted by 
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incorporating various nanofillers into the epoxy matrix. Among the reported nanofillers, two-

dimensional graphene and its derivatives have demonstrated exceptional reinforcing properties 

in epoxy resin-based coatings due to their large specific surface area and exceptional 

impermeability. These nanofillers significantly enhance the anticorrosive, physicochemical, 

structural, and mechanical properties of epoxy coatings, making them far superior to pure 

epoxy coatings in terms of durability and performance. 

 In recent years, reduced graphene oxide (RGO) has been widely used in coating 

formulations due to its several advantages, including a higher reactive surface area and better 

compatibility with various organic solvents and polymer matrices compared to pristine 

graphene. However, RGO tends to aggregate at higher loadings, which negatively impacts the 

coating’s performance. To overcome this limitation, RGO has been functionalized or decorated 

with other nanoparticles (ZnO, ZrO2, and MoS2) or polymers to enhance its dispersion and 

stability (Chen et al., 2018; Rajitha et al., 2020; Zhou et al., 2022). Among the reported 

nanoparticles, ZnO incorporation into epoxy coatings enhances corrosion resistance, UV 

resistance, antibacterial properties, and mechanical strength. It also improves anti-fouling and 

self-healing effects, making epoxy coatings more effective for protective applications. Binary 

composites of RGO facilitate its uniform distribution within polymer matrices, resulting in 

more durable and compact coatings with strong interfacial interactions between RGO and the 

polymer (Wang et al., 2021; Zhu et al., 2021). Rajitha et al. (2020) decorated the ZnO particles 

on RGO sheets to prepare the RGO-ZnO composite, and they found that RGO-ZnO 

nanocomposite in PU resin-based coatings exhibited enhanced anti-corrosive properties as 

compared to the individual RGO and ZnO coatings (Rajitha et al., 2020). Recently, polyaniline 

(PANI) has been frequently used for metal protection due to its excellent anticorrosive 

properties. It plays a crucial role in anti-corrosive coatings because it provides anodic 

protection and metal passivation through its oxidation processes (Nguyen et al., 2003; Reut et 
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al., 1999). Among the conducting polymers, PANI is the most suitable candidate for coating 

reinforcement due to its following properties: environmentally stable, simple synthesizing 

process, better processability, and economical. Xiao et al. (2018) have tested the anticorrosive 

properties of epoxy coating reinforced with binary composite (PANI-GO) and achieved 

significantly improved corrosion-inhibiting behavior than that of pure epoxy coating (Xiao et 

al., 2018). Goswami et al., (2024) have investigated the anticorrosive behavior of PANI-

wrapped nitrogen-doped graphene nanocomposites coating and found that NGr-PANI-ES-8 

showed the highest total impedance, but its value was decreased from 1.7 × 1015 to 2.17 × 104 

Ω cm2 only in 7 days of immersion (Goswami et al., 2024).  

 There is an urgent need to develop new composite materials to enhance the 

anticorrosive properties of protective coatings. Previous studies have demonstrated that 

incorporating polyaniline (PANI) with reduced graphene oxide (RGO) or zinc oxide (ZnO) as 

nanofillers in an epoxy matrix significantly improves corrosion resistance (Kraljić et al., 2003; 

Mostafaei and Nasirpouri, 2014). However, to the best of our knowledge, ternary RGO-ZnO-

PANI nanocomposite has not been explored as a filler in epoxy coatings for corrosion 

protection in marine environments. 

 

 Knowledge gaps   

Based on the above literature review, the knowledge gap is given below. 

❖ Bio-extracts of Sechium edule (chayote), Praecitrullus fistulosus (tinda), Phaseolus 

lunatus, and Duranta erecta are reported to be very rich in beneficial phytochemicals and 

utilized for nanomaterial synthesis and medical applications.  

❖ However, the corrosion inhibition efficiency of these bio-extracts has not been explored 

for the protection of mild steel against HCl. 
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❖ PANI wrapped RGO-ZnO ternary nanocomposites can be used in organic coatings, which 

can significantly improve the corrosion-inhibiting properties of coatings. The ZnO 

decorated RGO nanosheets can effectively furnish impermeability and physical barriers, 

whereas uniformly grown PANI on the RGO-ZnO surface increases the path distance for 

corrosive species towards the steel substrate. 

❖ However, PANI wrapped RGO-ZnO ternary composite has not been used to enhance the 

anticorrosive properties of epoxy coating for protecting mild steel in 3.5% NaCl. 

 

 Objectives of the work 

Objective 1: A novel eco-friendly inhibitor of chayote fruit extract for mild steel corrosion in 

1 M HCl: Electrochemical, weight loss studies, and the effect of temperature 

Objective 2: Corrosion inhibition of mild steel by tinda (Praecitrullus fistulosus) fruit and peel 

extracts 

Objective 3: Investigations on corrosion inhibition of mild steel in acid medium using 

Phaseolus lunatus peel and seed extracts  

Objective 4: Duranta erecta fruit and leaves extracts as green corrosion inhibitors for mild 

steel protection in hydrochloric acid  

Objective 5: Anti-corrosive behavior of a novel ternary RGO-ZnO-PANI nanocomposite 

reinforced epoxy coating on mild steel in the marine environment 
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Materials and methods 

 

 This chapter presents all the reagents and experimental methods used to synthesize, 

characterize, and determine the inhibition efficiency of bio-extracts (green corrosion 

inhibitors) and epoxy-based coatings. To complete this work, the experimental section is 

systematically arranged in following steps: (i) Preparation and characterization of green 

corrosion inhibitors, (ii) preparation and characterization of nanocomposite materials and 

their coatings, (iii) preparation of working electrode, (iv) fabrication of electrochemical cell 

and setup, (v) performing the weight loss and electrochemical analysis to study the corrosion 

inhibiting behavior of green corrosion inhibitors, and (vi) performing the electrochemical and 

salt spray analysis to study the anticorrosive behavior of nanocomposite coating. 
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2.1 Materials  

 2,6 Dichlorophenol indophenol sodium salt indicator (C12H6Cl2NNaO2.2H2O, 98%, 

CAS: 620-45-1) was purchased from Ms. Sisco Research Laboratories Pvt. Ltd., India. 

Hydrochloric acid (HCl, 37%, CAS: 7647-01-0), ascorbic acid (C6H8O6, 99%, CAS: 50-81-7), 

sodium hydroxide (NaOH, 99%, CAS: 1310-73-2), methanol (CH3OH, 99.8 %, CAS: 67-56-

1), acetone (CH3COCH3, 99.0%, CAS: 67-64-1), potassium chloride (KCl, 99.5%, CAS: 7447-

40-7), aniline (C6H5NH2,  ≥ 99%, CAS: 62-53-3), ethanol (C2H5OH, 98%, CAS no. 64-17-5), , 

sulphuric acid (H2SO4, 98%, CAS: 7664-93-9) were purchased from Ms. Merck India. 4,4′-

Diaminodiphenyl sulfone (C12H12N2O2S, ≥97.0%, CAS: 80-08-0), 1-butyl-3-

methylimidazolium acetate, bisphenol A diglycidyl ether (C21H24O4, CAS: 1675-54-3), 

graphite power with particle size < 20 µm (CAS: 7782-42-5), were purchased from Mr. Sigma 

Aldrich, India. Hydrogen peroxide (H2O2, 30%, CAS: 7722-84-1), potassium permanganate 

(KMnO4, 99%, CAS: 7722-64-7), hydrazine hydrate (N2H4, 80%, CAS: 10217-52-4) were 

purchased from Ms. Loba Chemie Pvt. Ltd, India. Zinc acetate dihydrate 

(Zn(CH3COO)2.2H2O, 97%, CAS: 5970-45-6) was purchased from Ms. Hi Media Laboratories 

Pvt. Ltd, India. Ammonium peroxydisulfate ((NH4)2S2O8, 98%, CAS: 7727-54-0) was 

purchased from Ms. Thermo Fisher Scientific India Pvt. Ltd, India. Ag/AgCl reference and 

platinum wire counter electrodes were purchased from M/s. Metrohm, India. Mild steel plate 

(120 × 120 × 5 mm3) was purchased from Ms. Aries Engineers, Mumbai, India. Emery papers 

(grade from 220 to 2000), nylon cloth, and lavigated alumina paste (Grade-I) were purchased 

from Ms. Metalart Graphy Ghaziabad, India. Deionized (DI) water (Millipore unit, 

conductivity: 0.055 µS, Elix-3, USA) was used to prepare reagent solutions.  
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2.2 Methods 

 To complete this research, the experimentation section was systematically discussed in 

the following steps: 

• Preparation and characterization of green corrosion inhibitors 

• Preparation and characterization of nanocomposite materials and their coatings 

• Preparation of working electrodes 

• Fabrication of electrochemical cells and setup 

• Performing the weight loss and electrochemical analysis to study the corrosion-

inhibiting behavior of green corrosion inhibitors 

• Performing the electrochemical and salt spray analysis to study the anticorrosive 

behavior of nanocomposite coating. 

 

2.2.1 Preparation of green corrosion inhibitor 

2.2.1.1 Sechium edule (chayote) extracts 

 Sechium edule (chayote) fruits were bought from the Amingaon market near the Indian 

Institute of Technology Guwahati (Latitude: 26.190 and Longitude: 91.693), Assam, India. The 

fruits were first washed with tap water and then with distilled water. After that, the peel was 

removed, the fruits were cut into small pieces (10 mm × 10 mm × 10 mm), and 75 g of fruit 

pieces were added to 100 mL distilled water in four conical flasks of 250 mL (Chowdhury et 

al., 2021). Then pH of the mixtures was carefully adjusted to 3, 5, 7, and 9 by slowly adding 

HCl and NaOH stock solutions, and they were heated at 90 ± 2 °C for 12 h. The mixtures were 

set to cool down to room temperature and then filtered using Prefilter AP25, Ms. Millipore, 

India. The chayote extracts were stored in an airtight container at – 4 °C. The same procedure 

was used to prepare chayote extract (CE, original pH 5.2) in distilled water. The schematic 

preparation of the chayote extracts is illustrated in Fig. 2.1. 
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Fig. 2.1 Block diagram of chayote extract preparation. 

 

2.2.1.2 Praecitrullus fistulosus (tinda) fruit and peel extracts 

 Praecitrullus fistulosus (tinda) fruits were purchased from the vegetable shop in 

Guwahati (26.1925 Latitude and 91.7317 Longitude) in Assam, India. These fruits were 

cleaned several times with tap water, followed by distilled water, the peel was removed and 

collected in a petri dish, and the fruits were sliced and dried under the shade for 3 days. After 

that, dried fruit pieces were ground into powder. 7.5 g of powder of tinda fruit was kept in a 

thimble, and glass pot was filled with methanol (150 mL). The solvent (methanol) was heated 

to its boiling point to reflux.  Methanol vapor reaches the distillation section and then condenses 

in the condenser. These condensed vapors were collected in the Soxhlet chamber, and their 

amount increased with time. This chamber was automatically emptied by a sidearm, and the 

methanol was returned to the distillation pot. These cycles were repeated for a period of 2 h. 

After that, methanol was removed by using a rotary vacuum evaporator. The residue was 

collected in a petri plate and dried in a vacuum oven to further evaporate the methanol. After 

evaporation, dried material was collected and stored at -4 ℃ (Ishnava and Patel, 2020). The 

schematic diagram for tinda fruit extract (TFE) preparation is shown in Fig. 2.2. Similar process 

was used to prepare tinda peel extract (TPE).  These extracts (TPE and TFE) were separately 

used to prepare the stock solutions of 500 mg L-1 concentration in 1 M HCl, which were further 

diluted by adding 1 M HCl to make several solutions of 50, 100, 150, 200, and 250 mg L-1 
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concentrations. These extracts (TPE and TFE) were used as green corrosion inhibitors to 

protect the immersed mild steel in 1 M HCl. 

 

 

Fig. 2.2 Block diagram of TFE preparation. 

 

2.2.1.3 Phaseolus lunatus (lima bean) peel and seed extracts 

 Phaseolus lunatus were purchased from the local market of IIT Guwahati (Latitude: 

26.190 and Longitude: 91.693), Assam, India. Phaseolus lunatus were cleaned several times 

with tap water, followed by DI water to remove the dirt. Phaseolus lunatus peel was separated 

from the seeds, and both were dried at 50 ℃ for 48 h and ground separately. A 10 g of powdered 

Phaseolus lunatus peel was extracted with 30 mL of ethanol overnight in a shaker at room 

temperature, and the extract was filtered using Prefilter AP25 (Ms. Millipore, India). The 

extract was concentrated by a rotary evaporator, and the final material was taken over a petri 

dish and kept in a vacuum oven for further evaporation of ethanol. After evaporation, dried 

material (Phaseolus lunatus peel extract, PLPE) was collected and stored at -4 ℃. The same 

procedure was utilized to prepare the Phaseolus lunatus seed extract (PLSE). The extraction 

yields of PLPE and PLSE were around 17.25 % and 20.33 % respectively.  A typical schematic 

diagram for the preparation of PLPE is shown in Fig. 2.3. A required amount of these extracts 

(PLPE and PLSE) was separately added to 1 M HCl solution for the preparation of the stock 
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solution with a concentration of 500 mg L-1. Furthermore, this stock solution was diluted by 

adding a sufficient amount of 1 M HCl to prepare several solutions with different doses (0, 50, 

100, 150, 200, 250 mgL-1) of PLPE and PLSE. 

 

 

Fig. 2.3 Schematic diagram for the preparation of PLPE and the same procedure is used 

for PLSE. 

 

2.2.1.4 Duranta erecta fruit and leaves extracts 

 Duranta erecta plant organs, namely fruits and leaves, were collected from the IIT 

Guwahati campus and washed several times with tap water. These fruits and leaves were 

separately dried in the shade for 4 weeks. The dried plant materials were roughly ground into 

powder with the help of a grinder. 15 g of the powder was extracted with 50% ethanol at room 

temperature for 48 h on an orbital shaker. The above mixtures were separated using a 
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centrifuge, and each supernatant was evaporated under vacuum in a rotary evaporator. Final 

materials were taken over a petri dish separately, and they were vacuum-dried for further 

ethanol evaporation. Dried materials (Duranta erecta fruit extract (DEFE) and Duranta erecta 

leaves extract (DELE)) were stored in airtight containers at -4 ℃. Fig. 2.4 shows the schematic 

diagram for the preparation of DEFE, and a similar processor was used for the preparation of 

DELE. 

 

 

Fig. 2.4 Schematic diagram for the preparation of DEFE. 

 

2.2.2 Characterizations of inhibitors 

 Prepared tinda, Phaseolus lunatus, and Duranta erecta extracts were analyzed by liquid 

chromatography-mass spectrometry (6410 Triple Quadrupole LC-MS, Agilent Technologies, 

California, USA) to identify the main compounds in these extracts. Mass spectrums were 
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recorded in the m/z range from 50 to 350.  Available functional groups of several compounds 

in chayote, tinda, Phaseolus lunatus, and Duranta erecta extracts were analyzed and confirmed 

by Fourier transform infrared spectroscopy (FTIR) analysis. FTIR spectra were captured within 

the wavenumber range of 500 to 4000 cm-1 using the IR affinity-1; (Shimadzu, Japan). 

 

2.2.3 Preparation of nanocomposite materials and their coatings 

2.2.3.1 Preparation of GO nanosheets 

 Graphene oxide nanosheets (GO) were prepared by the chemical oxidation of graphite 

powder. 1 g of graphite powder was added to 100 mL of 98% concentrated H2SO4 and stirred 

for 12 h at room temperature. Then, the mixture was cooled below 10℃, and KMnO4 was 

added slowly under continuous stirring. The mixture was stirred for 2.5 h. Then, 50 ml of 

distilled water was added dropwise and stirred at room temperature for 30 min. The oxidation 

reaction was terminated by adding 150 mL of distilled water, followed by 10 mL of hydrogen 

peroxide (30% H2O2). The solid product was separated and washed by centrifugation, once 

with 5% HCl and several times with distilled water up to pH 7. It was then dried at 60℃ in a 

vacuum oven for 12 h (Xue et al., 2020).  

 

2.2.3.2 Preparation of RGO nanosheets 

 1200 mg of graphene oxide was added to 400 mL of distilled water and then sonicated 

for 2 h to obtain a colloidal suspension of graphene oxide (3 mg mL-1). Suspended graphene 

oxide was reduced by 3 mL of hydrazine hydrate for 8 h in an oil bath at 85℃. The reaction 

mixture's color became darker during the reaction progression. Black reduced graphene oxide 

was filtered, first washed with 0.1 M HCl solution, and several times with distilled water until 

pH 7 was obtained (Choudhury et al., 2021).  
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2.2.3.3 Preparation of ZnO nanorods 

 A simple approach for the preparation of ZnO nanorods is given as follows: 0.439 g of 

Zinc acetate dihydrate was added to 25 mL of ethanol and sonicated for 30 min to obtain 0.1 

M Zinc acetate dihydrate solution. Similarly, 8 g of NaOH was added to 40 mL of ethanol, and 

then this mixture was sonicated for 0.5 h separately to get 0.5 M NaOH solution. Zinc acetate 

dihydrate solution was mixed with 0.5 NaOH solution after a few minutes of stirring, 

transferred to a Teflon lined stainless steel autoclave, and heated in a muffle furnace at 150℃ 

for 24 h. A white precipitate was collected and washed with ethanol and water (Cheng and 

Samulski, 2004).  

 

2.2.3.4 Preparation of binary and ternary nanocomposites  

 The RGO-ZnO nanocomposite was prepared through a simple ultrasonic technique. 

500 mg of reduced graphene oxide (RGO) was suspended in 75 mL of distilled water by 0.5 h 

of sonication to obtain a colloidal suspension of reduced graphene oxide. Similarly, ZnO 

suspension was prepared as follows: 125 mg of ZnO was mixed in 25 mL of distilled water by 

0.5 h of sonication. ZnO solution was poured into RGO solution, and the final mixture was 

sonicated for 45 min, then stirred for 1 h. RGO-ZnO product was centrifuged and dried at 50℃ 

for 12 h. The final RGO-ZnO powder was obtained after grinding by motor, a similar process 

was used to prepare the RGO-ZnO composite by varying the mixing ratio of RGO:ZnO (4:0.5 

and 4:2) (Jayachandiran et al., 2018a) (Fig. 2.5 (a)).  

 PANI was wrapped on the surface of RGO-ZnO composite through the following 

procedure: 0.25 g of RGO-ZnO powder was added to 50 mL of distilled water and sonicated 

to achieve a homogeneous suspension. The HCl solution was used to set the pH =1 of the above 

suspension. After that, 0.25 mL of aniline monomer was poured into the above RGO-ZnO 

suspension under the ice bath (0–5 °C). Then, the aqueous solution of NH4S2O8 (0.98 g/25 mL) 
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was added dropwise to the above mixture and stirred for 4 h on the ice bath (0–5 °C). The 

prepared material (RGO-ZnO-PANI nanocomposite) was collected and washed using the 

centrifugation technique (Zhong et al., 2020). A similar procedure was used to prepare the 

PANI without the addition of the RGO-ZnO composite. A schematic diagram for preparing 

RGO-ZnO and RGO-ZnO-PANI composites is shown in Fig. 2.5 (a). In this study, ZnO was 

anchored on the RGO surface to form a binary composite RGO-ZnO, which contains primarily 

π-π interaction. After the formation of a composite between RGO and ZnO, the stability of 

ZnO in acidic and marine environments was significantly enhanced compared to that of pristine 

ZnO. Few studies have reported that RGO-ZnO composite exhibited enhanced thermal and 

cyclic stability in photocatalyst and supercapacitor applications due to the synergistic effect of 

RGO and ZnO (Jayachandiran et al., 2018b; Tatykayev et al., 2017). Furthermore, the presence 

of ZnO on the RGO surface effectively prevented the aggregation of RGO sheets in the coating 

matrix. During the formation of the ternary composite, the RGO-ZnO composite interacts with 

PANI through π–π interactions, both between ZnO rods and the aromatic rings of PANI and 

between the rings of RGO and PANI, contributing to structural stability. Furthermore, the 

RGO-ZnO composite interacts with PANI also via electrostatic interactions (originating from 

protonated N and lone pairs on the OH group of RGO) and via hydrogen bonding (encouraged 

between H of the amine group and lone pair of OH group of RGO). These interactions make 

the huge structure of ternary composite stable (S. ul Haque et al., 2020; Kumar, 2012; Xie et 

al., 2020). 

 

2.2.3.5 Preparation of EP and EP/RGO-ZnO-PANI nanocomposite coating  

 Firstly, 2.5 mg of RGO was suspended in 10 mL of distilled water using a magnetic 

stirrer for 15 min, followed by 60 min of sonication at ambient temperature. 300 mg of DDS 

(hardener) was added to the RGO suspension and further sonicated for 60 min. Afterward, to 

TH-3816_196107102



Materials and methods 

 

 

63 
 

prepare the 0.5 wt% RGO (Lin et al., 2019), 200 mg of epoxy resin was mixed into the above-

sonicated solution and then continuously stirred for 90 min to ensure appropriate mixing. RGO 

reinforced epoxy resin was vacuum-dried for 15 minutes to avoid bubble formation during 

coating application. This coating was applied on polished MS using four-sided thin film 

applicator to achieve a thickness of 50 ± 2 μm. Then, coatings were cured for 96 h (Dhongde 

et al., 2023). A similar process was used to prepare pure epoxy (without RGO addition) and 

epoxy-based coating with RGO-ZnO, and EP/RGO-ZnO-PANI. For better understanding, MS 

coupons coated with pure epoxy or with 0.5 wt% of RGO, RGO-ZnO, and RGO-ZnO-PANI 

separately were represented as EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI, 

respectively. The schematic diagram for coating preparation and its application on MS is shown 

in Fig. 2.5 (b). 

 

TH-3816_196107102



Chapter 2 

 

 

64 
 

 

Fig. 2.5 Schematic representation of (a) synthesis of RGO-ZnO and RGO-ZnO-PANI, 

(b) preparation of EP/RGO-ZnO-PANI coating on the mild steel. 
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2.2.4. Characterizations of prepared materials and coatings 

2.2.4.1 Raman analysis 

 The structural characteristics of all prepared nanocomposites was studied using Raman 

analysis. In this technique, Raman spectra were recorded in the wavenumber range of 400-

2800 cm-1, using a Horiba Jobin Vyon Raman system (model LabRam HR) with a 488 nm 

laser. 

 

2.2.4.2 Fourier transform infrared spectroscopy (FTIR) analysis 

FTIR analysis was used to investigate the interactions of nanofillers with epoxy matrix, 

FTIR spectra were recorded within the wavenumber range of 450 to 4000 cm-1 using the IR 

affinity-1; (Shimadzu, Japan). 

 

2.2.4.3 Thermogravimetric analysis (TGA) 

 TGA analysis was utilized to investigate the improvement in thermal stability of epoxy 

coating due to the incorporation of several nanocomposites. These analyses were performed by 

using (TGA, TG 209 F1 Libra, Netzsch, Selb, Germany) in the temperature range of 28 to 800 

℃ with a heating rate of 10℃/min. 

 

2.2.4.4 Contact angle 

 The prepared coatings were characterized by contact angle analysis to study the changes 

in contact angle due to the reinforcement of several nanocomposites in the epoxy matrix. All 

contact angles were captured by a goniometer (Holmarc Opto-Mechatronics, model: HOI AD-

CAM-01B) with a distilled water droplet of 3 μL at a humidity of 67 % and 28 ± 2℃.  
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2.2.5. Preparation of working electrodes 

 All corrosion tests were performed with MS of the following composition: C: 0.15–

0.23 %; Mn: 0.98–1.50 %; S: 0.01–0.04 %; P: 0.02–0.04 %; Cr: 0.01 %; Si: 0.17–0.40 %; and 

the rest iron. To prepare the working electrode for electrochemical experiments, MS was cut 

into a disc (diameter: ø 9 mm; thickness: 5 mm) and fixed inside the hollow Teflon in such a 

way that it has a free surface of 0.64 cm2 (Fig. 2.6 (a)). MS coupons of 12 × 12 × 5 mm3 

dimensions (Fig. 2.6 (b)) were used as a working electrode in the weight loss analysis of 

corrosion inhibitor studies. Furthermore, the working electrode with a diameters of ø 20 mm 

(Fig. 2.6 (c)) was used in the electrochemical measurement of coating applications. Before 

conducting each experiment, electrodes were polished by using emery papers of different grit 

sizes (from 220 to 2000) and then polished on a disc polisher (Make: Ms. Chennai Metco Pvt 

Ltd., India; Model: Bainpol-VT) with the help of alumina paste. Electrodes were washed with 

distilled water, followed by acetone, and oven-dried before storing in a desiccator (ASTM G1) 

(Kumar and Das, 2023).  

 

 

Fig. 2.6 Working electrodes for (a) electrochemical and (b) weight loss experiments of 

corrosion inhibitors and (c) electrochemical studies of coatings. 
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2.2.6. Fabrication of electrochemical cells and setups 

 The corrosion cell (Ms. Metrohm India Ltd.) of 100 mL capacity was used for inhibitors 

experiments, and a flat corrosion cell (It’s design was indigenous) of 500 mL capacity was used 

for coating experiments; these electrochemical cells are shown in Fig. 2.7 (a) and 2.7 (b), 

respectively. Therefore, two different electrochemical setups were used in inhibitor and coating 

experiments which are presented in Figs. 2.8 (a) and 2.8 (b), respectively. All electrochemical 

experiments, including OCP, Potentiodynamic polarization, and EIS, were conducted using the 

same corrosion cell for corrosion inhibitor or coating experiments.  

 

 

Fig. 2.7 Electrochemical cell for (a) inhibitor experiments and (b) coating experiments. 
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Fig. 2.8 Electrochemical setup for (a) inhibitor experiments and (b) coatings 

experiments. 
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2.2.7 Corrosion test 

Corrosion-mitigating properties of developed inhibitors were studied using weight loss 

and electrochemical methods. Furthermore, the anticorrosive behavior of prepared coatings 

was investigated by electrochemical and salt spray analysis. 

 

2.2.7.1 Weight loss method 

 For weight loss experiments, polished MS specimens (12 × 12 × 5 mm3) were weighed 

and immersed in 50 mL of 1 M HCl solution with and without chayote, tinda Phaseolus lunatus, 

and Duranta erecta extracts at room temperature (28 ± 2ºC) for 4 to 48 h  (Haldhar et al., 2021). 

Herein, to examine the effect of inhibitor concentration, MS coupons were separately immersed 

in 50 mL of 1 M HCl containing varying inhibitor doses in a 100 mL beaker for 24 h. After the 

immersion, specimens were washed gently with distilled water and acetone, dried to remove 

the moisture, and weighed again (ASTM G1). During these experiments, mild steel samples 

were suspended vertically in the corrosive solution using a fine, chemically inert thread. All 

surfaces of samples including front, back, and edges were fully immersed and uniformly 

exposed to the corrosive medium. The small area covered by the thread was excluded from the 

total exposed surface area during corrosion rate calculations. The weight of the specimens was 

determined by using a digital balance with a precision of 0.0001 ± 0.1 mg (ASTM G1). The 

schematic diagram is shown in Fig. 2.9. Corrosion rate (CR) and inhibiting efficiency (μCR %) 

were calculated using the following equations: Eqs. (2.1), and (2.2), respectively. 

𝐶𝑅 =  
87600 𝑊 

𝐴𝑡𝜌
    (2.1) 

𝜇𝐶𝑅 %  =  
𝐶𝑅° −𝐶𝑅𝑖 

𝐶𝑅°  × 100                                                                                                                             (2.2) 

 where 𝑊 is the weight loss during exposure (g), CR is the corrosion rate (mm year-1), 

𝐴 is the exposed area of the MS coupon (cm2), 𝑡 and  𝜌 are the exposure period (h) and density 

of MS (g cm-3), respectively. The value of 𝜌 was assumed to be 7.86 g cm-3, 𝐶𝑅°
 and 𝐶𝑅𝑖 (mm 
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year-1) are corrosion rates in the absence and presence of inhibitors, respectively (Chu et al., 

2020; Daoudi et al., 2022; Fidrusli et al., 2018; Haldhar et al., 2021). Furthermore, to 

investigate the stability of the inhibitors for a long immersion (0 - 48 h), several weight loss 

experiments were also performed using a 100 mL beaker with inhibitors for various immersion 

times, such as 4, 8, 12, 24, and 48 h. 

 

 

Fig. 2.9 Schematic diagram for weight loss analysis. 

 

2.2.7.2 Electrochemical studies 

 All electrochemical experiments were conducted using three three-electrode setup, 

which was linked to potentiostat/galvanostat (Autolab, PGSTAT302N). This setup consisted 

following three electrodes: (a) reference electrode (Ag/AgCl, saturated with 3 M KCl), (b) 

counter electrode ( Pt- wire), and (c) working electrode (MS embedded in Teflon rod with an 

exposed area of 0.64 cm2) (El Nemr et al., 2024) for inhibitor experiments or MS disc with 

exposed area of 1 cm2 (Cui et al., 2021) for coating experiments). To make a complete circuit, 

these electrodes were assembled in their respective electrochemical cells. A fixed amount of 

70 mL of 1 M HCl solution (with and without inhibitors) and 200 mL of 3.5% NaCl solution 

was poured into these electrochemical cells for corrosion inhibitor and coatings experiments, 
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respectively. This cell has a provision that the reference electrode can be assembled very close 

to the exposed surface of the working electrode to detect the precise responses of the 

electrochemical process. Several electrochemical experiments were conducted in the presence 

or absence of 500, 1000, 1500, and 2000 mg L-1 of chayote extracts and 50, 100, 150, and 200 

mg L-1 of tinda, Phaseolus lunatus, and Duranta erecta extracts in 1 M HCl and for uncoated 

and coated sample in 3.5% NaCl solution. Before every experiment, the electrodes were 

washed and polished with sandpaper, as mentioned in section 2.2.1.  

 

2.2.7.2.1 Open circuit potential measurements 

 Before performing each electrochemical (Tafel polarization and EIS) test, MS 

electrodes were exposed to 1 M HCl for the period of 1 h without any external current supply 

to achieve a steady-state condition and stable open circuit potential (OCP) (Lin et al., 2020; Xu 

et al., 2021). The average OCP values were measured in the presence and the absence of 

chayote, tinda, Phaseolus lunatus, and Duranta erecta extracts and applied to their respective 

tests (Lin et al., 2020). Similarly, the average OCP values for coatings experiments were also 

measured by exposing uncoated and coated working electrodes to 3.5% NaCl solution for a 

period of 0.5 h.  

 

2.2.7.2.2 Potentiodynamic polarization measurements 

 PDP experiments were conducted at a scan rate of 1 mVs−1 with a range of applied 

potential from -250 mV to + 250 mV with respect to OCP in 1 M HCl in the presence and 

absence of an inhibitor (Dhongde et al., 2024; Parthipan et al., 2023). The several electrokinetic 

parameters, such as corrosion current density (icorr), corrosion potential (Ecorr), anodic Tafel 

slope (ba), and cathodic Tafel slope (bc)) were determined by the extrapolation of the Tafel 

curves. 
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Before performing the PDP test, electrodes were immersed in the corrosive solution for 

a sufficient time to achieve a stable potential value, which indicates that the system has reached 

the study state. PDP measurement is a technique that involves the gradual change of the 

potential of a working electrode, either in a positive or negative direction with respect to OCP. 

As corrosion is an anodic and cathodic reaction process, the rate of corrosion is controlled by 

the kinetics of electron transfer (Kakaei et al., 2019; Mansfeld, 2005). A reaction controlled by 

electron transfer kinetics follows the Tafel equation (Eq. (2.3)), which is as follows: 

𝑖 =  𝑖0𝑒
2.303 (𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑏                                                                                                               (2.3) 

Where, i represents the current density, i0 represents the exchange current density, 

which is also known as a reaction-dependent constant, 𝑏 depicts the Tafel constant (V/decade), 

𝐸 and 𝐸𝑐𝑜𝑟𝑟 represent applied and corrosion potential, respectively. The Tafel equation stands 

for the individual reaction, either anodic or cathodic. But corrosion is the combination of both 

reactions. Therefore, Tafel equations are combined to obtain the Butler-Volmer equation. 

Under a charge transfer condition, the potential of anodic and cathodic reactions on the working 

electrode is related to the current density (Zhang et al., 2009). This relationship is given by the 

Butler-Volmer equation (Eq. (2.4)) 

𝑖 =  𝑖𝑎 +  𝑖𝑐 =  𝑖𝑐𝑜𝑟𝑟 (𝑒
2.303 𝜂

𝑏𝑎 −  𝑒
−2.303 𝜂

𝑏𝑐 )                                                                               (2.4) 

Where, 𝑖𝑎 and 𝑖𝑐 are the anodic and cathodic current densities, respectively. Here, the 

difference between the applied potential E, when a net current flows through the corrosion cell, 

and the corrosion potential, Ecorr, is called the electrode polarization, overpotential, or 

overvoltage, η. The η term represents the extent to which the electrode-solution interface 

departs from the corrosion potential value. Overvoltage depends on the current density.  

The values of Ecorr and icorr were obtained at the point of intersection resulting from the 

extrapolation of the linear section of the cathodic and anodic curve of the polarization curve, 

as shown in Fig. 2.10. The values of icorr are indicative of a corrosion rate. This figure displays 
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the relation between applied potential (V) and the logarithm of the absolute current (A cm-2). 

In this figure, the curved line denotes the cumulative sum of both cathodic and anodic currents 

for the applied potential range.  

 

 

Fig. 2.10 Pictorial representation of extrapolation of Potentiodynamic Polarization curve 

(Tafel plot). 

 

 The inhibition efficiencies (µp %) of chayote, tinda, Phaseolus lunatus, and Duranta 

erecta extracts were calculated from  corrosion current density values (icorr) by the following 

Eq. (2.5) (Al-Moubaraki et al., 2022; Khayatkashani et al., 2022): 

𝜇𝑃% =  (1 −  
𝑖𝑐𝑜𝑟𝑟

𝑖𝑛

𝑖𝑐𝑜𝑟𝑟
° ) × 100                                                                                                     (2.5) 

 where corrosion current densities (µA cm-2) in the presence and absence of inhibitors 

are depicted by 𝑖𝑐𝑜𝑟𝑟
𝑖𝑛  and  𝑖𝑐𝑜𝑟𝑟

° , respectively (Batah et al., 2022; Dhongde et al., 2023; Pal and 
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Das, 2022). Furthermore, the above equation (Eq. (2.5)) was also used to calculate the 

corrosion-inhibiting efficiencies of coatings, just by replacing the 𝑖𝑐𝑜𝑟𝑟
𝑖𝑛   with  𝑖𝑐𝑜𝑟𝑟

𝑐   (corrosion 

current densities of coated samples).  

 

2.2.7.2.3 Electrochemical impedance spectroscopy measurements 

 In the electrochemical impedance spectroscopy test, a small amplitude AC signal of 10 

mV and a frequency range from 0.01 Hz to 10000 Hz was applied at the steady-state open 

circuit potential (OCP) value. The responses of applied frequencies to MS deterioration in 1 M 

HCl with and without the inhibitors are illustrated by Nyquist and Bode plots.  

 

Theoretical Consideration 

 In EIS analysis, several circuit elements, namely, resistance (𝑅), capacitance (𝐶), and 

inductance (𝐿) are obtained by applying AC voltage in an electrochemical cell. When a DC 

voltage is employed in the electrochemical cell, then Ohm's law is followed by the values of 

voltage (𝑉), resistance (𝑅), and current (𝐼). Similarly, If an AC voltage is applied, then 

impedance interrupts the current flow. This impedance can be expressed as (Eq. (2.6)): 

𝑍(𝑤)  =  
𝑉(𝑤)

𝐼(𝑤)
                                                                                                                           (2.6) 

Where, 𝜔 = 2𝜋𝑓; it is the angular frequency of the applied AC voltage 

 These interruptions can be denoted by several circuit elements, for instance, R, C, and 

L, which constitute the overall impedance in the existing circuit. In an actual system, the 

electrochemical cell contains various circuit elements with numerous combinations. Thus, it is 

more accurate to use the concept of impedance than a circuit model consisting solely of a 

resistor to represent an electrochemical system. Additionally, when V is applied with the 

angular frequency ω, V and I have a phase difference of ø. Therefore, the above V and I values 
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in the AC circuit can be expressed by the following equations (Eqs 2.7 and 2.8). In these 

equations, Vm and Im signify the maximum values of V and I, respectively. 

𝑉 =  𝑉𝑚 sin(𝑤𝑡)                                                                                                                     (2.7) 

𝐼 =  𝐼𝑚 sin(𝑤𝑡 − ø)                                                                                                                  (2.8) 

 The above equation for V and I can be modified by using the complex function 𝑗 =

 √−1  =  𝑒(
𝑗𝜋

2
)
 as follows (Eqs. (2.9 and 2.10)): 

𝑉 =  𝑉𝑚 𝑒(𝑗𝑤𝑡)                                                                                                                        (2.9) 

𝐼 =  𝐼𝑚 𝑒[𝑗(𝑤𝑡−ø)]                                                                                                                  (2.10) 

 As discussed above, V and I follow Ohm's law for the AC circuit model, and impedance 

Z(ω) is expressed as follows (Eq. (2.11)): 

𝑍(𝑤)  =  
𝑉(𝑤)

𝐼(𝑤)
=   

𝑉𝑚 𝑒(𝑗𝑤𝑡)

𝐼𝑚 𝑒[𝑗(𝑤𝑡−ø)] =  
𝑉𝑚

𝐼𝑚
 𝑒(𝑗ø)                                                                             (2.11) 

 This above equation can be simplified using Euler’s equation, 𝑒𝑥𝑝(𝑗𝜙) = cos(𝜙) + 

𝑗sin(𝜙), as follows (Eq. (2.12)); 

𝑍(𝑤)  =   𝑉𝑚𝐼𝑚 𝑒(𝑗ø) =  𝑉𝑚𝐼𝑚[cos(ø) + 𝑗 sin(ø)] = 𝑍0 [cos(ø) + 𝑗 sin(ø)]                    (2.12) 

 By dividing the above equation into real and imaginary parts, the following equation 

can be written as follows (Eq. (2.13)): 

𝑍(𝑤)  =   𝑍0[cos(ø)] + 𝑗 𝑍0 [sin(ø)]                                                                                  (2.13) 

 On the basis of Eq. (2.13), this EIS data can be presented by two plots such as (i) 

Nyquist plot (Fig. 2.11 (a))  that represents the real and imaginary parts of Z(ω) using cartesian 

coordinates in Eq. (2.13) 𝑍𝑟𝑒𝑎𝑙 = 𝑍0 cos𝜙, that signifies 𝑅 (resistance) and 𝑍𝑖𝑚𝑔 = 𝑍0 𝑗sin(𝜙), 

which signifies 𝐶(capacitance) + 𝐿 (inductance) and (ii) Bode plot that shows the phase shift 

and magnitude changes in the applied frequency range are shown in Fig. 2.11 (b) and (Fig. 2.11 

(c)), respectively. 
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Fig. 2.11 A standard EIS plot (a) Nyquist, (b) Bode modulus, and (c) Bode phase. 

 

 These Nyquist plots were fitted to a simple equivalent circuit to obtain the EIS 

parameters. This circuit contains several elements, such as resistors, capacitors, and inductors, 

which are key components for studying the physical electrochemistry of the system. However, 

in cases of a system’s inhomogeneity, the capacitor of the circuit does not work perfectly. To 

remove this inhomogeneity from the system, the capacitor was replaced by the constant phase 

element CPE, expressed as follows Eq. (2.14) (Haque et al., 2020; Tan et al., 2021): 

𝑍𝐶𝑃𝐸 =  
1

𝑌𝑜(𝑗𝑊)𝑛
                                                                                                                      (2.14) 
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 where 𝑍𝐶𝑃𝐸 is the impedance of 𝐶𝑃𝐸, 𝑌𝑜 and n are numerical value and deviation 

parameters of 𝐶𝑃𝐸, respectively, w is the angular frequency (rad s-1), j is the imaginary number. 

The characteristics of 𝐶𝑃𝐸 depend on n.  

      If 𝑛 = 0, 𝑡ℎ𝑒𝑛 𝑌0  = 𝑅                             (𝐶𝑃𝐸 acts as resistor) 

If 𝑛 = 1, 𝑡ℎ𝑒𝑛 𝑌0  = 𝐶 𝑜𝑟 𝑌0  = 𝐿          (𝐶𝑃𝐸 acts either as inductor or capacitor) 

If 𝑛 = 0.5,  𝑡ℎ𝑒𝑛 𝑌0  = 𝑊                        (𝐶𝑃𝐸 acts as Warburg).  

 The values of 𝑌0, n, and  𝜔𝑚𝑎𝑥 were utilized to calculate the value of double layer 

capacity (Cdl) of CPE (Eq. 2.15) (Mobin et al., 2022). 

𝐶𝑑𝑙 =  
𝑌0

(𝜔𝑚𝑎𝑥)𝑛−1
                                                                                                                            (2.15) 

 where 𝜔𝑚𝑎𝑥 (rad s-1) denotes the value of the angular frequency, which corresponds to 

the maximum imaginary impedance of the Nyquist patterns (Fadhil et al., 2020). Double layer 

capacity (Cdl) and charge transfer resistance (Rct) are two crucial parameters of Nyquist 

patterns. The inhibition efficiency (µRct %) of chayote, tinda, Phaseolus lunatus, and Duranta 

erecta extracts was calculated by the following equation (Eq. (2.16)) 

𝜇𝑅𝑐𝑡% =  (1 −  
𝑅𝑐𝑡

°

𝑅𝑐𝑡
𝑖𝑛) × 100                                                                                                  (2.16) 

 Where charge transfer resistances for MS immersed in 1 M HCl in the presence and 

absence of inhibitors are depicted by 𝑅𝑐𝑡
𝑖𝑛 and 𝑅𝑐𝑡

° , respectively (Al-Moubaraki et al., 2022)(Pais 

and Rao, 2023; Pal and Das, 2020).  

 

2.2.7.3 Salt spray test 

 The anticorrosive behavior of prepared coatings was also studied by the salt spray 

technique. For this analysis, MS coupons of 9 cm × 9 cm ×5 cm were coated with an average 

coating thickness of about 50 ± 2 μm. Then, an artificial scratch was created on each coated 
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sample, and these samples were placed inside the salt spray chamber, and 5 wt% NaCl solution 

was continuously sprayed as per ASTM B117. 

 

2.2.8 Effect of temperature on the inhibitor’s performance 

 To investigate the effect of temperature on inhibition efficiencies of inhibitors, a few 

electrochemical measurements were also performed at 313 and 323 K. The interactions 

between the MS surface and inhibitor molecules can be altered by the temperature.  

2.2.8.1 Effect of activation energy 

Herein, Tafel data was used to study the influence of activation energy on metal 

dissolution. The degradation of metal can be considered an Arrhenius-type phenomenon, and 

𝑖𝑐𝑜𝑟𝑟  values can be expressed by the following equation (Eq. (2.17)) (Boudalia et al., 2023): 

𝑖𝑐𝑜𝑟𝑟 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇                                                                                                                        (2.17) 

 where, gas constant and temperature are depicted by R (8.314 JK-1mol-1), and T (K), 

respectively. Ea epitomizes the activation energy of metal’s dissolution, and the Arrhenius pre-

exponential parameter is represented by A. 

 The variation in icorr values with temperature elevation was used to evaluate a few 

kinematic parameters, such as ΔS and ΔH for metal corrosion. The transition state is another 

way to express the Arrhenius equation (Eq. (2.18)) (Kumar and Das, 2024). 

𝑖𝑐𝑜𝑟𝑟 =
𝑘𝐵𝑇

ℎ
𝑒

∆𝑆

𝑅  𝑒
−∆𝐻

𝑅𝑇                                                                                                               (2.18) 

 where enthalpy, the entropy, Planck's constant, and Boltzmann's constant are 

represented by ΔH, ΔS, h (6.6252×10-34 J), and kB (1.38066×10-23 JK-1), respectively. 

Additionally, the corrosion of metal follows an unimolecular-type process only if the values 

for the subtraction of change in enthalpy from activation energy are equal to the values of RT, 

as shown in Eq. (2.19) (Eddahhaoui et al., 2024).  

𝐸𝑎  −  ∆𝐻 = 𝑅𝑇                                                                                                                      (2.19) 
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 where Ea designates the activation energy of MS degradation in an acidic solution, and 

enthalpy is depicted by ΔH. 

 

2.2.9 Adsorption studies of inhibitors 

 The adsorption isotherms play a crucial role in corrosion research, which offers 

valuable insights into the interaction between inhibitors (adsorbate) and metal surfaces 

(adsorbent). To understand the basic principle of the adsorption process and the type of 

adsorption, a few of the most commonly used adsorption isotherms (Langmuir (Eq. (2.20)), 

Temkin (Eq. (2.21)), and Frumkin (Eq. (2.22))) were tested. The values of the adsorption 

equilibrium constant (Kads) were determined using the following equations of the isotherms 

(Al-Moubaraki, 2018; Al-Moubaraki et al., 2022; Chen et al., 2022; Ma et al., 2021; Ravi and 

Pandey, 2019): 

Langmuir isotherm: 
𝐶𝑖𝑛ℎ

𝜃
 =  

1

𝐾𝑎𝑑𝑠
 + 𝐶𝑖𝑛ℎ                                                                           (2.20) 

Temkin isotherm:  𝜃 =  𝑓−1 ln 𝐾𝑎𝑑𝑠  +  𝑓−1 ln 𝐶𝑖𝑛ℎ                                                                (2.21) 

Frumkin isotherm:  𝑙𝑜𝑔
𝜃

(1−𝜃)𝐶𝑖𝑛ℎ
 =  𝑙𝑜𝑔𝐾𝑎𝑑𝑠  + 𝑔𝜃                                                               (2.22) 

 Where, Cinh is the inhibitor concentration, θ is the surface coverage, and f is the 

heterogeneity factor, that is, the inverse of the slope. The surface coverage (θ ) was calculated 

from 𝜇𝑃 % by the following expression (Eq. (2.23)) (Zhang et al., 2021): 

Surface coverage: 𝜃 =
𝜇𝑃 %

100
                                                                                                   (2.23) 

 where, 𝜇𝑃 %  represents the corrosion inhibiting efficiencies in the PDP test, which are 

calculated from corrosion current densities [𝑖𝑐𝑜𝑟𝑟
°  (uninhibited system) and 𝑖𝑐𝑜𝑟𝑟

𝑖𝑛  (inhibited 

system)]. 
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2.2.10 Surface characterization  

In inhibitor studies, Surface characterization was performed to investigate the changes 

on the surface of mild steel during corrosion in the presence or absence of inhibitors. 

2.2.10.1 Field emission scanning electron microscopy (FESEM) and Energy dispersive 

X-ray (EDX) analyses 

 Polished metal samples were dipped in 1 M HCl solution in the presence or absence of 

optimum inhibitor concentration (2000 mg L-1 of chayote, and 200 mg L-1 of tinda, Phaseolus 

lunatus, and Duranta erecta) for 2 h duration. After that, the surface of these coupons was 

investigated by field emission scanning electron microscopy (FESEM, Sigma, Zeiss) to 

observe the difference in their surface morphology due to the acid immersion (Muthukrishnan 

et al., 2019). Furthermore, to identify the morphology of all prepared materials (GO, RGO, 

ZnO, RGO-ZnO, PANI, and RGO-ZnO-PANI), FESEM images were captured at a 

magnification of 50.0 KX. This FESEM analysis was also utilized to study the morphology of 

prepared coatings, and FESEM images were recorded at 2 KX magnification. Energy 

dispersive X-ray analysis (EDX, Sigma, Zeiss) was used to determine the changes in the 

element composition of immersed MS in 1 M HCl with and without inhibitor. Before each 

EDX measurement, MS samples were immersed in acid for 4 h (Mandour et al., 2021; Parekh 

et al., 2016). Furthermore, Energy-dispersive X-ray spectroscopy (EDX, Sigma, Zeiss) was 

used to investigate the element distribution in RGO-ZnO and RGO-ZnO-PANI 

nanocomposites. 

 

2.2.10.2 Atomic force microscopy (AFM) 

 The topology of the MS surface was studied by AFM Bruker Dimension Icon SPM to 

observe the effect of the inhibitors on the surface morphology in terms of surface roughness 

variations. The AFM scans were conducted at a rate of 0.95 Hz, covering a 5 μm × 5 μm scan 
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area. Before AFM analysis, MS coupons were immersed in 1 M HCl solution containing 

optimum inhibitor concentration (2000 mg L-1 of chayote, and 200 mg L-1 of tinda, Phaseolus 

lunatus, and Duranta erecta extracts) separately or in their absence for a duration of 3 h (Ali 

Asaad et al., 2018; Singh et al., 2016).  

 

2.2.10.3 X-ray diffraction (XRD) 

 Metallic samples were immersed in 1 M HCl solution in the presence or absence of 

optimum inhibitor concentration (2000 mg L-1 of CEPH3, and 200 mg L-1 of TFE, PLSE, 

DELE) for a 2 h duration. Subsequently, the coupons were subjected to drying in an oven, 

followed by an examination of the composition and characteristics of the layer corrosion 

product over the metal surface. This analysis was conducted by X-ray diffractometer (Rigaku, 

Smart Lab) using Cu Kα, and λ = 1.54178 Å) (Bhan and Golder, 2023; Muthukrishnan et al., 

2019; Ravi and Golder, 2023). Furthermore, XRD analysis was also used to characterize all 

prepared materials, such as Graphite, GO, RGO, ZnO, RGO-ZnO, PANI, and RGO-ZnO-

PANI.  
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Chapter 3 
 
 

A novel eco-friendly inhibitor of chayote fruit extract for mild steel 

corrosion in 1 M HCl: Electrochemical, weight loss studies, and the effect 

of temperature 

 

 This chapter discusses the development and efficacy of chayote (Sechium edule) fruit 

extract as an eco-friendly corrosion inhibitor. The extract was characterized using FTIR and 

UV-Vis spectroscopy, while its anticorrosive properties were assessed through weight loss 

measurements and electrochemical techniques. Potentiodynamic polarization studies 

demonstrated high protection efficiencies of 85.72% and 76.82% at a concentration of 2000 

mg L-1 for CEPH3 and CE, respectively. The adsorption behavior of these extracts followed 

the Langmuir isotherm and thermodynamic analysis, confirming a spontaneous and 

endothermic adsorption process. Additionally, surface characterization techniques (FESEM, 

AFM, EDX, and XRD) revealed the formation of a protective layer on mild steel, which further 

reinforced the extract’s effectiveness as a corrosion inhibitor. 
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3.1 Characterization of chayote extract and quantification of ascorbic acid 

3.1.1 FTIR analysis of chayote extract 

 The presence of ascorbic acid in chayote extract was analyzed by the Fourier transform 

infrared spectroscopy (FTIR) technique. Fig. 3.1 shows the FTIR pattern of chayote extract, 

with strong absorption bands at 1763 and 1642 cm-1 corresponding to C=O double bond 

stretching in a five-membered lactone ring and C=C stretching vibrations. Other 1457 and 1320 

cm-1 bands correspond to -CH2 stretching and the enol-hydroxyl group. The Presence of -C-O-

C- was confirmed by two bands at 1277 (weak band) and 1046 cm-1 (strong band). FTIR spectra 

also have a bigger band at 3320 cm-1
,
 related to available water in the extract. The presence of 

ascorbic acid in chayote extract was confirmed by the following founded functional groups: 

C=C, C=O, -C-O-C-, -CH2, and -OH, which were corresponding to the bands at 1763, 1642, 

1320, and 1277 cm-1 (Farias et al., 2018; Umer et al., 2014; Panicker et al., 2006).  

 

 

Fig. 3.1 FTIR spectra of chayote extract. 
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3.1.2 UV-Vis spectroscopy 

 UV-Vis spectroscopy was used to determine the ascorbic acid content in chayote 

extracts prepared at pH 3, 5, 7, and 9. A series of standard L-ascorbic acid solutions in the 

concentration range of 10 to 50 mg L-1 were prepared for the calibration studies. Then, these 

solutions were separately added to a DPS (2,6 Dichlorophenol indophenol sodium salt 

indicator) solution of 50 µM in the ratio of 1:9 (v/v; L-ascorbic acid solution/DPS solution) for 

UV-Vis spectroscopy analysis. In UV-Vis spectroscopy analysis, each solution contains an 

intense peak at the wavelength of 603 nm, corresponding to the ascorbic acid (Appendix 3A, 

Fig. 3A.1). The concentration vs. absorbance graph was plotted to obtain the calibration curve. 

For this calibration plot, good linearity was obtained with regression equation y = -0.00717x + 

0.6775 and regression coefficient R2 = 0.998. Furthermore, 23.08, 7.88, 7.04, 19.32, and 7.46 

mg L-1 of ascorbic acid were found in chayote extracts at pH 3, 5, 7, 9, and 5.2. The highest 

ascorbic acid content of 23.08 mg L-1, was found in chayote extract prepared in water at pH 3 

(CEPH3). CE and CEPH3 were then selected for corrosion studies. The anticorrosive behavior 

of chayote extracts (CE and CEPH3) in HCl medium was investigated at several doses. To 

prepare the solutions of chayote extracts (CE and CEPH3) of 500, 1000, 1500, and 2000 mg L-

1, pure chayote extracts (Concentration of chayote fruit in distilled water: 7,50,000 mg L-1) of 

46.67, 93.33, 140.00, and 186.67 µL were carefully poured into four beakers, respectively. 

Then, 64.205, 64.159, 64.112, and 64.065 mL of distilled water were added into these beakers 

separately, and 5.748 mL of 37% HCl (12.178 M) was mixed in each beaker to prepare 70 mL 

of 1 M HCl. Therefore, the final concentration of 1 M HCl is maintained in each solution, as 

mentioned in Table 3A.1 of Appendix 3A. 
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3.2 Corrosion test 

3.2.1 Weight loss method  

3.2.1.1 Impact of inhibitor concentration 

 The impact of inhibitor concentration on inhibition efficiency was studied using the 

various concentrations from 500 mg L-1 to 2000 mg L-1 of both chayote extracts (CE and 

CEPH3) in 1 M HCl. Each experiment was repeated three times. The mean values of corrosion 

rate and protection efficiency on adding chayote extracts are shown in Table 3.1. It reveals that 

inhibition efficiency increases with the addition of chayote extracts, as shown in (Fig. 3.2), and 

maximum efficiency was achieved at 2000 mg L-1 concentration of chayote extracts for 24 h 

immersion (Haldhar et al., 2021). This increment in corrosion efficiency was due to significant 

metal surface coverage by the formed layer of adsorbed inhibitor molecules. 

 

Table 3.1 Weight loss data after 24 h exposure of inhibited or uninhibited MS specimens 

in 1 M HCl.  

Inhibitor Concentration (mg L-1) CR (mm year-1) μCR % 

Blank 0 7.93 ± 0.50 - 

CE 

500 4.81 ± 0.51 39.34 ± 0.93 

1000 3.61 ± 0.43 54.48 ± 0.94 

1500 2.52 ± 0.28 68.22 ± 0.58 

2000 1.88 ± 0.10 76.29 ± 0.50 

CEPH3 

500 4.44 ± 0.33 44.01 ± 0.39 

1000 2.89 ± 0.34 63.56 ± 0.72 

1500 2.12 ± 0.14 73.27 ± 0.94 

2000 1.26 ± 0.04 84.11 ± 0.58 
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Fig. 3.2 Effect of inhibitor concentration on corrosion rate and inhibition efficiency (a 

CE, and (b CEPH3. 

 

3.2.1.2 Effect of immersion time 

 In order to investigate the inhibiting stability of chayote extracts for long exposure, 

weight loss experiments were conducted in 1 M HCl in the presence and absence of chayote 

extracts at 2000 mg L-1 concentration for 4 to 48 h. The obtained inhibition efficiencies at 

different immersion times were plotted in Fig. 3.3. It was observed that the inhibition efficiency 

of both extracts increased up to 24 h (Rocha et al., 2010; Daoudi et al., 2022). On further 

increasing the immersion time from 24 to 48 h, the inhibition efficiency of chayote extracts 

remains almost invariant, which could be due to the formation of a compact strong layer of 

adsorbed inhibitor on the metal surface and the thickness of adsorbed inhibitor layer on the 

metal surface is almost constant after 24 h of immersion time (Faustin et al., 2015). Previous 

studies also reported immersion time of 24 h for the investigation of the concentration effect 

of inhibitor by weight loss measurements (Haldhar et al., 2021). 
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Fig. 3.3 Effect of immersion time on inhibition efficiency of both extracts. 

 

3.2.2 Electrochemical measurements  

 Electrochemical studies are used to understand the inhibiting behavior of chayote 

extracts to protect the MS specimens against corrosion in terms of icorr, Ecorr, Rct, and inhibition 

efficiency. Herein, each electrochemical test was performed thrice using several amounts (500-

2000 mg L-1) of both chayote extracts (CE & CEPH3) at 30 ºC.  

 

3.2.2.1 OCP measurements 

 It is a steady-state or equilibrium value of developed potential for the working electrode 

with respect to the reference electrode at zero current supply. In this work, OCP was measured 

for 1 h at various concentrations of both chayote extracts, such as 0, 500, 1000, 1500, and 2000 

mg L-1. The value of OCP was shifted to the positive direction in the presence of chayote 

extracts as compared to the uninhibited system, which is shown in Figs. 3.4 (a) and 3.4 (b) for 

CE and CEPH3, respectively. 
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Fig. 3.4 OCP plots MS immersed in 1 M HCl in the presence and absence of CE a) and 

CEPH3 b). 

 

3.2.2.2 PDP measurements 

 Polarization curves help to understand the corrosion inhibition effect of inhibitors in 

the form of anodic, cathodic, and mixed-type inhibitors. Tafel graphs for the immersion of 

uninhibited or inhibited MS specimens in 1 M HCl are demonstrated in Fig. 3.5 (a) and Fig. 

3.5 (b) for CE and CEPH3, respectively. In these plots, it was found that Ecorr (average 

corrosion potential) shifted positively on adding both chayote extracts compared to the absence 

of chayote extracts, which signifies that both chayote extracts behave predominantly as an 

anodic inhibitor. The anodic polarization of MS in 1 M HCl in the presence of both chayote 

extracts is dependent on electrode potential. Inhibited systems exhibit a minute effect on the 

anodic reaction when the corrosion potential shifts in the positive direction due to the presence 

of chayote extracts (Al-Moubaraki and Awaji, 2020). Few studies reported that if the corrosion 

potential shift is less than 85 mV relative to an uninhibited system, the inhibitor might be 

considered a mixed type of inhibitor. If the corrosion potential shifted more than 85 mV, then 

the inhibitor can be considered a cathodic or anodic inhibitor (Wang et al., 2019). In the present 

study, both chayote extracts work as a mixed type of inhibitor because the shift of Ecorr is less 

than 85 mV. 
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Fig. 3.5 Tafel plot for MS immersed in 1 M HCl in the presence and absence of CE a), 

CEPH3 b). 

 

 Furthermore, Tafel plots were fitted by using Nova 1.1.0 software to obtain Tafel 

parameters, including anodic Tafel slope ba (V dec-1), cathodic Tafel slope bc (V dec-1), 

corrosion current density (icorr), polarization resistance (Rp), corrosion potential (Ecorr), and 

Corrosion rate (CR), as shown in Fig. 3.6. This figure shows the fitted Tafel plot for mild steel 

corrosion in the absence of inhibitors. During this fitting, only the linear regions of cathodic 

and anodic branches were considered to avoid the error in the calculating Tafel slopes and 

corrosion current densities arising from non-linear regions. The obtained Tafel parameters are 

shown in Table 3.2. From this table, it was observed that corrosion potential values obtained 

from the Tafel plot are close to those of open-circuit potential (Canales et al., 2021), which 

were measured before each electrochemical test in the 3.2.2.1 section. Fig. 3.5 depicts that 

anodic and cathodic currents were decreased with the addition of chayote extracts as hydrogen 

evolution and metal dissolution both the reaction were hindered. Additionally, corrosion 

current density (icorr) decreased, and polarization resistance increased with the addition of 

chayote extracts in the 1 M HCl solution. These two events indicate that chayote extracts 

(CEPH3 and CE) form a strong protective layer on immersed MS surface in 1 M HCl. 
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Furthermore, the corrosion rate decreased with increasing inhibitor concentration. These values 

were compared with those obtained from the weight loss analysis, as shown in Table 3A.2 of 

Appendix 3A. This comparison revealed that both electrochemical and weight loss methods 

yielded almost similar corrosion rate values. Table 3.2 reveals that the optimum concentration 

for both chayote extracts is 2000 mg L-1. The highest protection efficiency (85.72 %) was found 

for immersed MS 1 M HCl solution in the presence of CEPH3  (Asaad et al., 2018; Ji et al., 

2011; Saxena et al., 2018). 

 

 

Fig. 3.6 Pictorial representation of fitting in Tafel plots of MS corrosion in 1 M HCl in 

the absence of inhibitors. 
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3.2.2.3 EIS measurements 

 EIS experiments were performed to analyze the kinetics and nature of the 

electrochemical process occurring at the interface of MS and 1 M HCl and how it changes in 

the presence of chayote extracts (CEPH3 and CE). Nyquist patterns for MS in the presence of 

CE and CEPH3 are shown in Figs. 3.7 (a) and 3.7 (b), respectively. Fig. 3.7 shows that Nyquist 

plots of all experiments have the same depressed semicircle, which directs heterogeneity of the 

MS surface. This same pattern of Nyquist plots in the absence and presence of chayote extracts 

revealed that the addition of inhibitor (CEPH3 or CE) into 1 M HCl did not affect the 

mechanism of the corrosion process (Umoren et al., 2015). Each semicircle contains a large 

capacitive loop at higher frequencies, corresponding to charge transfer through the double 

layer. At low frequencies, one inductive loop was observed in the absence of chayote extracts, 

but it was not noticeable for inhibited systems. This inductive loop generally occurs due to the 

relaxation of adsorbed intermediate species, such as H+
ads, Cl−

ads, etc., from the metallic surface 

and depicts unstable corrosion products at the metal surface (Haque et al., 2021). For the 

inhibited systems, the disappearance of the inductive loop is usually regarded as a phenomenon 

of “degradation” for EIS (Haldhar et al., 2018; Pal and Das, 2022). These Nyquist plots for 

inhibited or uninhibited systems depict that reactions on the interface of metal-electrolytes are 

charge transfer controlled, and the semicircle diameter represents the charge transfer resistance 

(Rct). Figs. 3.7 (a) and 3.7 (b) show that the diameter of the semicircles increases on increasing 

the amount of the chayote extracts from 500 to 2000 mg L-1, on further increase of 

concentration of chayote extracts, the diameter of the semicircle decreases, which implies that 

the optimum concentration for both chayote extracts is 2000 mg L-1. Corresponding Bode 

magnitude and Bode phase plots for both chayote extracts are shown in Fig. 3.8. In Nyquist 

plots and Bode plots, a semicircle and a single narrow peak, respectively, show a one-time 

constant in the electrochemical process.  
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 The metal-electrolyte interface's capacitive or resistive properties are indicated by the 

Bode graphs' different values of phase angles (90° or 0°). Although the phase angles in all 

figures were less than 90°, no pure capacitive behavior was seen. Peak height rise as inhibitor 

(CE and CEPH3) concentration was increased, indicating a robust capacitive response at the 

metal-electrolyte interface (Pal and Das, 2023).  

 

 

Fig. 3.7 Nyquist graphs for MS immersed in 1 M HCl in the presence and absence of CE 

a), CEPH3 b).  

 

 To understand the corrosion process on the metal-electrolyte interface, the above 

Nyquist plots were fitted to equivalent circuit models such as Rs(Qdl Rct) (Chidiebere et al., 

2015). Simple Randles circuits have Rs (solution resistance) in series with Rct (charge transfer 

resistance) and constant phase element (CPE), but Rct and CPE are in parallel with each other 

(M’hiri et al., 2016; Srivastava et al., 2018; Verma et al., 2018). The equivalent circuit is shown 

in Fig. 3.9. The obtained values of Nyquist parameters such as Rs, Rct, CPE, n, goodness of fit 

(χ2), µRct (%), and Cdl calculated are shown in Table 3.3. From this table, it was observed that 

the values of χ2  lie in the range from 1.12×10-3 to 4.36×10-3, which depicts the good fitting of 
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Nyquist plots to the proposed equivalent circuit (Mourya et al., 2014; Tang et al., 2021). The 

Rct values significantly increased with the addition of both chayote extracts (Table 3.3).  

 

 

Fig. 3.8 Bode plots and phase plots for MS immersed in 1 M HCl in the presence or 

absence of CE and CEPH3. 

 

 This increment was due to the strong chayote extract's adsorption on the metal surface, 

forming a shielding layer on a metal surface that hindered the transfer of ions through the metal-

electronic interface. Higher protection efficiency for MS immersed in 1 M HCl was obtained 

in the presence of CEPH3 as compared to CE (Table 3.3). Furthermore, Rp values were 

compared with those obtained from PDP measurements as presented in Table 3A.2 of 
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Appendix 3A, this table shows that these values are different but close to each other for 

inhibited or uninhibited systems. These findings suggest that results from EIS analysis have 

well aligned with outcomes of PDP test. The obtained inhibition efficiencies of EIS test were 

compared with inhibition efficiencies of PDP and weight loss analysis, and these values were 

higher in PDP test and their reliability were investigated by calculating p-values which confirm 

that electrochemical data are highly statistically significant (p< 0.0001) (Table 3A.3 of the 

Appendix 3A). 

 

 

Fig. 3.9 Equivalent circuit for blank and inhibited systems with CE and CEPH3. 
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3.3 Inhibition effect of ascorbic acid 

 Electrochemical experiments were conducted with ascorbic acid using the same 

ascorbic acid equivalent (0.061 mg L-1) present in CEPH3 (with 2000 mg L-1) at 30 ºC. 

Experiment data were compared with pre-obtained results for CEPH3 (with 2000 mg L-1) in 

section 3.2. In electrochemical measurement, it was observed that values of OCP shifted in the 

positive direction in the presence of ascorbic acid and CEPH3 compared to the uninhibited 

system, as illustrated in Fig. 3.10 and Table 3.4. The obtained Tafel and Nyquist parameters 

for ascorbic acid and CEPH3 are listed in Tables 3.4 and 3.5, respectively. icorr (in Tafel 

polarization) of the inhibited system significantly reduced (Fig. 3.11 (a)), and charge transfer 

resistance (Nyquist pattern) increased (Fig. 3.11 (b)), as compared to the uninhibited system, 

which indicates that ascorbic acid behaved as a good inhibitor (Ferreira et al., 2004). From 

Tables 3.4 and 3.5, it was observed that ascorbic acid and CEPH3 both have almost similar 

inhibiting behavior.  

 

 

Fig. 3.10 OCP plots MS immersed in 1 M HCl in the presence and absence of CEPH3 

and standard ascorbic acid. 
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Fig. 3.11 Tafel plots a) and Nyquist plots b) of MS immersed in 1 M HCl in presence 

and absence of CEPH3 and standard ascorbic acid. 
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3.4 Effect of temperature 

 To study the thermal stability of chayote extracts, few electrochemical tests were also 

performed for uninhibited or inhibited MS with optimum concentration (2000 mg L-1) of both 

chayote extracts (CE and CEPH3) at the temperature of 313 and 323 K. Here, all experiments 

were also performed under the same conditions as used in (section 3.2). Before each 

electrochemical test, 1 h OCP was measured at 303, 313, and 323 K, as shown in Figs. 3.12 

(a), 3.12 (b), and 3.12 (c).  

 

 
Fig. 3.12 OCP plots MS immersed in 1 M HCl in presence and absence of CE and 

CEPH3 at 303, 313, 323 K. 

 

 The Figs. 3.13(b), 3.13(d), and 3.13(f) show the Tafel plots of uninhibited and inhibited 

MS with optimum concentrations of both chayote extracts in 1 M HCl at 303, 313, and 323 K. 

TH-3816_196107102



Chapter 3 

 
 

108 
 

From Table 3.6, it was observed that icorr increased and protection efficiency decreased with 

increasing the temperature from 303 K to 323 K. This decrease in protection efficiency caused 

due to the replacement of a few adsorbed inhibitor molecules from the surface of MS by water 

molecules, so charge transfer resistance decreased. Still, this phenomenon does not affect the 

protective layer much.  

 Figs. 3.13(a), 3.13(c), and 3.13(e) show the Nyquist plots of uninhibited and inhibited 

MS with optimum concentrations of both chayote extracts in 1 M HCl at 303, 313, 323 K. 

Nyquist plots exhibit similar depressed semicircles, which indicate the heterogeneous nature 

of the metal surface. In each semicircle, a large capacitive loop was observed at higher 

frequencies, signifying the transfer of charges through the double layer. One inductive loop 

was found to appear for uninhibited systems at low frequency. The inductive loop showed the 

relaxation of species (H+
ads, Cl−ads) and corrosion products from the MS surface. This inductive 

loop disappeared in the presence of an inhibitor, and only one capacitive loop remained. It 

signifies that MS dissolution in acid is mainly charge transfer controlled. These Nyquist plots 

for inhibited or uninhibited systems depict that reactions on the interface of metal-electrolytes 

are charge transfer controlled, and the semicircle diameter represents the charge transfer 

resistance (Rct). To obtain the EIS parameters, Nyquist plots were fitted to an equivalent circuit 

model, as mentioned in section 3.2. Nyquist parameters are shown in Table 3.7. From Table 

3.6, it was observed that polarization resistance and protection efficiency both decreased with 

increasing temperature. 71.88% protection efficiency was obtained in inhibited MS by CEPH3 

in 1 M HCl at 323 K. 
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Fig. 3.13 Nyquist and Tafel plots for both chayote extracts (CE and CEPH3) at 303, 313, 

and 323. 
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3.4.1 Effect of activation energy  

 Tafel data was utilized to determine the effect of activation energy on the corrosion rate 

of uninhibited and inhibited MS immersed in 1 M HCl. To calculate the activation energy of 

uninhibited and inhibited systems, ln (icorr) (µA cm-2) was plotted with 1/T (K-1), which is 

presented in Fig. 3.14(a). This Figure shows a linear straight line for the slope of (-Ea/R) with 

an intercept of (ln A). The calculated activation energies for all systems are shown in (Table 

3.8). The influence of temperature can be used to assess kinetic parameters, such as enthalpy 

and entropy of the corrosion process. Furthermore, to calculate the values of enthalpy and 

entropy, ln (icorr/T) (µA cm-2 K-1) were plotted against 1/T, which is shown in Fig. 3.14 (b). 

This Figure shows a linear straight line for the slope of (-ΔH /R) with the intercept of 

(ln
𝑘𝐵

ℎ
 +  

∆𝑆

𝑅
 ). Calculated ΔH and ΔS are shown in Table 3.8. 

 From Table 3.8, it is observed that Ea increases with the addition of chayote extracts, 

which means more energy is required to corrode the metal surface compared to uninhibited 

MS. Few studies reported a decrease in inhibition efficiency with a rise in temperature, with a 

corresponding increase in corrosion activation energy (Ea) of inhibited system as compared to 

uninhibited, this change signifies the development of an adsorption film by physical 

(electrostatic) interactions. Conversely, inhibition efficiency increases with an increase in 

temperature, and the activation energy decreases in the presence of the inhibitor as compared 

to uninhibited systems, suggesting a chemisorption mechanism (Popova et al., 2003; Satapathy 

et al., 2009). In this work, chayote extracts inhibit the MS corrosion by physical interaction 

with the MS surface. The computed value of enthalpy of activation for an uninhibited system 

is positive, and it also increases in the presence of chayote extracts, which means that corrosion 

of MS is an endothermic process.  

 The obtained values of (Ea - ΔH) were nearly the same and equal to the value of RT for 

each system, implying that the corrosion process is an unimolecular reaction. Additionally, the 
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change in entropy shifted to more positive values for inhibited systems. This increase in entropy 

is attributed to the assumption of an activated complex forming in the rate-determining step of 

the corrosion process. The overall entropy rises because the conversion of reactants into 

activated complexes involves replacing pre-adsorbed water molecules on the surface of MS. 

Consequently, the inhibited system anticipates a more orderly arrangement of inhibitor 

molecules on the MS surface due to their association. 

 If the values of entropy decreased for the inhibited system as compared to blank, it 

indicates that in the rate-determining phase, activation of chayote extracts represents a 

dissociation rather than an association step and that the transition from reactants to the activated 

complex results in an increase in disordering (Al-Moubaraki and Awaji, 2020; Aloui et al., 

2009; Jeeja et al., 2022).  

 

Fig. 3.14 Arrhenius (a) and Transition state plots (b) for CE and CEPH3 at 303 K, 313 

K, and 323 K. 
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3.5 Adsorption studies 

 In this work, Langmuir, Temkin, and Frumkin adsorption isotherms were tested at 

several θ (surface coverage) values for various amounts of ascorbic acid (Cinh (mg L-1)) of both 

chayote extracts, such as CE (0.005, 0.01, 0.015, and 0.02 mg L-1) and CEPH3 (0.015, 0.031, 

0.046, and 0.061 mg L-1). For these adsorption isotherms, fitting plots are shown in Fig. 3.15. 

The most excellent fit was gained for Langmuir adsorption isotherm because its slopes are very 

near to 1 for both chayote extracts (Fig. 3.15 (a) and (b)). The obtained values of Kads for both 

chayote extracts are 142.857 L mg-1 (CE) and 47.62 L mg-1 (CEPH3) (Table 3.9). The values 

of standard Gibbs free energy (ΔGᵒads) at room temperature were calculated by the following 

equation (Eq. (3.1)) (Zhou and Zhou, 2014):  

∆𝐺𝑎𝑑𝑠 
𝑜 =  −𝑅𝑇𝑙𝑛( 𝐾𝑎𝑑𝑠 ×   𝑀𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 × 1000 ×  𝐶𝑤𝑎𝑡𝑒𝑟 )                                                (3.1) 

where Kads represent equilibrium adsorption constant (L mg-1),  𝐶𝑤𝑎𝑡𝑒𝑟 represents the 

concentration of water in solution (55.5 mol L-1),    𝑀𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 represent the molecular weight 

of the inhibitor (Ascorbic acid, 176.12 g mol-1), R represents gas constant (R = 8.314 J K-1 mol-

1), and T represents absolute temperature (K). Few studies have reported that the value of ΔGᵒads 

is -20 kJmol-1 or less negative than that, corresponding to the physisorption of charged inhibitor 

molecules with the charged metal surface. If the value of ΔGᵒads is -40 kJmol-1 or more negative, 

electrons are shared by the inhibitor and charged metal, and this adsorption is known as 
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chemisorption. If the value of ΔGᵒads lies between -40 kJmol-1 and -20 kJmol-1, the adsorption 

is known as a mixed type of adsorption. 

 

 

Fig. 3.15 Langmuir (a, b), Temkin (c,d), and Frumkin adsorption isotherm (e,f) for CE 

and CEPH3, respectively. 
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 In the present study, the unbound lone pair of hydroxyl groups of ascorbic acid interacts 

with the metal surface, resulting in the strong adsorption of chayote extracts on the metal 

surface. Hence, the obtained values of ΔGᵒads for both extracts are -53.046 kJmol-1 (CE) and -

50.278 kJmol-1 (CEPH3). The negative value of ΔGᵒads represents chayote extract (ascorbic 

acid) molecules could self-adsorb on MS surface from acid solution (1 M HCl) as expected 

since organic molecules are adsorbed by spontaneous adsorption process (Al-Moubaraki, 2018; 

Kaya et al., 2023b, 2023a) The calculated values are more negative than -40 kJmol-1, which 

depicts that the chayote extracts are adsorbed by chemical adsorption process on the metal 

surface (Chidiebere et al., 2015).  

 

  Table 3.9 Adsorption isotherm parameters. 

Inhibitor 1/Kads (mg L-1) Kads (L mg-1) ΔGᵒads (KJ mol-1) 

CE 0.007 ± 0.001 142.857 ± 2.101 -53.046 ± 0.036 

CEPH3 0.021 ± 0.001 47.619 ± 0.816 -50.278 ± 0.042 

 

3.6 Surface investigation  

3.6.1 FESEM analysis  

 FESEM images of MS before and after their immersion in 1 M HCl for the period of 2 

h are depicted in Figs. 3.16 (a) and (b), respectively. The first images demonstrated a highly 

polished, smooth, and corrosion-free surface used in corrosion tests. Fig. 3.16 (b) displayed 

that exposed MS was significantly destructed and corrosion products completely covered the 

metal surface. A significant accumulation of corrosion products on the metal surface signifies 

the metal's poor performance against corrosion media. This image also contains many pits and 

cracks due to the HCl attack on MS. Figs. 3.16 (c) and (d) illustrate the spectra of inhibited MS 

after 2 h immersion in acid, showing a smoother surface compared to uninhibited MS. It implies 
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that the adsorption of chayote extracts forms a shielding layer on the surface of the metal, which 

provides sufficient resistance to transfer the corrosive ions from the electrolyte to the interface 

of the solution and metal surface.  

 

 

Fig. 3.16 FESEM images of a) polished MS before immersion, b) uninhibited MS after 

immersion, c) and d) inhibited MS immersed in 1 M HCl in the presence of CE and 

CEPH3.  

 

3.6.2 EDX analysis  

 The surface of inhibited and uninhibited MS specimens after their immersion in 1 M 

HCl has been investigated by EDX analysis. The image of the uninhibited MS surface after 4 

h immersion in 1 M HCl and selected pit (from uninhibited spectra) are shown in Figs. 3.17 (a) 

and (b), respectively. On comparing these two spectra, a higher percentage of oxygen and 

chloride ions were found inside the pit, which implies that pits have been corroded rapidly 
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compared to plane surfaces. Figs. 3.17 (c) and 3.16 (d) show EDX spectra of inhibited MS after 

4 h immersion in 1 M HCl in the presence of CE and CEPH3, respectively. On comparing all 

the EDX spectra, it has been observed that the percentage of oxygen and chloride ions are 

significantly less in inhibited systems and least for CEPH3, which shows the strong adsorption 

of chayote extracts on the metal surface. 

 

 

Fig. 3.17 EDX image of a) uninhibited MS, b) selected pits from uninhibited spectra, c) 

inhibited with CE, and d) inhibited with CEPH3 after immersion in 1 M HCl. 
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3.6.3 AFM analysis  

 AFM analysis is a tool utilized to observe the effect of the green inhibitor against the 

corrosion of MS in corrosive electrolytes in terms of change in roughness. The AFM images 

of MS after 3 h exposure to 1 M HCl, in the presence or absence of chayote extracts (Fig. 3.18). 

The image of uninhibited MS is shown in Fig. 3.18(a), has a highly rough and cracked surface, 

which means MS surface is hugely damaged by the attack of corrosive ions in the uninhibited 

system. In the absence of chayote extracts, MS has an average surface roughness of 486.70 nm. 

The roughness of the MS surface decreases from 486.70 nm to 29.40 nm and 23.18 nm in the 

presence of CE and CEPH3, respectively (Figs. 3.18(b)-(c)). This significant change in surface 

roughness in the presence of both chayote extracts suggests that inhibitor molecules form a 

protective layer on the metal surface, isolating the metal surface from a corrosive medium 

(Verma et al., 2017). From these figures, it is also observed that a higher smooth surface was 

obtained with CEPH3 (Fig. 3.18(c)) due to the strong adsorption of CEPH3 molecules on the 

metal surface.  

 

3.6.4 XRD analysis  

 XRD patterns of MS samples before and after their immersion in 1 M HCl for 2 h with 

and without chayote extracts are shown in Fig. 3.19. XRD spectra of MS coupons before 

immersion show a strong peak at 44.59° with three weak peaks at 64.8°, 82.2°, and 90° (Fig. 

3.19(a)). The XRD spectrum of uninhibited MS shows a series of peaks at 35.2°, 44.59°, 64.8°, 

82.2°, and 90° (Fig. 3.19(b)), which are well matched with peaks of Fe and FeCl2 in JCPDS: 

06-0696. The peak at 35.2° corresponds to the chloride of iron, and the rest corresponds to iron 

(Fe). In XRD spectra of inhibited MS, the peaks appear only for iron at 44.59°, 82.2°, and 90° 

(Fig. 3.19(c)).  From these spectrums, it has been observed that peak intensity was decreased. 
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Fig. 3.18 AFM image of uninhibited MS a), inhibited with CE b), and CEPH3 c) after 

immersion in 1 M HCl.   

 

 The corrosion product may include substantially less metal oxide than usual, which 

could help prevent corrosion for inhibited systems, implying that adsorbed inhibitor molecules 

formed a defensive layer. This method may help complete the interaction of the inhibitor with 

the metallic surface. The XRD analysis is well concord with the outcomes of FESEM, EDX, 

and AFM analysis  (Muthukrishnan et al., 2019). 
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Fig. 3.19 XRD spectra of highly polished MS (a), absence of inhibitor (b), and (c) presence 

of inhibitor after exposed to 1 M HCl. 

 

3.7 Mechanism of corrosion and inhibition 

 The mechanism for the corrosion of MS in 1 M HCl solution is proposed as follows: 

The anodic dissolution mechanism of MS is given by the following reactions (Eqs. (3.2 – 

3.5)): 

𝐹𝑒 +  𝐶𝑙−  ↔  (𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠                                                                                                   (3.2) 

(𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠  ↔  (𝐹𝑒𝐶𝑙)𝑎𝑑𝑠  + 𝑒−                                                                                        (3.3) 

(𝐹𝑒𝐶𝑙)𝑎𝑑𝑠  →  (𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠  +  𝑒−                                                                                        (3.4) 

(𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠  ↔   𝐹𝑒2+ +  𝐶𝑙−                                                                                               (3.5) 

The cathodic hydrogen evolution mechanism is given by the following reactions (Eqs. (3.6 – 

3.8)): 

𝐹𝑒 +  𝐻+  ↔  (𝐹𝑒𝐻+)𝑎𝑑𝑠                                                                                                    (3.6) 
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(𝐹𝑒𝐻+)𝑎𝑑𝑠  +  2𝑒− →  (𝐹𝑒𝐻)𝑎𝑑𝑠                                                                                         (3.7) 

(𝐹𝑒𝐻+)𝑎𝑑𝑠  +  𝐻+ +  2𝑒− →  𝐹𝑒 +  𝐻2                                                                              (3.8) 

 The anticorrosive behavior of both chayote extracts in corrosive solutions depends on 

their interaction with metal (Shukla and Quraishi, 2009). Electrostatic interactions with pre-

adsorbed Cl- ions on a metal surface cause protonated inhibitor molecules to be adsorbed 

(physical adsorption). On the metal surface, the H+ ions and the protonated inhibitor compete 

for electrons. Then, the cationic form of chayote extracts transforms back into neutral after 

absorbing electrons from the metal surface. Chemical adsorption of inhibitors is encouraged 

due to the presence of inhibitor molecules (ascorbic acid) with unbound lone pairs. The 

accumulation of electrons on the metal surface causes more negative charges over time. To 

relieve the excess of negative charge, the electron moves from the d-orbital of Fe to the 

unoccupied  antibonding orbital of the inhibitor (retro-donation), resulting in an increase in 

the inhibitor's adsorption on the metal surface (Srivastava et al., 2018).  

 Results from Tafel measurement show that chayote extracts behaved as a mixed type 

of inhibitor. Adsorption isotherms revealed that the chayote extracts (ascorbic acid) were 

adsorbed by a chemical adsorption process. The anticorrosive behavior of ascorbic acid has 

been investigated in few studies. Ascorbic acid forms chelate by utilizing the hydroxyl groups 

within the lactone ring. These chelates can strongly bind to the steel surface by forming stable 

bonds with coordinately unsaturated Fe-ions on the metal surface (Brixi et al., 2022). 

 

3.8 Summary 

 Chayote extract was developed as a novel inhibitor to protect the immersed MS in 1 M 

HCl. The prepared extract showed an excellent inhibitory effect against 1 M HCl due to the 

presence of ascorbic acid. The presence of ascorbic acid in chayote extract was confirmed by 

FTIR analysis. The ascorbic acid content strongly depends upon the pH of the extracting 
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solvent in chayote extract. Therefore, the extract was prepared at different pH (3, 5, 7, and 9) 

of extracting solvent (water) to improve its inhibition efficiency. The maximum ascorbic acid 

content was extracted at pH 3 (CEPH3). Subsequently, CEPH3 and CE (original pH 5.2) 

chayote extracts were selected to investigate their anticorrosive behavior in 1 M HCl. After all 

studies, the following conclusion is obtained.  

 The corrosion current density (icorr) reduction was obtained as 76.82% and 85.72% 

compared to blank on the addition of CE and CEPH3, respectively. The average corrosion 

potential shifted to the positive side by adding both chayote extracts. Furthermore, the highest 

inhibiting efficiency (85.72%) was obtained in the presence of 2000 mg L-1 of CEPH3.  

 The values of charged transfer resistances (Rct ) using CE and CEPH3 were found to be 

about 3.38 and 5.63 folds higher compared to blank (25.89 Ω cm2), resulting in charge transfer 

resistance increased with the concentration of both chayote extracts. Moreover, charge transfer 

resistance increased because corrosive ions faced higher hindrances to reaching the metal 

surface in the inhibited system. Similar inhibition behavior of CE and CEPH3 chayote extracts 

was obtained in weight loss studies. 

 CEPH3 showed a remarkable inhibition efficiency of 71.88 % at 323 K. In the presence 

of chayote extracts, obtained values of Ea, ΔH, and ΔS were increased compared to uninhibited 

immersed MS in 1 M HCl. 

 The chayote extracts (CE and CEPH3) were adsorbed on the surface of the metal by 

the chemical adsorption process, which was confirmed by the values of ΔGᵒ
ads obtained as -

53.046 kJ mol-1 and -50.278 kJ mol-1 in the case of CE and CEPH3, respectively.  

 Surface investigations showed that CEPH3 creates a strong shielding layer over the 

metal-acid interface due to the presence of ascorbic acid in the extract, resulting in strong 

mitigation to MS dissolution in 1 M HCl. 
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Chapter 4 
 
 

Corrosion inhibition of mild steel by tinda (Praecitrullus fistulosus) fruit 

and peel extracts 

 

 This chapter discusses the corrosion inhibition efficiency of tinda (Praecitrullus 

fistulosus) fruit and peel extracts for mild steel protection in 1 M HCl. These extracts were 

characterized by LC-MS and FTIR analyses, which revealed the presence of phenol, 3,5-bis 

(1,1-dimethyl ethyl)-, 9-octadecenoic acid, methyl ester, hexadecanoic acid 15-methyl-, methyl 

ester, 9, 12-octadecadienoic acid, methyl ester, 9, 12, 15-octadecatrienoic acid, methyl ester, 

(Z,Z,Z-), ascorbic acid, and phytol, contributing the corrosion resistance. Electrochemical and 

gravimetric studies revealed high inhibition efficiencies of 83.73% and 87.59% at 200 mg L-1 

for tinda peel extract (TPE) and fruit extract (TFE), respectively. PDP results showed that 

these extracts exhibited mixed-type inhibition. During adsorption studies, the best fit was 

obtained for the Langmuir adsorption model. The obtained values of thermodynamic 

parameters suggest that MS corrosion occurs spontaneously by the endothermic process. 

Surface investigations (FESEM, AFM, EDX, and XRD) demonstrated the formation of a 

corrosion inhibiting layer by adsorbed extract molecules on the metal surface.  
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4.1 Characterization of tinda extracts 

4.1.1 LC-MS analysis 

 Tinda extracts (TPE and TFE) were analyzed by liquid chromatography-mass 

spectroscopy to identify the available compounds. The mass spectra of these extracts are shown 

in Fig. 4.1, which contains several distinct peaks at various m/z values. The following major 

constituents were identified, such as Phenol, 3,5-bis (1,1-dimethylethyl)- (m/z: 206.17), 9-

octadecenoic acid, methyl ester (m/z: 296.27),  hexadecanoic acid 15-methyl-, methyl ester 

(m/z: 284.27), 9, 12-Octadecadienoic acid, methyl ester (m/z: 294.25), 9, 12, 15-

octadecatrienoic acid, methyl ester, (Z,Z,Z-) (m/z: 292.23), ascorbic acid (m/z: 176.03), and 

phytol (m/z: 296.31), in the both extract. These compounds have the necessary characteristics 

(aromatic system, double bonds, conjugated bonds, heteroatoms, and long carbon chains) to be 

effective corrosion inhibitors. Thus, tinda extracts can be considered as a compound that 

contains several corrosion inhibitors. Furthermore, few recent studies reported that several 

plant extracts exhibited the anti-corrosion behavior due to the presence these compounds, 

phenol, 3,5-bis (1,1-dimethylethyl)- (Ameh et al., 2020), 9-octadecenoic acid, methyl ester 

(Ameh, 2018),  hexadecanoic acid 15-methyl-, methyl ester (Itodo et al., 2018), 9, 12-

octadecadienoic acid, methyl ester (Obot et al., 2022), 9, 12, 15-octadecatrienoic acid, methyl 

ester, (Z,Z,Z-) (Bhuvaneswari et al., 2018), ascorbic acid (Umoren et al., 2015)  and phytol 

(Jeeja et al., 2023; Thakur et al., 2023). These compounds also have different characteristics 

like anti-inflammatory, cancer preventive character, and antioxidant properties (Alzurfi et al., 

2019; Hagr et al., 2019; Ishnava and Patel, 2020; Shawer et al., 2022), which make TPE and 

TFE active for several applications.   
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Fig. 4.1. Mass spectra of TPE and TFE. 

 

4.1.2 FTIR analysis 

 Figs. 4.2 (a) and (b) depict the FTIR spectra of TPE and TFE, respectively. These 

spectra contain a broad peak at 3367 (TPE) and 3354 (TFE) cm-1, which corresponds to -OH 

stretching frequency (water, alcohol, and phenol) (Itodo et al., 2018; Thummajitsakul et al., 

2020). The peaks at 2926 (TPE) and 2923 (TFE) represent the asymmetric stretching of CH2 

group. Other peaks around 1645 (TPE) and 1636 cm-1 (TFE) correspond to the C=O stretching 

frequency and aromatic rings in the extracts (Jeeja et al., 2022). The bands at 1408 (TPE) and 

1400 (TFE) represent the alkene bending vibrations in extracts (Ishnava and Patel, 2020). The 

peak at 1361 and 1373 cm-1 belongs to CH3 bending vibration in TPE and TFE, respectively 

(Jeeja et al., 2023). These extracts also contain several functional groups, such as acids, esters, 

and anhydrides, which correspond to the band at 1245 (TPE) and 1238 (TFE) cm-1 (Itodo et 

al., 2018). Furthermore, C-O-C stretching vibrations in TPE and TFE are confirmed by a peak 

at 1022 cm-1 and 1032 cm-1, respectively (Thomas et al., 2020). All these functional groups 

were tabulated in Table 4.1, which shows that similar functional groups were present in both 

tinda extracts (TPE and TFE). The functional groups -OH, C=O, C-O-C, C=C, and aromatic 

rings confirmed the presence of heteroatoms in the tinda extracts, which participate in their 
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bonding with metal and make them useful as a corrosion inhibitor (Haldhar et al., 2021). 

Furthermore, these functional groups reconfirmed the data obtained from the LC-MS analysis. 

 

 

Fig. 4.2. FTIR spectra of (a) TPE and (b) TFE. 

 

Table 4.1 FTIR peaks of TPE and TFE. 

Functional group 

Inhibitors 

Peaks from FTIR spectra (cm-1) 

TPE TFE 

-OH stretching frequency of water, alcohol, phenol 3367 3354 

asymmetric stretching of CH2 group 2926 2923 

C=O stretching frequency and aromatic rings 1645 1636 

alkene bending vibration 1408 1400 

CH3 bending vibration 1373 1361 

acids, esters and anhydrides 1245 1238 

C-O-C stretching vibrations 1022 1032 
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4.2 Corrosion test 

4.2.1  Gravimetric analysis 

4.2.1.1 Effect of concentration of inhibitor 

 The effect of the concentration of inhibitor on inhibition efficiencies of both extracts 

was investigated at their various doses, such as 0, 50, 100, 150, 200, and 250 mg L-1. Herein, 

each gravimetric experiment was repeated thrice, and mean values of corrosion rate and 

inhibition efficiency were plotted in Fig. 4.3. From this figure, it was observed that corrosion 

rate decreases and inhibition efficiency increases with increasing concentration up to 200 mg 

L-1 of both extracts (TPE and TFE). This increase in percentage inhibition efficiency signifies 

effective coverage of the metal surface by adsorbed inhibitor molecules. On further increasing 

the amount of extracts to 250 mg L-1, inhibition efficiency exhibited a marginal increment (~1 

%), which means extract molecules that are adsorbed on the MS surface maintain a constant 

inhibition efficiency beyond 200 mg L-1 concentration of extracts (Al-Amiery et al., 2022). 

These observations could be explained by the fact that, at lower doses, there are not enough 

inhibitor molecules that can completely cover the metal surface, which shows less inhibition 

efficiency. However, as the inhibitor dose increases, a large number of molecules will be 

available to occupy the active sites of the metallic surface, resulting in enhanced surface 

coverage and protection efficiency. Once the amount of inhibitor exceeds a certain threshold, 

all active sites on the metal surface are fully engaged with the inhibitor’s molecules, resulting 

in maximum inhibiting efficiency that remains constant (Al-Amiery et al., 2023). In this work, 

the constant inhibition efficiency beyond the dose of 200 mg L-1 of extracts, depicting that the 

surface of coverage achieved equilibrium and systems exhibited maximum inhibition 

efficiency, which implies that 200 mg L-1 is the optimum concentration of extracts. Similar 

behavior is also reported by other researchers (Al-Amiery et al., 2023; Betti et al., 2023).  The 

highest percentage inhibition efficiencies of about 81.59 and 86.00 % were obtained at the 

TH-3816_196107102



Chapter 4 

 
 

134 
 

optimum concentration (200 mg L-1) of TPE and TFE, respectively, for 24 h immersion at room 

temperature (Haldhar et al., 2021). Few studies have also reported the same immersion time 

(24 h) for studying the effect of inhibitor concentration (Haldhar et al., 2021).  

 

 

Fig. 4.3 Variations in corrosion rates and inhibition efficiency at different 

concentrations of TPE a) and TFE b). 

 

4.2.1.2 Effect of immersion time 

 Immersion time is an important parameter that is used to investigate the stability of the 

inhibitors' inhibiting behavior during their long exposure. In this work, several gravimetric 

experiments were conducted at optimum inhibitor concentration (200 mg L-1) for various 

immersion times, such as 4, 8, 12, 24, and 48 h. It was noticed that the values of percentage 

inhibition efficiencies were found to improve up to the period of 24 h (Rocha et al., 2010; 

Daoudi et al., 2022), and after that, these values remained unchanged up to 48 h (Fig. 4.4). 

These findings depicted that adsorption of tinda extracts on MS surface was completed within 

24 h, after that present extracts molecule in the solution involved in repairing the inhibitive 

layer deteriorated by corrosive ions. The reasons could be attributed to the adsorptive film of 

the inhibitor that rests upon the immersion time. The adsorptive film becomes more compact 
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and uniform during prolonged immersion time (1-24 h), and then the adsorptive film achieves 

a saturated state, and its thickness maximizes before 24 - 48 h (Faustin et al., 2015).  

 

 

Fig. 4.4 Inhibition efficiencies of TPE and TFE at different immersion times. 

 

4.2.2 Electrochemical measurements 

 Electrochemical analyses serve as a valuable tool for investigating the anti-corrosive 

nature of tinda extracts for MS protection from corrosion. This anticorrosive nature of extracts 

was evaluated in terms of few important parameters such as icorr, Ecorr, Rct, and inhibition 

efficiency. In this study, each electrochemical experiment was carried out three times using 

different concentrations (0-200 mg L-1) of tinda extracts (TPE and TFE) at 30 ºC. 

 

4.2.2.1 Open circuit potential measurement 

 The open circuit potential (OCP) is a stable or equilibrium voltage developed on MS 

(working electrode) with respect to Ag/AgCl, 3 M (reference electrode), when no current is 

supplied. OCP measurements were conducted for a duration of 1 h at different doses of tinda 

extracts (TPE and TFE), ranging from 0 to 200 mg L-1. The inhibited systems exhibited a 
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positive shift in the OCP values compared to the blank system, as illustrated in Figs. 4.5 (a) 

and (b) for TPE and TFE, respectively.  

 

 

Fig. 4.5 OCP graphs for MS immersed in 1 M HCl, in the presence and absence of TPE 

a), and TFE b). 

 

4.2.2.2 Potentiodynamic polarization test 

 PDP measurements were conducted to explore the kinetics of the electrochemical 

process, which occurs on the metal-electrolyte interface. The effect of polarizations is 

represented by Tafel plots in Figs 4.6 a and 4.6 b, with and without TPE and TFE, respectively. 

Several Tafel parameters were obtained by fitting the Tafel plots, which are listed in Table 4.2. 

This table demonstrates a noticeable positive shift in the average corrosion potential (Ecorr) 

when both tinda extracts were introduced separately compared to uninhibited systems, 

indicating their predominant role as anodic inhibitors. Anodic polarization of MS immersed in 

1 M HCl for inhibited systems is contingent upon the electrode potential. In inhibited systems, 

the anodic reaction is minimally affected when the values of  Ecorr shift positively due to the 

presence of tinda extracts (Al-Moubaraki and Awaji, 2020). Several studies have reported that 

an inhibitor typically worked as a mixed-type inhibitor when Ecorr shift lies within ± 85 mV 
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compared to an uninhibited system. Otherwise, the inhibitor is considered as either cathodic or 

anodic type (Wang et al., 2019). In this work, tinda extracts (TPE and TFE) exhibited corrosion 

potential shift within 85 mV, which signifies that these extract beaves as mixed-type of 

inhibitors. Furthermore, it was also observed that the obtained values of Ecorr from the Tafel 

analysis are close to their OCP values (Canales et al., 2021), which were determined prior to 

every electrochemical experiment in the previous section. Fig. 4.6 illustrates a decrease in both 

anodic and cathodic currents with increasing the amount of tinda extracts. This reduction 

suggests hindrance in H2 formation and MS degradation reactions. Furthermore, the values of 

icorr and Rp decreased and increased, respectively, with the incorporation of extracts (TPE and 

TFE) into 1 M HCl. These changes depict the construction of a robust protective layer on the 

MS by tinda extracts. Additionally, Table 4.2 shows that corrosion rate values were decreased 

with the addition of tinda extracts. These values are well aligned with the corrosion rate values 

obtained from weight loss method, as presented in Table 4A.1 of Appendix 4A. These extracts 

exhibited the highest inhibition efficiency of about 83.73 and 87.11 % at the optimum 

concentration (200 mg L-1) of TPE and TFE, respectively  (Ali Asaad et al., 2018; ji et al., 

2011; Saxena et al., 2018). 

 

 
 Fig. 4.6 Tafel plots for MS immersed in 1 M HCl with and without TPE a) and 

TFE b).   
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4.2.2.3  EIS measurements 

 The EIS technique is another way that was used to investigate the kinetics of the 

electrochemical process during MS immersion in 1 M HCl with and without TPE and TFE. 

Figs. 4.7 (a) and 4.7 (b) demonstrated the Nyquist patterns for inhibited and uninhibited 

systems. These Nyquist plots contain a similar semicircle of depressed nature, which signifies 

the heterogeneity of the surface of the metal. The Nyquist plot showed a consistent pattern for 

both uninhibited and inhibited systems, indicating that the incorporation of the extracts (TPE 

or TFE) into the acidic solution did not alter the corrosion process mechanism (Umoren et al., 

2015). A significant capacitive loop appears at higher frequencies of every semicircle, 

representing charge transfer through the double layer. In the absence of extracts, at low 

frequency, an inductive loop was observed, which was not seen in their presence. 

 The appearance of this inductive loop is commonly associated with the relaxation of 

adsorbed intermediate species, such as H+
ads, Cl−

ads, and others, suggesting the presence of 

unstable corrosion products on the metal (Haque et al., 2021). In the presence of inhibitors, 

vanishing this inductive loop is commonly interpreted as the "degradation" process in 

electrochemical impedance spectroscopy studies (Haldhar et al., 2018; Pal and Das, 2022a). 

Nyquist graphs of tinda extracts or blank systems illustrate that the nature of the reaction 

occurring at the metal-electrolyte interface is mainly controlled by charge transfer. The 

diameter of the semicircle in the Nyquist plots depicts the charge transfer resistance (Rct) (Bhan 

and Kumar Golder, 2023). This diameter was increased with the addition of extracts and 

achieved a maximum value at 200 mg L-1 (Figs. 4.7(a) and 4.7(b)). 

 Fig. 4.8 demonstrates Bode magnitude and phase graphs of uninhibited and inhibited 

systems. Additionally, Bode and Nyquist graphs contain only one peak and semicircle, 

respectively, confirming that the electrochemical process of MS dissolution has a one-time 

constant equivalent circuit model. 

TH-3816_196107102



Chapter 4 

 
 

140 
 

 
Fig. 4.7 Nyquist graphs for MS immersed in 1 M HCl with and without TPE a), TFE b). 

  

 The Bode graphs reveal distinct phase angles between 0° and 90°, reflecting the 

resistive or capacitive characteristics of the interface of metal and electrolyte. All the phase 

plots showed phase angles less than 90°, suggesting the absence of pure capacitive behavior.  

It was also observed that peak height notably increases with the amount of extracts, which 

signifies a strengthened capacitive response at the interface between the metal and electrolyte 

(Pal and Das, 2023). In order to briefly understand the electrochemical processes occurring at 

the interface of metal and electrolyte, Nyquist plots were fitted to a simple Randle circuit model 

(Rs(Qdl Rct)), where Rs presents solution resistance, Rct and CPE represent the charge transfer 

resistance and constant phase element, respectively (Chidiebere et al., 2015). This circuit 

contains Rs in series with Rct and CPE, but Rct and CPE are parallel (M’hiri et al., 2016; 

Srivastava et al., 2018; Verma et al., 2018). Fig. 4.9 shows the used equivalent circuit model.  

 The several Nyquist parameters, such as Rs, Rct, CPE, n, goodness of fit (χ2), µRct (%), 

and Cdl, calculated are listed in Table 4.3. The obtained values of χ2  lie between 1.12×10-3 and 

3.32×10-3, representing an excellent fit of Nyquist plots to an equivalent circuit model (Mourya 

et al., 2014; Tang et al., 2021). The values of Rct significantly increase with increasing the 

amount of extracts. This increase resulted from the effective adsorption of tinda extracts on the 
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metal surface, resulting in the preparation of a protective layer that obstructed ions’ movement 

across the interface of metal-electrolyte. TFE exhibited a large protection efficiency as 

compared to TPE. Additionally, Rp values were compared with those obtained from PDP test, 

as shown in Table 4A.1 of the Appendix 4A. This table demonstrates that these values are 

distinct but close for each system, which signifies that results of the EIS study are concord with 

the findings of PDP test. Furthermore, the obtained inhibition efficiencies from the EIS test 

were compared with inhibition efficiencies of PDP and gravimetric analysis, and evaluated p-

values confirms that electrochemical data are highly statistically significant (p< 0.0001) (Table 

4A.2 of the Appendix 4A).  

 

 
Fig. 4.8 Bode and phase graphs of MS immersed in 1 M HCl with and without TPE (a,c) 

and TFE (b,d). 
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Fig. 4.9 Proposed equivalent circuit model for MS corrosion in 1 M HCl with or without 

TPE and TFE. 
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4.3 Effect of temperature 

 In order to investigate the thermal stability of tinda extracts, some additional 

electrochemical experiments were conducted for immersed MS in 1 M HCl with and without 

tinda extracts. These experiments were carried out by using the optimal amount (200 mg L-1) 

of extracts at temperatures of 313 K and 323 K, under identical conditions as those detailed in 

section 4.2.2. Before every single experiment, open circuit potential (OCP) was recorded by 

exposing the working electrodes to acid for a period of 1 h at 303 K, 313 K, and 323 K (Figs. 

4.10 (a), 4.10 (b), and 4.10 (c)).  

 

 
Fig. 4.10 OCP graphs for MS immersed in 1 M HCl at 303 (a), 313 (b), and 323 K (c), in 

the presence and absence of TPE and TFE. 
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 The Tafel plots for MS immersed in 1 M HCl in the presence or absence of both extracts 

at 303, 313, and 323 K are illustrated in Figs. 4.11 (b), 4.11 (d), and 4.11 (f), respectively. All 

obtained Tafel parameters are listed in Table 4.4. From Table 4.4, it was observed that the 

values of icorr (corrosion current) and protection efficiency were increased and decreased on 

rising temperatures from 303 to 323 K. The decline in the values of µp (%) resulted from the 

displacement of few pre-adsorbed inhibitor molecules from the metal surface by water 

molecules, leading to a reduction in the charge transfer resistance. However, this occurrence 

has a minimal impact on the protective layer. Figs 4.11 (a), 4.11 (c), and 4.11 (e) illustrate the 

Nyquist graphs for immersed MS in 1 M HCl with and without extracts at 303, 313, and 323 

K. The Nyquist graphs display consistently depressed semicircles, suggesting the heterogeneity 

of the surface of MS. In every semicircle, a prominent capacitive loop exists at large frequency, 

indicating the movement of corrosive charges across the double layer. An inductive loop was 

detected in the uninhibited system at low frequencies, indicating the relaxation of few species 

(such as H+
ads and Cl−

ads), and corrosion products from the metal. In the presence of the 

inhibitor, this inductive loop vanished, leaving only a capacitive loop. It suggests that the 

dissolution of MS in acid is predominantly controlled by charge transfer. Nyquist patterns for 

MS degradation in the presence or absence of extracts illustrate that reactions occurring at the 

metal-electrolyte interface are predominantly governed by charge transfer, and the diameter of 

the semicircle represents the charge transfer resistance (Rct). Additionally, EIS parameters were 

evaluated, as discussed in section 4.2.2.3.  All obtained EIS parameters have been listed in 

Table 4.5. Furthermore, Table 4.4 showed that Rp and µP (%) declined as the temperature 

increased. The inhibited MS treated with TPE and TFE in acid at 323 K exhibited a protection 

efficiency of 70.71 and 72.74%, respectively. 
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Fig. 4.11 Nyquist graphs (a, c, e) and Tafel graphs (b, d, f) for tinda extracts (TPE and 

TFE) at 303 K, 313 K, and 323 K. 
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4.3.1 Effect of activation energy 

 The activation energies for both uninhibited and inhibited systems were determined by 

plotting ln (icorr) (µA cm-2) against 1/T (K-1), as depicted in Fig. 4.12 (a). This figure represents 

a straight line, where (-Ea/R) and (ln A) correspond to slope and intercept, respectively. The 

values of Ea for blank and inhibited systems have been listed in Table 4.6. Additionally, the 

entropy and enthalpy of metal degradation in the presence and absence of inhibitor were 

evaluated by plotting the ln (icorr/T) (µA cm-2 K-1) against 1/T (K-1). This graphical 

representation exhibits a linear trend, displaying a straight line which has a slope of (-ΔH /R) 

and an intercept of (ln
𝑘𝐵

ℎ
 +  

∆𝑆

𝑅
 ) (Fig. 4.12 (b)).  The determined values for ΔH and ΔS are 

listed in Table 4.6.  

 Upon analyzing Table 4.6, a higher value of activation energies was obtained for 

inhibited systems than that of uninhibited systems, which implies that a higher amount of 

energy is needed to induce corrosion on the surface of MS in inhibited systems compared to 

blank systems. Some research studies have indicated a decline in inhibition efficiency as 

temperature rises, leading to an increase in the corrosion activation energy (Ea) for inhibited 

systems compared to the blank system. These shifts depict the formation of the inhibitor layer 

due to its physical interaction with the metal. On the other hand, at higher temperatures, the 

value of inhibition efficiency tends to rise, resulting in decreased activation energy for inhibited 

systems compared to blank systems, suggesting a chemisorption mechanism (Aslam et al., 

2022; Bangera et al., 2022; Ravi and Golder, 2024).  In this study, the value of activation energy 

declined with increasing temperature, which implies that tinda extracts were adsorbed 

preferentially by the physical adsorption process.  

 The obtained value of enthalpy of corrosion for the blank system displays a positive 

value, and this value further escalates in the presence of both tinda extracts. This trend indicates 

that the corrosion process of MS is endothermic. The difference between (Ea - ΔH) remains 
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nearly identical and equal to RT across all systems. This observation suggests that the metal 

degradation conforms to an unimolecular-type process (Odewunmi et al., 2021; Nijarubini and 

Mallika, 2023). Moreover, there is a noticeable shift towards more positive values of the 

entropy change for MS degradation in the presence of an inhibitor. The increase in entropy is 

associated with the concept that an activated complex is formed during the determining step of 

the degradation phenomenon. The total entropy rises as reactants transform into activated 

complexes, displacing previously adsorbed H2O molecules from the metal surface. Therefore, 

tinda extracts molecules form a packed layer over metal due to their interaction and bonding. 

If the system’s entropy declined for inhibited systems as related to blank, depicted during the 

rate-determining step, the activation of tinda extracts molecules implies their dissociation in 

place of association. This recommends a conversion of reactant molecules to the activated 

complex structure, which depicts increased disorder rather than a structured arrangement (Al-

Moubaraki and Awaji, 2020; Fitoz et al., 2023; Jeeja et al., 2022). 

 

 
Fig. 4.12 Arrhenius plots (a) and Transition state plots (b) of inhibited or uninhibited 

systems. 
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4.4 Adsorption studies 

 Numerous isotherm models play a vital role in understanding how plant extract species 

interact with metal. To determine the nature and intensity of adsorption, several values of θ 

(surface coverage) for various doses (0, 50, 100, 150, and 200 mg L-1) of both tinda extracts 

(TPE and TFE) were tested across different adsorption isotherms (Langmuir, Temkin, and 

Frumkin adsorption isotherm) (Fig. 4.13). On comparing, the Langmuir adsorption isotherm 

model emerged as the best fit (its slope is very close to 1 for both extracts). The values obtained 

for the adsorption constant (Kads) are 32.26 L g-1 (TPE) and 37.04 L g-1 (TFE), as listed in Table 

4.7. These values were used to calculate the Standard Gibbs free energy (ΔGᵒads) for inhibited 

systems using the following expression (Eq. (4.1)).  

∆𝐺𝑎𝑑𝑠 
𝑜 =  −𝑅𝑇𝑙𝑛(𝐶𝑤𝑎𝑡𝑒𝑟 𝐾𝑎𝑑𝑠)                                                                                             (4.1) 

 where Kads is the equilibrium adsorption constant (L g-1),  𝐶𝑤𝑎𝑡𝑒𝑟 is water concentration 

in solution (1000 g L-1), R and T are gas constant (8.314 J K-1 mol-1) and temperature (K), 

respectively. Some research stated that ΔGᵒads values around or above -20 kJ mol-1 signify 

physisorption, where charged inhibitor molecules interact with a charged MS. Conversely, 

values below -40 kJ mol-1 imply chemisorption, where electrons are shared between the metal 

and inhibitor. When ΔGᵒads falls between -40 kJ mol-1 and -20 kJ mol-1, it's considered mixed-

type adsorption. In this work, ΔGᵒads values are -26.15 and -26.50 kJ mol-1 for TPE and TFE, 
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respectively. These values lie between -40 kJ mol-1 and -20 kJ mol-1, which implies that both 

TPE and TFE are adsorbed by a mixed-type adsorption process. Furthermore, the negative 

ΔGᵒads value signifies that tinda both extract molecules have the ability to self-adsorb onto the 

MS from corrosive electrolyte (Al-Moubaraki, 2018; Kaya et al., 2023b, 2023a). 

 

 

Fig. 4.13. (a, b) Langmuir, (c,d) Temkin, and (e,f)  Frumkin isotherms of TPE and TFE, 

respectively. 
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Table 4.7 Adsorption isotherm parameters. 

Inhibitor 
𝟏

𝑲𝒂𝒅𝒔
   (g L-1) Kads (L g-1) ΔGᵒads (KJ mol-1) 

TPE 0.031 ± 0.001 32.26 ± 1.976 -26.15 ± 0.028 

TFE 0.027 ± 0.001 37.04 ± 1.012 -26.50 ± 0.035 

 

4.5 Surface investigations 

4.5.1 FESEM analysis 

 FESEM analysis was performed to investigate the variation in the surface morphology 

of metal due to acidic attack in the presence and absence of the inhibitor. Highly smooth and 

rough MS surfaces are depicted in Figs. 4.14 (a) and (b), which correspond to the FESEM 

image of polished MS before and after their 2 h exposure to 1 M HCl, respectively.  From these 

images, it was observed that the MS surface was heavily damaged due to an acid attack in the 

absence of inhibitors, containing several cracks and pits. Figs. 4.14 (c) and (d) show FESEM 

images of inhibited systems in the presence of TPE and TFE, respectively, which contain a 

smoother surface than the blank system. 

 Furthermore, on comparing these images, it was observed that the addition of tinda 

extracts (TPE and TFE) provided a significant difference in the microstructures of the MS 

immersed in 1 M HCl. In the absence of these extracts, the acid attacked the surface severely 

and corroded the surface by inducing anodic and cathodic reactions on the MS surface, which 

is confirmed by the presence of cracks and pits in the absence of extracts, as indicated in acidic 

media. Whereas when the extracts (TPE and TFE) were employed on the surface, such types 

of strongly corroded structures were not observed in 1 M HCl (Pal and Das, 2022b). These 

findings imply that both extracts are adsorbed on the metal surface and form a protective layer, 

which significantly hinders the penetration of corrosive ions from the corrosive solution to the 
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surface of the metal. These findings are consistent with the outcomes of weight loss and 

electrochemical studies. 

 

 

Fig. 4.14 FESEM pictures depict a) MS surface pre-immersion, b) MS without 

inhibitors, and c) and d) MS with inhibitors, exposed to 1 M HCl with TPE and TFE, 

respectively. 

 

4.5.2 EDX analysis 

 EDX analysis was used to investigate elemental variation in the MS surface after their 

4 h immersion in 1 M HCl with and without TPE and TFE, shown in Fig. 4.15.  Figs 4.15 (a) 

and 4.15 (b) demonstrate the EDX image of uninhibited MS and pit (from uninhibited MS), 

respectively. The presence Cl- in EDX spectra proves that the Cl- is adsorbed on the MS surface 

due to its electrostatic attraction with Fe2+ on the MS surface in HCl medium (Pal and Das, 
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2020). These spectra showed a notable decrease and increase in the weight percentage of Fe 

(from 73.2 to 66.6%) and Cl- ions (from 2.5 to 3.6%), respectively, within the pit. This suggests 

that the corrosion process has occurred aggressively within the pits when compared to the flat 

plane surfaces. Spectra for inhibited systems with TPE and TFE are illustrated by Figs 4.15 (c) 

and (d), respectively. On comparing all the spectra, it was found that the percentage of Cl- ions 

significantly decreased in the presence of extracts and obtained a minimum for TFE, which 

implies that both extracts adsorbed on the metal surface and formed a strong protective layer 

that isolates the metal from the electrolyte. 

 

 

Fig. 4.15 EDX spectrum of a) MS without inhibitor, b) Pits from blank, c) and d) 

inhibited by TPE and TFE, respectively, after exposure to 1 M HCl. 
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4.5.3 AFM analysis 

 The AFM investigation serves as a valuable technique for examining the 

impact of the tinda extracts on MS dissolution in an acidic medium, specifically in terms of 

alterations in surface roughness. Fig. 4.16 illustrates the AFM spectra for MS after their 3 h 

exposure to 1 M HCl.  Fig. 4.16 (a) displays the spectrum of the uninhibited MS, exhibiting a 

significantly rough and cracked surface. This indicates severe damage to the MS surface caused 

by corroding ions in the absence of inhibitors, which has 492.6 nm average surface roughness. 

Figs 4.16 (b) and (c) demonstrate the images of inhibited MS with TPE and TFE, respectively. 

On comparing these images, it has been noticed that surface roughness reduces to 24.58 and 

19.33 nm in the presence of TPE and TFE, respectively. This reduction in surface roughness 

implies that extract molecules adsorbed on metal to form a strong protective layer, which 

isolates the metal from electrolytes (Verma et al., 2017).  These images also indicate that TFE 

(Fig. 4.16 (c)) resulted in a notably smoother surface, attributed to the robust adsorption of TFE 

molecules onto the metal surface.  

 

4.5.4 XRD analysis 

 Fig. 4.17 (a) illustrates the XRD pattern of the polished MS sample before exposure to 

acid, exhibiting a dominant peak at 2θ value of about 44.59°, accompanied by weaker peaks at 

various 2θ values of about 64.8°, 82.2°, and 90°. Furthermore, Fig. 4.17 (b) depicts the XRD 

pattern of MS exposed to 1 M HCl for 2 h without inhibitor, exhibits several peaks at various 

2θ values of 35.2°, 44.59°, 64.8°, 82.2°, and 90° corresponding to the Fe and FeCl2 peaks in 

JCPDS: 06-0696. A peak at 2θ values of 35.2° signifies iron chloride (FeCl2), while the others 

indicate iron (Fe). Fig. 4.17 (c) shows the XRD spectrum of inhibited MS with TFE, displaying 

Fe peaks at 44.59°,64.8°, 82.2°, and 90°, with reduced intensity. Additionally, it was noticed 

that the intensity of the iron chloride peak has been diminished, indicating the development of 
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a protective layer by adsorbed molecules of TFE. This method potentially facilitates complete 

interaction between the inhibitor molecules and the surface of MS. Additionally, the obtained 

outcomes from the XRD technique align well with the findings of  EDX, AFM, and FESEM 

techniques (Muthukrishnan et al., 2019). 

 

 

Fig. 4.16 AFM spectrum of a) MS without inhibitor, b) and c) MS with TPE and TFE, 

respectively, after their exposure to 1 M HCl. 
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Fig. 4.17 XRD pattern of a) unused MS, (b) MS without inhibitor, and (c) MS with TFE, 

after exposure to 1 M HCl. 

 

4.6 Corrosion inhibition mechanism 

 MS degradation mechanism in 1 M HCl is suggested by the following steps: 

The mechanism for the anodic degradation of MS is given by the following reactions (Eqs. 

(4.2- 4.5)): 

𝐹𝑒 +  𝐶𝑙−  ↔  (𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠                                                                                                   (4.2) 

(𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠  ↔  (𝐹𝑒𝐶𝑙)𝑎𝑑𝑠  + 𝑒−                                                                                        (4.3) 

(𝐹𝑒𝐶𝑙)𝑎𝑑𝑠  →  (𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠  +  𝑒−                                                                                        (4.4) 

(𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠  ↔   𝐹𝑒2+ +  𝐶𝑙−                                                                                               (4.5) 
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The mechanism for cathodic hydrogen evolution is given by the following reactions (Eqs. 

(4.6- 4.8)): 

𝐹𝑒 +  𝐻+  ↔  (𝐹𝑒𝐻+)𝑎𝑑𝑠                                                                                                    (4.6) 

(𝐹𝑒𝐻+)𝑎𝑑𝑠  +  𝑒− →  (𝐹𝑒𝐻)𝑎𝑑𝑠                                                                                           (4.7) 

(𝐹𝑒𝐻+)𝑎𝑑𝑠  +  𝐻+ +  2𝑒− →  𝐹𝑒 +  𝐻2                                                                              (4.8) 

 The corrosion inhibition properties of both extracts (TPE and TFE) in corrosive 

environments rely on their interaction with metals (Alao et al., 2023; Pal and Das, 2020). The 

electrostatic interactions occur between the extract’s molecules and pre-adsorbed Cl- ions on 

the metal surface, leading to the adsorption of protonated inhibitor molecules (physical 

adsorption). Over this metal, competition arises between protonated inhibitor molecules and 

H+ for electrons. Positively charged inhibitor returns to neutral form after absorbing the 

electron from MS. The presence of unbound lone pairs in the inhibitor molecule induces their 

chemical adsorption on the metal surface. As electrons accumulate on the metal surface over 

time, they become increasingly negatively charged. To mitigate this surplus of negative charge, 

electrons shift from Fe’s d-orbital to the vacant π antibonding orbital of the inhibitor molecules 

(retro-donation), consequently enhancing the adsorption of inhibitor molecules onto the surface 

of MS (Srivastava et al., 2018). Outcomes from Tafel experiments depict that both extracts act 

as mixed-type inhibitors and are adsorbed on metal surfaces by a mixed-type adsorption, which 

was confirmed by isotherm studies. Additionally, results from surface investigations show that 

both extracts form a strong protective layer on the surface of MS, which isolates the MS from 

the electrolytes.  

 

4.7 Literature comparison 

 The inhibition efficiencies of tinda extracts from electrochemical and weight loss 

techniques were compared with the recently published work on plant-based extracts. (Al-
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Senani et al., 2015) prepared petroselinum crispum leaves extract to inhibit the MS corrosion 

in 1 M HCl. They found a maximum inhibition efficiency of about 81.39 % at a 60 % (v/v) 

concentration of extract (Al-Senani et al., 2015). (Daoudi et al., 2022) developed Dysphania 

ambrosioides (DA) leaves extract as a corrosion inhibitor, adsorbed by mixed-type adsorption, 

and gave 84 % maximum inhibition efficiency at 1500 mg L-1 amount of inhibitor (Daoudi et 

al., 2022). Furthermore, the anti-corrosive behavior of yew (Taxus baccata) extract was studied 

by electrochemical and weight methods, and the highest inhibition efficiency (83.28 %) was 

obtained at 700 mg L-1 (Hanini et al., 2019). Few studies reported that Chromolaena odorata 

leaf extract exhibited effective inhibitory efficiency of about 83.33 % at 700 mg L-1 for MS 

immersed in 1 M HCl (Mbamalu and Chinedu, 2023).  All these studies were tabulated in Table 

4.8, which shows that the current work demonstrated a clear superiority over several previous 

studies.  
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4.8 Summary 

 The inhibiting effectiveness of tinda extracts (TPE and TFE) on MS immersed in 1 M 

HCl was investigated using electrochemical and gravimetric techniques. The prepared extracts 

showed excellent inhibiting behavior due to the presence of several compounds, such as phenol, 

3,5-bis (1,1-dimethylethyl)-, 9-octadecenoic acid, methyl ester, hexadecanoic acid 15-methyl-

, methyl ester, 9, 12-octadecadienoic acid, methyl ester, 9, 12, 15-octadecatrienoic acid, methyl 

ester, (Z,Z,Z-), ascorbic acid, and phytol, which were identified by LC/MS analysis. The 

existence of these compounds was further confirmed by FTIR analysis. After all observations, 

the following findings were obtained. 

• The average corrosion potential (Ecorr) exhibited a positive shift for inhibited systems 

as compared to uninhibited systems. 

• The values of icorr and inhibition efficiencies were decreased and increased, 

respectively, with increasing inhibitor concentration. 

• The maximum inhibitory efficiencies (83.73 and 87.11 %) were achieved at 200 mg L-

1 of TPE and TFE, respectively.    

• The value of Rct was found as 25.89 Ω cm2 for the uninhibited system, which was 

increased to 125.18 Ω cm2 and 142.69 Ω cm2 on the addition of TPE (200 mg L-1) and 

TFE (200 mg L-1) respectively, which implies that corrosive ions face more hindrance 

to reaching the metal surface for inhibited systems as compared to blank. 

• The outcomes from the gravimetric analysis revealed almost the same inhibiting 

behavior of both tinda extract (TPE and TFE) as recorded in electrochemical studies. 

• Both tinda extract (TPE and TFE) exhibited significant inhibitory effects with 70.71 

and 72.74 % inhibition efficiency at 323 K. The values of Ea, ΔH, and ΔS exhibited a 

positive hike as compared to blank. 
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• The obtained values of ΔGᵒ
ads for TPE and TFE lie between -20 and -40 kJ mol-1, but 

close to -20 kJ mol-1 1
, which depicts preferentially physical adsorption (mixed-type 

adsorption) of the extract on the metal surface.   

• The results from the electrochemical and gravimetric analysis showed that tinda 

extracts adsorbed on metal and constructed a protective layer of extract molecules, 

which hindered the MS corrosion, these findings were well supported by outcomes of 

surface characterization techniques. 
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Chapter 5 
 
 

Investigations on corrosion inhibition of mild steel in acid medium using 

Phaseolus lunatus peel and seed extracts 

 

 This chapter presents the corrosion inhibition potential of Phaseolus lunatus (lima 

bean) peel and seed extracts to mitigate mild steel corrosion in 1 M HCl. LC-MS and FTIR 

analyses were used to identify active compounds (lysine, leucine, oleic acid, linoleic acid, 9-

Octadecenoic acid (Z)-, methyl ester, and ascorbic acid) therein, which are responsible for 

corrosion inhibition. Electrochemical and weight loss studies showed that maximum 

efficiencies of 85.69% and 90.78% were achieved at 200 mg L-1 of Phaseolus lunatus peel 

extract (PLPE) and Phaseolus lunatus seed extract (PLSE), respectively. These extracts acted 

as mixed-type inhibitors. During the adsorption studies, Langmuir adsorption isotherm 

exhibited the best fit, and extracts followed the preferentially physical adsorption process. 

Thermodynamic analysis confirmed the spontaneous and endothermic corrosion of MS. 

Surface characterization confirmed the formation of a protective layer on the MS surface, 

which effectively protects MS from corrosive electrolytes. 

 

 

 

 

 

 

 

 

Published Article: Kumar, A., Das, C., 2025. Investigations on corrosion inhibition of mild 

steel in acid medium using Phaseolus lunatus peel and seed extracts. Mater. Today Commun. 

49, 113752. https://doi.org/10.1016/j.mtcomm.2025.113752.  
 

TH-3816_196107102

https://doi.org/10.1016/j.mtcomm.2025.113752


Chapter 5 

 
 

174 
 

5.1 Characterization of PLPE and PLSE 

5.1.1 LC-MS analysis 

 Phaseolus lunatus peel and seed extracts (PLPE and PLSE) were examined by liquid 

chromatography-mass spectroscopy to identify the available compounds. The mass spectra 

corresponding to the LC-MS analysis of PLPE and PLSE exhibited characteristic peaks of 

lysine, leucine, oleic acid, linoleic acid, 9-Octadecenoic acid (Z)-, methyl ester, and ascorbic 

acid at m/z values of 147.1, 132.10, 282.26, 281.25, 296.27, and 176.03, respectively, as shown 

in Fig. 5.1. Moreover, PLSE (Fig. 5.1 b) displayed higher relative intensities of leucine, linoleic 

acid, and ascorbic acid compared to PLPE (Fig. 5.1 a), suggesting a greater abundance of these 

compounds in PLSE. These compounds have all the necessary features (double bonds, 

conjugated bonds, heteroatoms, and long carbon chains) to be effective corrosion inhibitors. 

Recently, several studies have reported that these compounds have excellent corrosion-

inhibiting ability against acidic media (Ameh, 2018; Hermoso-Diaz et al., 2019; Mahgoub et 

al., 2019; Wang et al., 2023). 

 

Fig. 5.1 Mass spectrums of PLPE (a) and PLSE (b). 
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5.1.2 FTIR analysis 

 The FTIR spectra of PLPE and PLSE are shown in Fig. 5.2. The bands at 3345 cm-1 

and 3347 cm-1 were attributed to the O–H stretching vibration in PLPE and PLSE, respectively. 

Furthermore, weak bands between wavenumbers 2950−3100 cm−1 were attributed to N−H 

stretching bands (Naik et al., 2018; Shah et al., 2024). The peaks at 2903 cm−1 (PLPE) and 

2900 cm−1 (PLSE) denote the asymmetric stretching of the CH2 group. Additionally, bands at 

1718, 1645 cm−1 for PLPE and 1717, 1647 cm-1 for PLSE correspond to C=O bending. The 

bands at 1417 cm−1 (PLPE) and 1418 cm−1 (PLSE) represent the alkene bending vibrations in 

extracts (Ishnava and Patel, 2020). The absorptions at 1383 cm-1 (PLPE) and 1384 cm-1 (PLSE) 

could be due to the CH3 bending vibration in both extracts. Furthermore, bands in the range of 

1026 – 1086 cm-1 correspond to C-O-C stretching vibrations in both Phaseolus lunatus extracts, 

such as PLPE (1045 and 1086 cm-1) and PLSE (1047 and 1086 cm-1). The bands at 878 and 

879 are related to the -OH out plane bonds in PLPE and PLSE, respectively (Masuku et al., 

2021). These results showed that both Phaseolus lunatus extracts (PLPE and PLSE) contained 

nitrogen and oxygen in their functional groups (O–H, C=O, C=C, C-O-C, and NH), that are 

well aligned with the findings of LC-MS analysis. 
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Fig. 5.2 FTIR spectra of (a) PLPE and (b) PLSE. 

 

5.2 Corrosion test 

5.2.1 Weight loss studies 

5.2.1.1 Effect of concentration of Phaseolus lunatus extracts 

 The weight loss measurement technique is most commonly used to evaluate the rate of 

corrosion as well as to scrutinize the anticorrosive behavior of inhibitors due to their ease of 

use. In this work, weight loss measurements were performed thrice with the same operational 

conditions using several concentrations of Phaseolus lunatus extract. To investigate the 

corrosion mitigation nature of Phaseolus lunatus extracts, various amounts of these extracts 

(PLPE and PLSE) were used, such as 0, 50, 100, 150, 200, and 250 mgL-1. During the 

experiments, it was noticed that corrosion rates decreased with the addition of PLPE and PLSE 

up to 200 mg L-1, which signifies that molecules of PLPE and PLSE adsorbed on MS and 

generate an inhibiting layer that acts as a barrier between MS and corrosive solution. 

Furthermore, the layer’s compactness was increased with the addition of PLPE and PLSE up 

to 200 mg L-1.  As the doses of PLPE and PLSE increased further to 250 mg L-1, the values of 
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inhibiting efficiencies displayed a marginal rise (~1%), indicating the adsorption of PLPE and 

PLSE on MS to exhibit an unchanged inhibitory efficiency above 200 mg L-1 concentrations 

of inhibitors. These outcomes can be explained by the fact that the available inhibitor molecules 

are very less as compared to the active site of the metallic surface at lower doses of inhibitor, 

which are not capable of covering the whole surface of the metal, resulting in a low inhibitory 

effect but these adsorbed molecules increase on metal surface with increasing the concentration 

of inhibitors. After a certain dose of inhibitors, all active sites of the metallic surface were 

completely occupied by adsorbed inhibitor molecules, leading to the highest constant inhibitory 

efficiency  (Kumar and Das, 2024). 

 The values of inhibition efficiencies for Phaseolus lunatus extracts were constant above 

their amounts of 200 mg L-1, indicating that the metal’s surface was covered with PLPE and 

PLSE, and it reached equilibrium. Hence, this system showed the highest inhibitory effect. 

These findings suggest that 200 mg L-1 is the optimal dose of PLPE and PLSE for their 

corrosion-inhibiting behavior (Fig. 5.3). Few studies have also reported a similar variation in 

inhibition efficiency (Boudalia et al., 2023). For the optimum amount of Phaseolus lunatus 

extracts, the following maximum inhibition efficiencies were obtained: 85.50 % (PLPE) and 

90.54 % (PLSE) after 24 h of exposure. Similar immersion times of 24 h have been reported 

by few studies that have examined the impact of inhibitor concentration (Boutoumit et al., 

2024). 
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Fig. 5.3. Variations in CR and µCR % with increasing the amounts of PLPE a) and 

PLSE b). 

 

5.2.1.2 Effect of immersion time 

 The effect of immersion time is the most commonly used technique, which provides 

valuable insights regarding the durability of the inhibitory nature of inhibitors. Herein, 

numerous weight loss measurements were performed at optimal doses (200 mg L-1) of PLPE 

and PLSE, along with extending the immersion time from 0 to 48 h, such as 4, 8, 12, 24, and 

48 h.  Fig. 5.4 represents the impact of extended immersion time on the inhibition efficiency 

of Phaseolus lunatus extract at the optimum concentration (200 mg L-1). The presented data 

shows that the percentage inhibition efficiencies increase up to 24 h of exposure time. After 

that, the inhibition efficiencies of both Phaseolus lunatus extracts remained constant for the 

exposure time up to 48 h. These observations signify that the adsorption of PLPE and PLSE on 

metal was accomplished within 24 h and reached an equilibrium stage. After 24 h, the available 

molecules of inhibitor in 1 M HCl participate in repairing the adsorbed layer of inhibitor 

molecules deteriorated due to the attack of corrosive species.  

 The reasons for this phenomenon are linked to the inhibitor’s film, which develops with 

time on the metal as it is immersed in the inhibited system. This film becomes increasingly 
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dense and consistent during extended immersion periods from 1 to 24 h. The adsorbed 

protective layer becomes saturated, and its thickness reaches a steady state value before the 

immersion period of 24 - 48 h (Kumar and Das, 2024). 

 

 

Fig. 5.4 The variation in the inhibitory efficiencies of PLPE and PLSE with the 

exposure time. 

 

5.2.2 Electrochemical studies 

 Electrochemical analysis is another way to investigate the anticorrosive behavior of 

corrosion inhibitors. In this work, Phaseolus lunatus extracts were employed to mitigate the 

corrosion of MS immersed in 1 M HCl. Each experiment was repeated thrice for several doses 

(0-200 mg L-1) of PLPE and PLSE at 30 ºC.  
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5.2.2.1 OCP measurements 

 The variation in OCP values of MS immersed in 1 M HCl with and without Phaseolus 

lunatus extracts was recorded prior to each electrochemical measurement, such as EIS and 

Potentiodynamic polarization measurements. The OCP curves (Figs. 5.5 (a) and (b)) depicted 

that the allowed time of 1 h was sufficient to reach a steady state value. However, OCP values 

were shifted positively in solutions containing Phaseolus lunatus extracts as compared to the 

blank system, which could be explained by the adsorption of Phaseolus lunatus extracts on MS 

(Li et al., 2019). 

 

 

Fig. 5.5. OCP graphs for MS immersed in 1 M HCl in the presence and absence of 

PLPE a), and PLSE b). 

 

5.2.2.2 Potentiodynamic polarization  

 The Tafel polarization technique has been employed to study the kinetics of reactions 

happening on the interface of MS and acid with and without Phaseolus lunatus extracts. Figs. 

5.6 (a) and 5.6 (b) display the Tafel curves for MS exposure to 1 M HCl without and with PLPE 

and PLSE, respectively. Table 5.1 assembles the generated Tafel parameters, such as Ecorr 

(corrosion potential), icorr  (corrosion current density), bc (cathodic Tafel slope), and ba (anodic 
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Tafel slope), by fitting the Tafel plots using Nova 1.1.0 software. Table 5.1 illustrates that Ecorr 

shifted positively for Phaseolus lunatus extracts containing systems than that of blank, 

demonstrating their anodic type behavior of PLPE and PLSE. The anodic polarization of metal 

in the acidic medium in the presence of an inhibitor depends on the electrode potential. For 

inhibitor-containing systems, the anodic reactions are slightly affected when the Ecorr exhibited 

a positive shift due to the presence of PLPE and PLSE (Al-Moubaraki and Awaji, 2020).  

 Few studies have reported that an inhibitor showed mixed-type inhibiting behavior only 

if Ecorr shifts lie within ± 85 mV as compared to blank. Otherwise, the inhibitor exhibits 

cathodic or anodic behavior (Boutoumit et al., 2024). In this work, the variation in corrosion 

potential values lies within ± 85 mV, indicating that Phaseolus lunatus extracts (PLPE and 

PLSE) exhibited mix-type inhibiting behavior.  

 

 

Fig. 5.6 Tafel curves for MS immersed in 1 M HCl with and without several 

concentrations of PLPE a) and PLSE b). 

 

 Additionally, it was noted that the Ecorr values obtained from the Tafel curves closely 

align with their respective OCP values, which were recorded before each electrochemical test 

in the earlier section. The values of anodic and cathodic currents decreased with the 
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incorporation of Phaseolus lunatus extracts compared to blank (Table 5.1), which explains 

interruptions in metal corrosion and hydrogen gas formation. Fig. 5.6 illustrates that the 

addition of Phaseolus lunatus extracts (PLPE and PLSE) significantly reduces corrosion 

current densities (icorr) values without affecting the corrosion potential (Ecorr ) values, indicating 

that both extracts function as pickling-type inhibitors (El Khatib et al., 2020). Two 

simultaneous phenomena (reduction in the values of corrosion current densities and 

improvement in polarization resistance) were seen with the addition of Phaseolus lunatus 

extracts (PLPE and PLSE) to MS immersed in 1 M HCl. Moreover, the corrosion rate values 

significantly decreased in the presence of inhibitors (PLPE and PLSE). These values were 

compared with those obtained from the weight loss analysis, as shown in Table 5A.1 of 

Appendix 5A. The comparison revealed that the results from the potentiodynamic polarization 

method are well supported by the weight loss analysis. These phenomena describe the 

formation of an inhibiting layer on the MS due to the adsorption of Phaseolus lunatus extract. 

PLPE and PLSE provide the highest inhibitory efficiencies, 85.69 and 90.78 %, respectively, 

at their optimum amounts (200 mg L-1) (Ali Asaad et al., 2018).  
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5.2.2.3 EIS measurements 

 It is another method that can be utilized to inspect the kinetics of the electrochemical 

phenomenon happening during metal degradation in an acidic medium with and without 

Phaseolus lunatus extracts. Obtained Nyquist plots from EIS measurements at several 

concentrations (0, 50, 100, 150, and 200 mg L-1) of PLPE and PLSE are depicted by Figs. 5.7 

(a) and (b), respectively. All Nyquist curves exhibited identical depressed semicircles, which 

describes the heterogeneity of the metallic surface. From these figures, it can be seen that 

Nyquist plots showed a similar pattern for both uninhibited and inhibited systems, suggesting 

that the incorporation of inhibitors into the acidic solution did not alter the mechanism of the 

corrosion process (Pal and Das, 2022a). Additionally, in each semicircle, a prominent 

capacitive loop appears at higher frequencies, suggesting that charge is transferred across the 

double layer. For uninhibited systems, an insignificant inductive loop was detected at lower 

frequencies, and it completely vanished in the case of inhibited systems. The inductive loop is 

often linked to the relaxation of adsorbed intermediate species like H+
ads, Cl−

ads, and others, 

indicating the existence of unstable corrosion products on the surface of the MS (Haque et al., 

2021). For inhibitor-containing systems, the disappearance of the inductive loop is typically 

interpreted as the "degradation" process in EIS studies (Kumar and Das, 2024). The Nyquist 

pattern of inhibited or uninhibited systems shows the nature of electrochemical reactions 

happening at the interface of metal and corrosive solution, which is mainly controlled by charge 

transfer resistance. In each Nyquist curve, the semicircle’s diameter represents the value of Rct 

(charge transfer resistance) (Bhan and Golder, 2024; Bhan and Kumar Golder, 2023). The 

value of this diameter was improved with the addition of Phaseolus lunatus extracts (PLPE 

and PLSE) and maximized at 200 mg L-1 (Figs. 5.7 (a) and 5.7 (b)). 

 Bode magnitude and bode phase patterns for MS degradation in acidic solution with 

and without PLPE and PLSE are displayed in Fig 5.8. From Bode curves, it was noticed that 
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each system (inhibited or blank) at several doses of extracts exhibited different values of phase 

angle, which lie between 0° and 90°, signifying the capacitive or resistive features of the metal 

electrolyte interface. All these obtained values of phase angles are less than 90°, signifying the 

non-pure capacitive behavior. From Figs. 5.8 (c) and (d), it was noticed that the peak height of 

the phase plot rises with the addition of PLPE and PLSE, which illustrates the strengthening of 

capacitive behavior on the metal-electrolyte interface (Pal and Das, 2023).  

 

 

Fig. 5.7 Nyquist diagrams of MS exposed to 1 M HCl with and without the several 

concentrations of PLPE a) and PLSE b). 

 

 To explore the technical characteristics of the Nyquist plot, an equivalent circuit model 

(simple Randle circuit) was employed, as depicted in Fig. 5.9, where solution resistance, charge 

transfer resistance, and constant phase element are denoted by Rs, Rct, and CPE, respectively 

(Bhan et al., 2025). All Nyquist parameters such as Rs, Rct, Y0, Cdl, n, goodness of fit (χ2), and 

µRct (%) were obtained by fitting the Nyquist plots with the proposed electrochemical circuit 

using Nova 1.1.0 software, and their values were tabulated Table 5.2. The obtained values of 

χ2  lie in the range of 1.01 ×10-3 to 3.61×10-3, depicting a good fitting of EIS data to a proposed 

circuit (Tang et al., 2021). From a careful examination of Table 5.2, it was noticed that Rct 
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values were continuously improved with increasing the doses of extracts in 1 M HCl. Higher 

Rct values for inhibited systems mean higher corrosion resistance to metal dissolution (slower 

corrosion rate) in the presence of inhibitors (Ma et al., 2016). It was due to the formation of a 

protective layer at the metal-electrolyte interface, which separates the metal from the corrosive 

electrolyte and significantly hinders the transfer of corrosive ions from the bulk electrolyte to 

the metal surface (Hidalgo et al., 2025; Pal and Das, 2022b). Furthermore, PLSE shows higher 

corrosion mitigation behavior than PLPE at 200 mg L-1. Additionally, obtained Rp values from 

EIS and Tafel measurement were tabulated and compared in Table 5A.1 of the Appendix 5A, 

this comparison showed that these values were different by close to each other for both 

uninhibited and inhibited systems, which implies that outcomes of EIS are well align with the 

findings of PDP test. Moreover, inhibition efficiencies of EIS were compared with that of PDP 

and weight loss analysis. These values were higher for PDP tests and calculated p-values 

confirm that electrochemical data are highly statistically significant (p< 0.0001) (Table 5A.2 

of Appendix 5A).  
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Fig. 5.8 Bode and phase patterns for MS corrosion in 1 M HCl with and without the 

several concentrations of PLPE (a,c) and PLSE (b,d). 
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Fig. 5.9 Equivalent circuit model for MS corrosion in 1 M HCl with or without PLPE 

and PLSE. 
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5.3 Effect of temperature 

  The majority of scientific studies and literature reviews reported that the elevation of 

temperature results in the desorption of the organic compounds and degradation of metal or 

formation of complexes on the metallic surface, which accelerates the metal degradation 

(Daoudi et al., 2022). Therefore, to study the effect of temperature on MS dissolution in 1 M 

HCl in the absence and presence of Phaseolus lunatus extracts (PLPE and PLSE) at their 

optimum amount (200 mg L-1), several OCP, PDP, and EIS measurements were performed at 

313 and 323 K. Before every electrochemical measurement, 1 h OCP was recorded at the 

temperature of 313 and 323 K. The OCP plots corresponding to temperatures of 303, 313, and 

323 K are shown in Figs. 5.10 (a), (b), and (c), respectively, and their values are tabulated in 

Table 5.3. 

  Figs. 5.11 (b), 5.11 (d), and 5.11 (f) display the Tafel graphs for MS dissolution in acid 

solution with and without Phaseolus lunatus extracts, and Tafel parameters are assembled in 

Table 5.3.  This Table shows that icorr values increased in both blank and inhibited systems with 

increasing temperature, which indicates that an increase in temperature often accelerates the 

corrosion process, leading to a higher rate of MS dissolution. However, at higher temperatures, 

obtained icorr values in the presence of inhibitor were lower than those of blank, indicating that 

Phaseolus lunatus extracts exhibit inhibiting properties at all studied temperatures (Varvara et 

al., 2020). Figs. 5.11 (a), 5.11 (c), and 5.11 (e) demonstrate Nyquist plots of MS dissolution in 

the acidic medium with and without Phaseolus lunatus extracts. To evaluate the Nyquist 

parameters, these Nyquist plots were analyzed using Nova 1.1.0 software, as previously stated 

in section 5.2.2.3, and all obtained Nyquist parameters are tabulated in Table 5.4. In this Table, 

the values of n were between 0.71 and 0.89, which indicates the degree of deviation from the 

ideal capacitor. Few studies have reported that this value describes the characteristics of CPE. 

If n = 1, CPE behaves as an ideal capacitor; n < 1, CPE behaves as a nonideal capacitor, and n 
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= 0, CPE behaves as a pure resistor. The general increase in n value may be attributed to the 

increase in surface coverage and decrease in surface heterogeneity by the inhibitor molecules 

(Amegroud et al., 2024; Boudalia et al., 2023). 

 

 

Fig. 5.10 OCP graphs for MS immersed in 1 M HCl at 303, 313, and 323 K, in the 

presence and absence of PLPE and PLSE. 

 

  On careful observation of Table 5.4, it was found that values of Rct and µP (%) reduced 

with temperature elevation, which means temperature elevation leads to the degradation of the 

metal. Furthermore, Table 5.3 displayed that PLPE and PLSE containing systems showed 

inhibitory efficiency of 71.92 and 78.43 %, respectively, at 323 K. In this work, the inhibition 

efficiencies in both PDP and EIS methods were decreased with increasing temperature, 
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suggesting that the protective layer weakened due to partial desorption of some inhibitor 

molecules from the MS surface, resulting in poor protection of MS at higher temperatures 

(Varvara et al., 2020). 

 

 

Fig. 5.11 Nyquist plots (a, c, e) and Tafel plots (b, d, f) for blank, PLPE, and PLSE at 

303, 313, and 323 K. 
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5.3.1 Effect of activation energy 

 The obtained values of corrosion current densities (icorr) for different temperatures (303, 

313, and 323 K) can be further utilized to obtain the kinetic (activation energy) and 

thermodynamic (entropy and enthalpy) thermodynamic parameters like activation energy, 

enthalpy, and entropy of metal dissolution in the acidic medium with and without of PLPE and 

PLSE. Furthermore, the values of ln (icorr) (µA cm-2) were plotted with 1/T (K-1) to evaluate Ea 

for metal dissolution with and without PLPE and PLSE (Fig. 5.12 (a)). This plot displays a 

straight line, which has the following: slope (-Ea/R) and intercept (ln A). Table 5.5 assembles 

the generated values of Ea for uninhibited or inhibited systems.  

 

 

Fig. 5.12 Arrhenius plots (a) and Transition state plots (b) for MS corrosion with and 

without optimum concentrations of PLPE and PLSE. 

 

 Additionally, the values of ln (icorr/T) (µA cm-2 K-1) were plotted with 1/T (K-1) (Fig. 

5.12 (b)) to evaluate the enthalpy and entropy of MS dissolution for both uninhibited or 

inhibited systems. Fig. 5.12 (b) demonstrates a straight line that has the following: slope (-ΔH 

/R) and intercept (ln
𝑘𝐵

ℎ
 +  

∆𝑆

𝑅
 ). Obtained entropy and enthalpy are tabulated in Table 5.5. On 
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careful observation of Table 5.5, it was found that inhibited systems exhibited higher Ea than 

blank, which means metal corrosion is more difficult in the presence of PLPE and PLSE 

(Dhongde et al., 2025). Few studies reported that inhibitors follow the physical adsorption to 

adsorb on metal if two events occur: a decrease in inhibition efficiency on temperature 

elevation along with the rise in activation energy of inhibitor-containing systems than that of 

blank. On the other hand, it will follow the chemisorption if the values of inhibition efficiency 

increase with temperature rise, coupled with a decrease in activation energy in the presence of 

inhibitors compared to blank (Kumar and Das, 2024). In this work, inhibition efficiencies of 

both extracts declined on temperature elevation, with improved activation energies for PLPE 

and PLSE compared to blank, illustrating the physical adsorption of Phaseolus lunatus extracts 

on the MS surface. The evaluated positive enthalpy values for inhibited and uninhibited 

systems depict that MS dissolution is an endothermic process, and these values were shifted to 

more positive on the addition of inhibitor as compared to blank, which means the addition of 

inhibitor leads to a strong protective layer. The calculated values of Ea - ΔH were almost equal 

to the product of R and T in each system, confirming that MS dissolution follows the 

unimolecular-type process (Eddahhaoui et al., 2024). 

 In the literature, a few studies have reported that values of entropy of activation shifted 

positively with the addition of inhibitor, indicating that there is an increment in the randomness 

or disorder at the metal/solution interface with some structural changes in the inhibitor species 

and the metal surface during the adsorption process (Al-Moubaraki et al., 2022; Lavanya and 

Machado, 2024; Matad et al., 2014). Since the molecular weight and size of the inhibitor are 

much larger than water molecules, the adsorbed water molecules, displaced by the inhibitor 

species, gain more translational entropy than is lost by the inhibitor ions/molecules, thus 

allowing for the prevalence of randomness in the system (Al-Moubaraki and Awaji, 2020). If 

the system's entropy decreased on the addition of inhibitors compared to blank, activation of 
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inhibitor molecules recommends their association rather than dissociation in the rate-

determining step. Herein, the existence of Phaseolus lunatus extracts leads to an increased 

activation entropy value compared to blank. This signifies an elevated degree of disorder in the 

diffusion of reactants towards the activated complex (Boutoumit et al., 2024). 

 

 

 

5.4 Adsorption studies 

 Mostly, the inhibitive effect of inhibitors is dependent upon their adsorption ability. To 

understand the adsorption mechanism of studied Phaseolus lunatus extracts (PLPE and PLSE) 

on the interface of MS and HCl, several adsorption isotherms (Langmuir, Temkin, and 

Frumkin) were used by fitting the surface coverage values as a function of the amount of 

Phaseolus lunatus extracts from 50 to 200 mg L-1. Fig. 5.13 illustrates the adsorption isotherm 

plots for both extracts. From these plots, it was found that Langmuir isotherm was the most 

suitable mode to fit the results of PDP measurements, with all linear regression coefficients 

(R2) approximately 1 for both extracts, as adsorption follows the Langmuir model, which 

suggests equal surface energy to all the active sites and assumes the formation of a monolayer 

of the adsorbed molecules on a homogeneous surface without the interaction of individual 

molecules of inhibitors (Thomas et al., 2020).  
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Fig. 5.13 (a, b) Langmuir, (c,d) Temkin, and (e,f)  Frumkin isotherms of PLPE and 

PLSE, respectively. 

 Furthermore, Langmuir plots were utilized to calculate the equilibrium adsorption 

constant (Kads) values, which were obtained as 41.67 and 43.48 L g-1 for PLPE and PLSE, 
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respectively. Standard Gibbs free energy (ΔGᵒads) for PLPE and PLSE were evaluated using 

Eq. (5.1):  

∆𝐺𝑎𝑑𝑠 
𝑜 =  −𝑅𝑇𝑙𝑛(𝐶𝑤𝑎𝑡𝑒𝑟 𝐾𝑎𝑑𝑠)                                                                                                 (5.1) 

 Where, Kads is the equilibrium adsorption constant (L g-1),  𝐶𝑤𝑎𝑡𝑒𝑟 is water concentration 

in solution (1000 g L-1), R and T are gas constant (8.314 J K-1 mol-1) and temperature (K), 

respectively. Several studies have reported that the value of ΔGᵒads describes the nature of the 

adsorption process. If ΔGᵒads ≥ -20 kJmol-1, then the interaction between inhibitors and the 

surface is considered electrostatic, and the adsorption process is known as physisorption 

(Kumar et al., 2025). If ΔGᵒads ≤ -40 kJmol-1, then the electrons are shared or transferred 

between inhibitor molecules and the metal surface to form a coordinate bond, which is also 

known as chemisorption. Moreover, if -40 kJmol-1 ≤ ΔGᵒads ≤ -20 kJmol-1, then adsorption 

occurred by mixed-type adsorption following both physisorption and chemisorption (Yin et al., 

2025). In this work, evaluated values of ΔGᵒads are -26.80 kJ mol-1 (PLPE) and -26.90 kJ mol-1 

(PLSE) for inhibited systems (Table 5.6), which lie in the range of -40 to -20 kJ mol-1, but 

closer to -20 kJ mol-1 signifying that PLPE and PLSE favored physical adsorption (mix-type 

adsorption). Additionally, the negative values of ΔGᵒads indicate that both extract’s (PLPE and 

PLSE) molecules have the ability to self-adsorb on metal from 1 M HCl solution (Kumar and 

Das, 2024). 

 

Table 5.6 Adsorption isotherm parameters. 

Inhibitor 
𝟏

𝑲𝒂𝒅𝒔
   (g L-1) Kads (L g-1) ΔGᵒads (kJ mol-1) 

PLPE 0.024 ± 0.001 41.67 ± 1.230 -26.80 ± 0.059 

PLSE 0.023 ± 0.002 43.48 ± 1.964 -26.90 ± 0.024 
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5.5 Surface characterization 

5.5.1 FESEM 

 In order to explore the inhibitory effect of Phaseolus lunatus extracts in terms of 

variations in the surface morphology of MS, metal-corroded specimens were analyzed using 

FESEM analysis. The FESEM images of the MS surface were captured earlier and after their 

2 h immersion in acid in the absence and presence of 200 mg L-1 amount of Phaseolus lunatus 

extracts (Fig. 5.14).  Figs. 5.14 (a) and 5.14 (b) illustrate FESEM images of polished MS before 

and after their acid immersion, respectively. On careful observation, deep ravines and several 

pits were found on MS for the uninhibited system, which was significantly different from the 

FESEM picture of the polished MS surface. MS was extremely damaged due to free acid attack 

in the absence of Phaseolus lunatus extract (Eddahhaoui et al., 2024). Furthermore, smoother 

surfaces were found for inhibited systems with PLPE (Fig. 5.14 (c)) and PLSE (Fig. 5.14 (d)) 

as compared to uninhibited systems. Findings from these pictures illustrate that the 

incorporation of PLPE and PLSE gives noticeable variations in the metal microstructures 

during acidic immersion. In blank systems, the acid aggressively attacked the metal, promoting 

both cathodic and anodic reactions. This degradation was confirmed by the formation of 

multiple cracks and pits on mild steel (MS) in 1 M HCl in the absence of Phaseolus lunatus 

extracts. However, with the addition of Phaseolus lunatus extracts to MS exposed to acid, 

harshly degraded structures were not found in this case as obtained in uninhibited systems 

(Dhongde et al., 2025). These outcomes depict that PLPE and PLSE adsorbed MS surfaces to 

create a protective layer that isolates the metallic surface from the corrosive solution. It acts as 

a barrier to hinder the transfer of corrosive ions from electrolytes to MS (Hidalgo et al., 2025).  
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Fig. 5.14 FESEM pictures for a) polished MS, b) uninhibited MS after immersion, c) 

and d) inhibited MS with PLPE and PLSE, respectively, after 2 h immersion in 1 M 

HCl. 

 

5.5.2 EDX 

 EDX analysis was utilized to study the effect of Phaseolus lunatus extracts on the 

elemental composition (wt%) of the MS surface after their 4 h exposure to 1 M HCl as 

compared to blank. Figs 5.15 (a) and 5.15 (b) illustrated the EDX spectra of MS degraded in 

the acidic medium without Phaseolus lunatus extracts and that of selected pit from blank 

systems, respectively. Detection of Cl in these spectra verifies the adsorption of Cl- on metal, 

which was influenced by its electrostatic attraction with Fe2+ on metallic surface in acid (Kumar 

and Das, 2024). Furthermore, these spectra show that the weight percentage of Cl and Fe 
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increased and decreased in the pit compared to the plane surface, which displays that rapid and 

severe corrosion occurred inside the pit compared to the flat surface.  

 

 

Fig. 5.15 EDX spectra for a) uninhibited MS, b) selected pits from the uninhibited 

spectrum, c) and d) MS inhibited with PLPE and PLSE, respectively, after 4 h 

immersion in acid. 

 

 Figs. 5.15 (c) and (d) represent EDX spectra of inhibited systems for PLPE and PLSE, 

respectively. From these spectra, it was observed that the amount of Cl and Fe decreased and 

increased in the presence of both PLPE and PLSE as compared to the blank system, and the 

highest improvement was noticed for PLSE. These figures show an unknown peak at around 

2.2 keV, corresponding to Au, which is used to make coating during sample analysis (Bhan 

and Golder, 2024). These observations indicate that Phaseolus lunatus extract adsorbed on MS 

and forms a defensive layer, which significantly mitigates metal corrosion.  
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5.5.3 AFM 

 Surface roughness of the MS surface was investigated using the AFM technique after 

their 3 h exposure to 1 M HCl without and with Phaseolus lunatus extracts. 3-D AFM images 

are shown in Fig. 5.16. The values of average roughness of the investigated area (5.0 µm × 5.0 

µm) were evaluated using the Gwyddion software. Fig. 5.16 (a) shows the AFM image of MS 

after 3 h immersion in the acidic medium without Phaseolus lunatus extract, which exhibited 

an average surface roughness of about 375.40 nm. This higher roughness is obtained due to the 

presence of several hills and valleys on the metal surface, which were formed during the free 

acid attack, indicating that the surface is severely damaged by the dissolution of the MS 

(Amegroud et al., 2024; Boudalia et al., 2023). Figs 5.16 (b) and 5.16 (c) illustrate the AFM 

images of inhibited MS with PLPE and PLSE, respectively, which have an average surface 

roughness of about 17.48 nm and 15.83 nm. From these observations, it was found that the MS 

surface was smooth in the presence of inhibitors as compared to the blank system, and a 

smoother surface was seen for the addition of PLSE, which signifies that the adsorption of 

Phaseolus lunatus extracts on MS in the acidic medium significantly mitigates its dissolution 

by generating a protective layer between metal and electrolyte. 

 

5.5.4 XRD 

 XRD plot of polished MS before the corrosion test is demonstrated by Fig. 5.17 (a), 

which contains a large peak at 2θ value of 44.59°, along with several small peaks at different 

2θ values of about 64.8°, 82.2°, and 98.84°. Additionally, the XRD plot of MS after 2 h 

immersion in 1 M HCl without Phaseolus lunatus extract is represented by Fig. 5.17 (b); this 

spectrum contained peaks at different 2θ values of about 35.2°, 44.59°, 64.8°, 82.2°, and 98.84° 

related to the Fe and FeCl2 peaks in JCPDS: 06-0696.  Among these peaks, FeCl2 peaks were 

found at 35.2°, and others corresponded to Fe. 
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Fig. 5.16 AFM images of a) uninhibited MS, b) and c) MS with PLPE and PLSE, 

respectively, after 3 h immersion in 1 M HCl. 

 XRD pattern for MS degradation in the acidic medium with PLSE is depicted by Fig. 

5.17 (c) exhibits several peaks at 44.59°, 64.8°, 82.2°, and 98.84° with reduced intensity, which 

correspond to Fe. Moreover, it was observed that the iron chloride peak had vanished, 

signifying the formation of a protecting layer on the metallic surface due to the adsorption of 

PLSE. This technique depicts potential interactions between the metal and Phaseolus lunatus 

extract molecules. Furthermore, these results are well aligned with the discoveries of FESEM, 

EDX, and AFM techniques. 
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Fig. 5.17 XRD graphs for a) polished MS, (b) uninhibited MS, and (c) MS with PLSE 

after 2 h immersion in 1 M HCl. 

 

5.6 Corrosion mitigation mechanism 

 The mechanism for MS dissolution in 1 M HCl is proposed as follows: 

The mechanism for the anodic deterioration of MS is given by the following reactions (Eqs. 

5.2 – 5.5): 

          𝐹𝑒 +  𝐶𝑙−  ↔  (𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠                                                                                         (5.2) 

(𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠  ↔  (𝐹𝑒𝐶𝑙)𝑎𝑑𝑠  +  𝑒−                                                                               (5.3) 

(𝐹𝑒𝐶𝑙)𝑎𝑑𝑠  →  (𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠  + 𝑒−                                                                               (5.4) 

(𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠  ↔   𝐹𝑒2+ +  𝐶𝑙−                                                                                     (5.5) 
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 The mechanism for cathodic hydrogen evolution is given by the following reactions 

(Eqs. 5.6 – 5.8): 

 𝐹𝑒 +  𝐻+  ↔  (𝐹𝑒𝐻+)𝑎𝑑𝑠                                                                                          (5.6) 

 (𝐹𝑒𝐻+)𝑎𝑑𝑠  +  𝑒− →  (𝐹𝑒𝐻)𝑎𝑑𝑠                                                                                (5.7) 

 (𝐹𝑒𝐻+)𝑎𝑑𝑠  +  𝐻+ +  2𝑒− →  𝐹𝑒 +  𝐻2                                                                    (5.8) 

 

 The corrosion mitigating effect of Phaseolus lunatus extracts in 1 M HCl depends on 

interactions between metal and extracts (Alao et al., 2023). Electrostatic interactions happen 

between the molecules of the extract and Cl- ions that are already adsorbed on the metal surface. 

This interaction results in the adsorption of protonated inhibitor molecules through the physical 

adsorption process. On the metallic surface, competition builds between protonated inhibitor 

molecules and H+ for electrons. Positively charged inhibitor molecules revert to their neutral state 

by taking required electrons from the metal surface. The unbound lone pairs of inhibitor 

molecules facilitate its chemical adsorption on the MS surface. Metal becomes more negative 

due to the accumulation of electrons on it. To remove this excess of negative charge, electrons 

jump from iron's d-orbital to the vacant π antibonding orbital of inhibitor molecules (retro-

donation), which enhances the adsorption of inhibitor on metal (Srivastava et al., 2018).  

 Results from Tafel measurements reveal that both extracts (PLPE and PLSE) exhibit a 

mixed-type inhibition mechanism, and these extracts were adsorbed over the MS through a 

mixed-type adsorption phenomenon, as suggested by the adsorption isotherms study. 

Moreover, surface investigations indicate that Phaseolus lunatus extracts make a protective 

layer on the MS surface, which effectively protect it from the corrosive solution (Eddahhaoui 

et al., 2024). 
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5.7 Literature comparison 

 The anticorrosive behavior of Phaseolus lunatus extracts was investigated by several 

corrosion-measuring techniques such as PDP, EIS, and weight loss methods. The obtained 

inhibitory efficiencies from these methods were compared with the reported inhibitory 

efficiencies of several plant extracts such as petroselinum crispum leaves extract (Al-Senani et 

al., 2015), Dysphania ambrosioides leaves extract (Daoudi et al., 2022), Taxus baccata extract 

(Hanini et al., 2019), Chromolaena odorata leaf extract (Mbamalu and Chinedu, 2023), Uvaria 

chamae leaves extract (AI et al., 2018), Ipomoea batatas extract (Anyiam et al., 2020), Prunus 

dulcis seeds extracts (Oshomogho et al., 2020), Senna Obtusifolia Leaves Extract (Abdulbasit 

et al., 2023), Curcuma. L extract (Abidli et al., 2023), Bitter leaves (Vernonia amygdalina) 

extract (Onukwulia and Omotioma, 2019), English yew (Taxus baccata) extract (Hanini et al., 

2019), and many others (Table 5.7). The present work exhibited a clear dominance among all 

tabulated studies in Table 5.7. This study is limited by its focus on the corrosion inhibition 

efficiency of PLPE and PLSE, which were only tested in a 1 M HCl acidic medium, leaving 

the effectiveness of the extracts in other corrosive environments, such as H2SO4 or other acidic 

solutions. Additionally, the corrosion inhibition efficiency of PLPE and PLSE was not tested 

at varying concentrations of HCl. 
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5.8 Summary 

 In this work, Phaseolus lunatus peel extract (PLPE) and Phaseolus lunatus seed 

extracts (PLSE) were prepared and utilized separately as a novel corrosion inhibitor for 

mitigating the dissolution of MS in 1 M HCl. The electrochemical and weight loss methods 

were used to evaluate the anticorrosive behaviors of Phaseolus lunatus extracts (PLPE and 

PLSE). These extracts exhibited excellent corrosion-inhibiting properties due to the presence 

of several active ingredients, such as lysine, leucine, linoleic acid, oleic acid, 9-Octadecenoic 

acid (Z)-, methyl ester, and ascorbic acid, which were identified by LC-MS and FTIR analyses. 

From all analysis, the following conclusions can be drawn: 

• Corrosion current densities were decreased with the addition of Phaseolus lunatus 

extracts. 

• Phaseolus lunatus extracts display excellent anticorrosive performance with maximum 

inhibition efficiencies of about 85.69 % and 90.78 % at 200 mg L-1 of PLPE and PLSE, 

respectively. 

• Positive shift (< ± 85 mV) was observed for Ecorr (corrosion potential) in the presence 

of Phaseolus lunatus extracts as compared to uninhibited systems, which means the 

inhibitor works as a mix-type of inhibitor. 

• The values of Rct were significantly increased from 25.89 Ωcm2 (blank system) to 

172.31 Ωcm2 (PLPE) and 227.07 Ωcm2 (PLSE) at 200 mg L-1, signifying higher 

hindrance for corrosive ions to reach the MS for inhibited systems as compared to 

blank. 

• Weight loss measurements show the similar inhibiting effect of Phaseolus lunatus 

extracts (PLPE and PLSE) as obtained in electrochemical studies. 
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• Phaseolus lunatus extracts (PLPE and PLSE) showed prominent inhibitory effects 

with 71.92 and 78.43 % inhibitory efficiencies at 323 K. The values of Ea, ΔH, and ΔS 

displayed a positive shift than that of the uninhibited system. 

• The evaluated standard Gibbs free energies for PLPE and PLSE lie in the range of -40 

kJ mol-1 to -20 kJ mol-1, but these values were near to -20 kJ mol-1
, confirming that 

they favored physical adsorption (mix-type adsorption) on metal. 

• Surface characterization revealed that Phaseolus lunatus extracts adsorbed on MS to 

build a defensive layer, which significantly mitigates MS dissolution. 
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Duranta erecta fruit and leaves extracts as green corrosion inhibitors for 

mild steel protection in hydrochloric acid 

 

 This chapter displays the anticorrosive behaviour of Duranta erecta fruit and seed 

extracts for protecting mild steel in 1 M HCl. These extracts were characterized by LC-MS and 

FTIR analyses, which confirm the presence of Ethanone, 1-(2-hydroxy-5-methylphenyl)-, 4,7-

Dimethoxy-2-methyl-2,3-dihydro-1 H-inden-1-one, Isopropyl Myristate, 9-Octadecenamide, 

n-Hexadecanoic acid, and 7,10,13-Eicosatrienoic acid, methyl ester. The corrosion inhibiting 

efficiencies were evaluated by weight loss and electrochemical methods. Results showed that 

values of corrosion current density and inhibition efficiency were decreased and increased 

with increasing inhibitor concentration. The highest inhibition efficiencies of 90.82% (DEFE) 

and 91.82% (DELE) were achieved at 200 mg L-1. Langmuir adsorption isotherm possesses 

the best fit, and extracts followed the preferential physical (mixed-type) adsorption. 

Thermodynamic parameters suggest a spontaneous and endothermic corrosion process. 

Surface analyses (FESEM, EDX, AFM) further validate the above findings.  
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6.1 Characterizations of DEFE and DELE 

6.1.1 LC-MS analysis 

 Duranta erecta fruit and seed extracts (DEFE and DELE) were analyzed by liquid 

chromatography-mass spectroscopy to identify the active phytochemicals. Figs. 6.1 (a) and 6.1 

(b) present the mass spectra of DEFE and DELE, respectively, showing various peaks at 

different m/z values. These spectra reveal that both extracts exhibit the abundance of the 

following compounds: Ethanone, 1-(2-hydroxy-5-methylphenyl)- (m/z: 151.07), 4,7-

Dimethoxy-2-methyl-2,3-dihydro-1 H-inden-1-one (m/z: 207.10), Isopropyl Myristate (m/z: 

271.24), and 9-Octadecenamide (m/z: 282.27). Additionally, DEFE contained n-Hexadecanoic 

acid (m/z: 257.24), while DELE exhibited the presence of 7,10,13-Eicosatrienoic acid, methyl 

ester (m/z: 321.27). Few studies have also reported the presence of the above compounds in 

Duranta erecta extracts (R et al., 2019; Shadrack Donkor et al., 2022). These compounds 

possess all required structural characteristics, such as double bonds, aromatic rings, 

heteroatoms, and long carbon chains, to be a suitable candidate for corrosion inhibition. 

 

 

Fig. 6.1 Mass spectra of DEFE (a) and DELE (b). 
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6.1.2 FTIR analysis 

 The FTIR spectroscopy was carried out to find available functional groups in DEFE 

and DELE (Fig. 6.2). In these plots, bands in the region 3200-3540 cm-1 correspond to –OH of 

alcohol, phenols, etc. A band at 2978 cm-1 (DEFE) and 2980 cm-1 (DELE) is attributed to N−H 

stretching (Naik et al., 2018; Shah et al., 2024). Furthermore, the bands around 2904 cm⁻¹ 

correspond to C–H stretching in alkanes, while the band near 1645 cm⁻¹ may be attributed to 

C=O bending vibrations. The bands at 1400 cm−1 represent the alkene bending vibrations in 

extracts (Ishnava and Patel, 2020). The bands at 1085 and 878 in both Duranta erecta extracts 

can be due to –C-O stretching and C-C bending, respectively (Golder et al., 2021; Mittal et al., 

2020). These observations illustrate that both Duranta erecta extracts (DEFE and DELE) 

contained oxygen and nitrogen in their functional groups (O–H, –C-O, C=O, C-C, C=C, and 

NH), which are well aligned with the findings of LC-MS analysis (Agomuo et al., 2017; Mittal 

et al., 2020). These compounds have all the properties of typical corrosion inhibitors. 

 

 

Fig. 6.2 FTIR spectra of, (a) DEFE and (b) DELE. 
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6.2 Corrosion test 

6.2.1 Weight loss investigations 

6.2.1.1 Influence of Duranta erecta extract's concentration 

 The weight loss experiments were performed with a 24 h immersion time. The MS 

electrodes were immersed in 1 M HCl at several dosages (0, 50, 100, 150, 200, and 250 mg L-

1) of Duranta erecta extracts. These experiments were executed in environmental conditions 

without stirring. According to the changes in the sample’s weight in inhibited or uninhibited 

systems, corrosion rate (CR) and inhibition efficiency values were calculated. During the 

weight loss observations, it was recorded that values of corrosion rate declined with the amount 

of Duranta erecta extracts (DEFE and DELE) up to 200 mg L-1, which depicts the formation 

of a corrosion inhibitory layer by the adsorption of extract molecules on the metallic surface. 

Layer’s compactness was enhanced with the addition of both Duranta erecta extracts up to 200 

mg L-1, but on higher concentrations up to 250 mg L-1, inhibitory efficiency showed an 

insignificant improvement (~1%), which illustrates that the adsorption of inhibitors on MS 

exhibits equilibrium above 200 mg L-1 concentrations of inhibitors (Al-Amiery et al., 2022). 

These findings indicate that at lower concentrations, the availability of inhibitor molecules is 

limited. At this stage, the number of inhibitor molecules is insufficient to cover the entire active 

surface of the metal, resulting in a lower inhibitory effect. However, as the concentration of 

inhibitors increases, more molecules adsorb onto the metal surface. Eventually, at a certain 

inhibitor concentration, all active sites on the MS surface become fully occupied by adsorbed 

molecules. This saturation leads to the maximum inhibitory efficiency, which remains constant 

above a certain concentration of inhibitor (Al-Amiery et al., 2023). 

 In this work, the inhibitory efficiency of both Duranta erecta extracts was constant 

above their 200 mg L-1 concentration, which signifies equilibrium of surface coverage with 

extract molecules, so this system showed the highest inhibitory effect at this dose. These 
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findings suggest that 200 mg L-1 is the optimal dose of DEFE and DELE for their corrosion-

inhibiting behavior (Fig. 6.3). In the literature, some work has also reported a similar trend of 

inhibition efficiency with inhibitor dose (Betti et al., 2023). Herein, 90.79 % (DEFE) and 91.17 

% (DELE) inhibitory efficiencies were achieved after 24 h exposure at the optimum dosages 

of DEFE and DELE, respectively. Similar immersion times of 24 h have been reported by a 

few studies that have examined the impact of inhibitor concentration (Haldhar et al., 2021). 

 

 

Fig. 6.3 Variations in CR and µCR % with increasing DEFE a) and DELE b) 

concentration. 

 

6.2.1.2 Effect of immersion time 

 The effect of immersion time on the corrosion inhibition efficiency of Duranta erecta 

extracts was investigated by immersing MS coupons in 1 M HCl with and without 200 mg L-1 

of inhibitor for durations ranging from 4 to 48 h at 28 ± 2 °C. The variation in inhibiting 

efficiency of Duranta erecta extracts is displayed in Fig. 6.4. A rapid increase in the corrosion 

inhibiting efficiency was seen for the initial exposure period of 4 to 12 h. Thereafter, values of 

inhibiting efficiencies exhibited a slow improvement up to 24 h. After 24 h, there is a minute 

increase (≤ 1 %) in inhibition efficiency up to 48 h. These observations signify that the 

adsorption of DEFE and DELE on metal was accomplished within 24 h and reached an 
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equilibrium stage. During 24-48 h, the available molecules of inhibitor in 1 M HCl solution 

participate in repairing the adsorbed inhibiting layer, which deteriorated due to the attack of 

corrosive species. This inhibitory behavior can be explained by the fact that inhibitor molecules 

adsorb onto metal and form an inhibitory layer. Its thickness and compactness were increased 

with time and reached a steady state within 24 h of exposure (Faustin et al., 2015). 

 

 

Fig. 6.4 The variation in the inhibitory efficiencies of DEFE and DELE with exposure 

time. 

 

6.2.2 Electrochemical studies 

 Electrochemical analysis is most commonly used to study the corrosion-inhibiting 

behavior of materials. This work used Duranta erecta extracts to reduce MS dissolution in 1 

M HCl. Each observation was executed thrice for several dosages (0-200 mg L-1) of DEFE and 

DELE at 30 ºC.  
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6.2.2.1 Open circuit potential 

 Open circuit potential was measured for MS corrosion at several dosages of DEFE and 

DELE, separately. These values were utilized in their respective electrochemical tests, such as 

EIS and PDP. The obtained OCP plots are demonstrated in Figs. 6.5 (a) and (b). These figures 

illustrate that OCP values reach study state values within 1 h of exposure of MS to corrosive 

solution in the presence or absence of inhibitor. It was also noticed that OCP curves shifted 

positively in inhibiting systems compared to the blank. 

 

 

Fig. 6.5 OCP plots for MS immersed in 1 M HCl in the presence and absence of DEFE 

a), and DELE b). 

 

6.2.2.2 Potentiodynamic polarization 

 The Tafel plots for MS degradation in an acidic medium with and without Duranta 

erecta extracts were recorded and shown in Fig. 6.6. The addition of Duranta erecta extracts 

to the corrosive solution triggered the shifting of both the cathodic and anodic current to lesser 

current density values compared to those observed in the absence of the inhibitor. Quantitative 

information on the kinetics of the corrosion process was derived by determining 

electrochemical parameters (corrosion current density (icorr), corrosion potential (Ecorr), 

cathodic (βc), and anodic (βa) Tafel slopes) from the fitting Tafel plots in the Nova 1.1.0 
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software, and they are listed in Table 6.1. From this table, it can be seen that Ecorr shifted 

positively for inhibited systems compared to blank systems. Still, this shift remained within ± 

85 mV, indicating that Duranta erecta extracts (DEFE and DELE) exhibited mix-type 

inhibiting behavior (Pal and Das, 2022a).    

 

 
Fig. 6.6 Tafel plots for MS immersed in 1 M HCl with and without several 

concentrations of DEFE a) and DELE b). 

 

 Moreover, it was also noticed that Ecorr values were very close to their OCP values 

(Canales et al., 2021), which were recorded before each electrochemical test. Table 6.1 also 

shows that anodic and cathodic currents declined with the addition of Duranta erecta extracts 

compared to the blank, depicting a reduction in metal deterioration and H2 gas formation. 

Furthermore, on careful observation, it was found that two simultaneous processes (reduction 

in the values of corrosion current densities and improvement in polarization resistance) were 

occurring with the addition of Duranta erecta extracts (DEFE and DELE) (Pang et al., 2024). 

These processes explain the construction of an inhibiting layer on the metallic surface due to 

the adsorption of DEFE and DELE, which exhibited strong corrosion-inhibiting properties with 

the following efficiency of 90.82 and 91.82 %, respectively, at their optimum concentration 

(200 mg L-1) (Ali Asaad et al., 2018). Additionally, Table 6.2 shows that corrosion rate values 
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were decreased with the addition of duranta erecta extracts. These values are well aligned with 

the corrosion rate values obtained from weight loss method, as presented in Table 6A.1 of 

Appendix 6A. 
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6.2.2.3 Electrochemical impedance spectroscopy 

 Electrochemical impedance spectroscopy (EIS) is another effective approach for 

studying events happening at the electrical interface of metal and electrolyte in inhibited or 

uninhibited metal corrosion [47]. EIS results of MS degradation in HCl solution with and 

without various dosages (0-200 mg L-1) of Duranta erecta extracts are obtained as Nyquist and 

Bode plots.  Nyquist curves have the same depressed semicircles (Fig. 6.7), which depict the 

heterogeneity of the metallic surface. At higher frequencies, a huge capacitive loop appeared, 

which signifies the transfer of charges across the double layer. In uninhibited systems, an 

inductive loop appeared at low frequencies, which completely disappeared in the presence of 

inhibitor. 

 This inductive loop is related to the relaxation of adsorbed intermediate ions, for 

instance, H+
ads, Cl−

ads, and others, confirming the existence of corrosion product on metallic 

surface, but the disappearance of the inductive loop for inhibited systems is considered as a 

process of deuteriation in EIS studies (Pal and Das, 2022b). The Nyquist pattern of MS 

corrosion in electrolytes with and without Duranta erecta extracts shows the typical nature of 

electrochemical reactions occurring at the metal-electrolyte interface, which are primarily 

controlled by charge transfer resistance. In each Nyquist curve, the semicircle’s diameter 

represents the value of Rct (charge transfer resistance) (Bhan and Kumar Golder, 2023). It was 

enlarged with the amount of inhibitors up to 200 mg L-1 (Figs. 6.7 (a) and 6.7 (b)), which 

signifies that charge transfer resistance was enhanced with the concentration of inhibitors. 

 Bode magnitude and Bode phase graphs of metal corrosion in HCl solution for inhibited 

or uninhibited systems are demonstrated in Fig. 6.8. These Bode phase curves exhibited 

different values of phase angles, which lie in the range of 0° and 90°, suggesting the capacitive 

or resistive properties of the metal-electrolyte interface, but all these values are smaller than 

90°, confirming the non-pure capacitive behavior (Kumar and Das, 2024). Furthermore, the 
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peak height of phase plots was increased with the addition of extracts (Figs. 6.8 c and d ), 

depicting the capacitive behavior on the metal-electrolyte interface (Pal and Das, 2023).  

 

 

Fig. 6.7 Nyquist diagrams of MS exposed to 1 M HCl with and without several 

concentrations of DEFE a) and DELE b). 

 

 A simple Randle circuit model (Fig. 6.9) was used to understand the electrochemical 

insight of the Nyquist plot.  Rs is the solution resistance, Rct is the charge transfer resistance, 

and CPE is the constant phase element (Pal and Das, 2022a). Several Nyquist parameters (Rct, 

Y0, Cdl, n, goodness of fit (χ2), and µRct (%)) were obtained by fitting the Nyquist plots to the 

proposed electrochemical circuit using Nova 1.1.0 software, and their values were tabulated in 

Table 6.2. The obtained values of χ2  varied from 1.12 ×10-3 to 3.24×10-3, signifying the decent 

fitting of EIS data to an equivalent circuit model (Goswami et al., 2024; Tang et al., 2021). 

Table 6.2 shows that the value of Rct was significantly enhanced for inhibited systems 

compared to the blank, signifying that corrosive species face higher hindrance to reach the 

metallic surface from the bulk of electrolyte (Dhongde et al., 2025).  It was due to the 

development of a corrosion-inhibiting layer on the metallic surface that separates the metallic 

bodies and electrolytes.  
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Fig. 6.8 Bode magnitude and phase plots for MS corrosion in 1 M HCl with and without 

several concentrations of DEFE (a,c) and DELE (b,d). 

 

 On comparing the corrosion-inhibiting behavior of both Duranta erecta extracts, it was 

observed that DELE exhibited a stronger inhibiting nature than DEFE at 200 mg L-1. 

Additionally, these Rp values were compared with those obtained from PDP measurements, as 

represented in Table 6A.1 of the Appendix 6A, this comparison suggests that EIS findings have 

good agreement with PDP analysis. The obtained inhibitory efficiencies from electrochemical 

and weight loss analysis are tabulated in Table 6A.2 of Appendix 6A. Furthermore, in PDP 

measurements, the obtained inhibitory efficiencies are slightly higher than those achieved in 

EIS and weight loss investigations, and calculated p-values confirm that electrochemical data 

are highly statistically significant (p< 0.0001). 
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Fig. 6.9 Equivalent circuit model for MS corrosion in 1 M HCl in presence or absence of 

DEFE and DELE. 
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6.3 Effect of the temperature 

 In this study, the effect of the temperature was studied using the optimum concentration 

of inhibitors at different temperatures (313 and 323 K). Before starting the electrochemical test, 

MS electrodes were dipped in an acidic solution to measure OCP values for a period of 1 h. 

The obtained OCP graphs for 303, 313, and 323 K are shown in Figs. 6.10 a, b, and c, and their 

steady-state values are listed in Table 6.3.    

 

 

Fig. 6.10 OCP graphs for MS immersed in 1 M HCl at (a) 303, (b) 313, and (c) 323 K, in 

the presence and absence of DEFE and DELE. 
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  Tafel plots for the dissolution of MS with and without Duranta erecta s extracts at 303 

K, 313 K, and 323 K are shown in Figs. 6.11 (b), 6.11 (d), and 6.11 (f). Tafel parameters are 

assembled in Table 6.3, which illustrates that corrosion current density rises with increasing 

temperature, which signifies that temperature rise accelerates the dissolution of MS. 

  Nyquist patterns of MS degradation in corrosive solution with and without Duranta 

erecta extracts are represented by Figs. 6.11 (a), 6.11 (c), and 6.11 (e). These Nyquist patterns 

exhibited a depressed semicircle, signifying the heterogeneity of the metallic surface. At higher 

frequencies, a single capacitive loop appeared in each semicircle. It depicts the transfer of 

corrosive ions through the capacitance double layer. A small inductive loop was found in blank 

systems at low frequency, demonstrating the relaxation of species, such as H+
ads, and Cl−

ads, 

which confirms the formation of unstable corrosion products on MS. This inductive loop 

completely disappeared in inhibited systems, but a single capacitive loop remained there. These 

Nyquist plots were fitted to the Randle circuit by Nova 1.1.0, for evaluating the Nyquist 

parameters, and all obtained Nyquist parameters are tabulated in Table 6.4. The values of Rct 

and µP (%) were declined with temperature, which means a rise in temperature promotes metal 

corrosion. Still, DEFE and DELE exhibited the strong inhibitory effect with inhibition 

efficiency of 77.79 and 78.96 %, respectively, at 323 K. 
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Fig. 6.11 Nyquist plots (a, c, e) and Tafel plots (b, d, f) for blank, DEFE, and DELE at 

303, 313, and 323 K. 
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6.3.1 Effect of activation energy 

 To understand the kinetics of the corrosion inhibition process in the presence of 

Duranta erecta extracts (DEFE and DELE), PDP data (icorr of 303, 313, and 323 K) was utilized 

to evaluate several thermodynamic parameters, such as activation energy, enthalpy, and 

entropy of the corrosion process.  The values of ln (icorr) (µA cm-2) were plotted with 1/T (K-1) 

to evaluate Ea of MS corrosion in inhibited or uninhibited systems (Fig. 6.12 (a)). This figure 

shows a straight line for uninhibited or inhibited MS corrosion with DEFE and DELE, where 

slope and intercept correspond to -Ea/R and ln A, respectively. The obtained values of Ea are 

shown in Table 6.5. 

 

 

Fig. 6.12 Arrhenius plots (a) and Transition state plots (b) for MS corrosion with and 

without optimum concentrations of DEFE and DELE. 

 

 The kinetic-thermodynamic model was employed to further elucidate the inhibitor's 

interaction with the MS surface. In this model, to determine the enthalpy and entropy of the 

degradation phenomenon, values of ln (icorr/T) (µA cm-2 K-1) were plotted against 1/T (K-1) 

(Fig. 6.12 (b)). This figure contained three straight lines for uninhibited or inhibited MS 

corrosion with DEFE and DELE. The slope and intercept of these lines correspond to the (-ΔH 
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/R) and (ln
𝑘𝐵

ℎ
 +  

∆𝑆

𝑅
 ), respectively. The obtained entropy and enthalpy are tabulated in Table 

6.5.  

 It was noticed that inhibited systems exhibited higher Ea than blank systems, which 

means that corrosion of the metal is more difficult in the presence of both Duranta erecta 

extracts. Few studies reported that inhibitors follow the physical adsorption to adsorb on metal 

if two events occur: a decrease in inhibition efficiency with temperature elevation along with 

the rise in activation energy of the inhibited system compared to the blank. On the other hand, 

it will adsorb by chemisorption if the values of inhibition efficiency are increased by lowering 

the temperature with a decrease in activation energy for the inhibited system compared to that 

of the blank (Aslam et al., 2022). Herein, inhibitory efficiencies of both extracts declined with 

temperature elevation, with the rise in activation energies for DEFE and DELE as compared to 

blank, which illustrates the physical adsorption of Duranta erecta extracts on the MS surface. 

Positive enthalpy values were obtained for MS corrosion in HCl solution with extracts, 

depicting that MS dissolution is an endothermic process, and these values were increased for 

inhibitor-containing systems relative to the blank, which means the addition of the inhibitor 

leads to the formation of a strong protective layer. The difference between activation energy 

and enthalpy change is equal to the product of R and T in each system, which signifies that MS 

corrosion follows the unimolecular-type process. Furthermore, the values of ΔS for metal 

corrosion exhibited a positive shift for Duranta erecta extracts; this positive shift of ΔS is 

linked to the formation of the activated complex in the rate-determining step of the metal 

dissolution process. 

 The values of ΔS increased as reactants converted to activated complexes, which 

replaced the pre-adsorbed water molecule from the surface of metallic bodies. Therefore, 

Duranta erecta extract’s molecules interacted with MS and formed a compact film, which is 

encouraged by their electrostatic interaction of inhibitor with MS. If the values of ΔS are 
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reduced in inhibitor-containing systems than that of the blank, inhibitor molecules recommend 

their association rather than dissociation in the rate-determining step (Jeeja et al., 2022). 

 

 

 

6.4 Adsorption studies 

 The adsorption isotherm analysis is a valuable tool for studying the interactions 

between inhibitor molecules and the metal surface. This analysis was conducted by utilizing 

surface coverage (θ) data obtained from the PDP test, to check the suitability of various 

adsorption isotherms, for instance, Langmuir (Figs 6.13 (a and b), Temkin (Figs 6.13 (c and 

d), Frumkin (Figs 6.13 (e and f)). Based on these plots, the data exhibited the best fit to the 

Langmuir isotherm due to its high R2 value with the slope near to 1 for both Duranta erecta 

extracts (DEFE and DELE), which indicates that the corrosion inhibitors formed a monolayer 

on the MS surface (Pal and Das, 2022a). Data from Langmuir plots were used to evaluate the 

equilibrium adsorption constant (Kads) values, which were obtained as 100.00 and 142.86 L g-

1 for DEFE and DELE, respectively.  
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Fig. 6.13 (a, b) Langmuir, (c,d) Temkin, and (e,f)  Frumkin isotherms of DEFE and 

DELE, respectively. 

 

 Thereafter, these values were used to calculate the Standard Gibbs free energy (ΔGᵒads) 

of inhibited systems of DEFE and DELE, which were estimated using Eq. (6.1). 
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∆𝐺𝑎𝑑𝑠 
𝑜 =  −𝑅𝑇𝑙𝑛(𝐶𝑤𝑎𝑡𝑒𝑟 𝐾𝑎𝑑𝑠)                                                                                           (6.1) 

 where Kads represents the equilibrium adsorption constant (L g-1),  𝐶𝑤𝑎𝑡𝑒𝑟 is H2O 

concentration in the mixture (1000 g L-1) (Kaya et al., 2023). Several studies have reported that 

the interaction of extract molecule with metal occurs by physisorption process, chemisorption, 

or mixed type process only if the values of standard Gibbs free energy lie in the following 

ranges ΔGᵒads ≥ -20 kJ mol-1, ΔGᵒads ≤ -40 kJ mol-1, and -40 kJ mol-1 ≤ ΔGᵒads ≤ -20 kJ mol-1, 

respectively (Kartal et al., 2025). In this work, the obtained ΔGᵒads values lie in the range of -

40 to -20 kJ mol-1, but closer to -20 kJ mol-1, signifying that both Duranta erecta extracts 

favored physical adsorption (mix-type adsorption). Moreover, the negative sign depicts that 

DEFE and DELE tend to self-adsorb on metal from 1 M HCl solution. 

 

Table 6.6 Adsorption isotherm parameters. 

Inhibitor 𝟏

𝑲𝒂𝒅𝒔
   (g L-1) Kads (L g-1) ΔGᵒads (KJ mol-1) 

DEFE 0.010 100.00 ± 2.92 -29.00 ± 0.061 

DELE 0.007 142.86 ± 4.52 -29.90 ± 0.036 

 

6.5 Surface analysis 

6.5.1 FESEM 

 The FESEM analysis was performed to learn about the corrosion-inhibiting process of 

inhibitors on the MS surface. Fig. 6.14 portrays the FESEM picture of the MS before and after 

2 h immersion in HCl solution with and without Duranta erecta extracts (200 mg L-1). FESEM 

pictures of MS before and after dipping in acidic solution are depicted in Figs. 6.14 (a) and (b), 

respectively. These images illustrate that the MS surface was severely damaged and cracked 

due to free acidic attack. Figs. 6.14 (c) and (d) show the FESEM picture of inhibited MS with 
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DEFE and DELE, respectively, after its 2 h exposure to the acid solution. These FESEM 

pictures show that a strongly corroded MS surface was visible for the blank sample. However, 

a nearly smooth surface was seen for MS-inhibited corrosion, and a smoother surface was 

found for DELE, implying that DELE exhibited a stronger inhibiting effect than DEFE (Pal 

and Das, 2022c). Extract molecules adsorbed on the MS to form a strong inhibiting film that 

hinders the transfer of corrosive species from the electrolyte to the MS surface. These findings 

are in good agreement with electrochemical studies. 

 

 
Fig. 6.14 FESEM pictures of a) polished MS, b) uninhibited MS after acid immersion, c) 

and d) inhibited MS corrosion in 1 M HCl with DEFE and DELE, respectively. 
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6.5.2 EDX 

 Fig. 6.15 shows the EDX spectra of the MS coupons, which provide information about 

the existing elements on the surface of MS. This information gives valuable insights about the 

inhibitory nature of plant extracts for metal protection in corrosive solution. EDX spectra of 

MS corrosion without extracts and a pit from uninhibited MS after their 4 h acid immersion are 

demonstrated in Figs. 6.15 (a) and (b), respectively. From these plots, it was observed that the 

wt% of Cl was higher inside the pit, indicating that corrosion occurred rapidly in pits compared 

to the plan surface. Figs. 6.15 (c) and (d) represent the EDX spectra of inhibited MS with DEFE 

and DELE, respectively. On observing all these spectra, it was found that the wt% of Cl and 

Fe was decreased and increased, respectively, in the presence of inhibitors. It implies that 

extract molecules are adsorbed on the MS and create a strong inhibiting film, which affects the 

transfer of corrosive species from the bulk of the electrolyte to the metallic surface.    
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Fig. 6.15 EDX spectra for a) uninhibited MS, b) selected pits from the uninhibited 

spectrum, c) and d) inhibited with DEFE and DELE, respectively. 

 

6.5.3 AFM 

 The atomic force microscope is a highly effective tool for analyzing metal 

microstructure. During the analysis, surface roughness was computed on area scales of 5.0 µm 

× 5.0 µm after 3 h immersion of MS coupons. Fig. 6.16 shows three-dimensional AFM images 

of the MS surface after 3 h immersion in the acidic medium with and without Duranta erecta 

extracts (DEFE and DELE) at an optimum dosage of 200 mg L-1. Gwyddion software was used 

to estimate the roughness of metallic surfaces.  The average roughness of MS after immersion 

in 1.0 M HCl is 420.90 nm, which was decreased to 32.62 nm and 26.77 nm due to adding an  
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Fig. 6.16 AFM images of a) uninhibited MS, b) and c) MS with DEFE and DELE, 

respectively, after their 3 h immersion in 1 M HCl. 

 

optimum amount of DEFE and DELE, respectively. MS surface suffers from very little damage 

in the presence of Duranta erecta extracts, confirming the creation of a strong corrosion-

inhibiting film over MS, which separates the metal from the electrolyte. These findings are 

well concurred with the outcomes of FESEM and EDX analyses. 

 

6.6 Corrosion inhibiting mechanism 

 The mechanism for MS degradation in 1 M HCl is proposed as follows: 

Anodic MS dissolution is proposed by the following reactions (Eqs. 6.2-6.5): 

𝐹𝑒 +  𝐶𝑙−  ↔  (𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠                                                                                                   (6.2) 
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(𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠  ↔  (𝐹𝑒𝐶𝑙)𝑎𝑑𝑠  + 𝑒−                                                                                        (6.3) 

(𝐹𝑒𝐶𝑙)𝑎𝑑𝑠  →  (𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠  +  𝑒−                                                                                        (6.4) 

(𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠  ↔   𝐹𝑒2+ +  𝐶𝑙−                                                                                               (6.5) 

Cathodic hydrogen evolution is represented by the following reactions (Eqs. 6.6-6.8): 

𝐹𝑒 +  𝐻+  ↔  (𝐹𝑒𝐻+)𝑎𝑑𝑠                                                                                                    (6.6) 

(𝐹𝑒𝐻+)𝑎𝑑𝑠  +  𝑒− →  (𝐹𝑒𝐻)𝑎𝑑𝑠                                                                                           (6.7) 

(𝐹𝑒𝐻+)𝑎𝑑𝑠  +  𝐻+ +  2𝑒− →  𝐹𝑒 +  𝐻2                                                                              (6.8) 

 The corrosion-inhibiting effect of Duranta erecta extracts in 1 M HCl depends on 

interactions of metal and extracts (Alao et al., 2023; Pal and Das, 2020). Electrostatic 

interactions occurred between the extract’s molecules and preabsorbed Cl- ions on the MS. 

This type of interaction encourages the physical adsorption of protonated inhibitors. Over the 

MS surface, the protonated inhibitor molecule competes with H+ ions for electrons. Therefore, 

positively charged inhibitor molecules accept the electron from the metal to become neutral. The 

available unbound lone pairs of inhibitor molecules are responsible for its chemisorption on 

metallic surfaces. Therefore, electrons accumulate on the metallic surface over time.  So, to get 

rid of this electron excess, electrons move from iron's d-orbital to the vacant π antibonding 

orbital of the extract’s molecule (retro-donation), which enhances the adsorption of extract 

molecules on the metal surface (Srivastava et al., 2018).  

 Findings from the PDP test depict that both Duranta erecta extracts (DEFE and DELE) 

possess a mixed-type inhibiting nature, and these extracts were adsorbed over MS through 

mixed-type adsorption, which was validated by adsorption isotherms investigations. Moreover, 

surface analysis reveals that Duranta erecta extracts create a corrosion-inhibiting film on the 

MS, which efficiently reduces metal corrosion. 

 

TH-3816_196107102



Duranta erecta extracts as green corrosion inhibitors for mild steel protection in hydrochloric acid 

 
 

247 
 

6.7 Summary 

 Duranta erecta fruit extract (DEFE) and Duranta erecta leaves extract (DELE) were 

prepared and employed separately in MS corrosion in 1 M HCl for the protection of MS. The 

corrosion-inhibiting behavior of both Duranta erecta extracts was scrutinized by 

electrochemical as well as weight loss analysis, and these extracts possess excellent corrosion-

inhibiting properties due to the presence of several active compounds such as, Ethanone, 1-(2-

hydroxy-5-methylphenyl)-, 4,7-Dimethoxy-2-methyl-2,3-dihydro-1 H-inden-1-one, Isopropyl 

Myristate, 9-Octadecenamide, n-Hexadecanoic acid, and 7,10,13-Eicosatrienoic acid, methyl 

ester, which were identified by LC-MS and FTIR analyses. Based on all investigations, the 

following conclusions were made: 

• Duranta erecta extracts exhibited outstanding anticorrosive properties with maximum 

inhibition efficiencies of 90.82 % and 91.82 % at 200 mg L-1 of DEFE and DELE, 

respectively. 

• Ecorr value was slightly varied (< ± 85 mV) for extracts containing systems relative to 

blank, which signifies the mix-type behavior of Duranta erecta extracts. 

• The value of Rct shows a huge jump from 25.89 Ω cm2 (blank system) to 189.90 Ω cm2 

(DEFE) and 202.64 Ω cm2 (DELE) at 200 mg L-1 of Duranta erecta extracts, which 

implies that corrosive species faced higher resistance to reach the metallic surface. 

• Weight loss observation also represents similar corrosion-inhibiting behavior of 

Duranta erecta extracts (DEFE and DELE) as obtained in electrochemical studies. 

• DEFE and DELE exhibited strong inhibitory effects with 78.84 and 80.80% inhibitory 

efficiencies at 323 K. Ea, ΔH, and ΔS values displayed a positive shift compared to 

the blank. 
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• Obtained ΔGᵒads values were -29.00 kJ mol-1 and -29.90 kJ mol-1 for inhibited MS 

corrosion with DEFE and DELE, respectively, confirming that they favored physical 

adsorption (mix-type adsorption) over the MS surface. 

• Surface analyses confirmed that Duranta erecta extracts formed a corrosion-inhibiting 

film on MS surface, which effectively reduced MS degradation. 
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Anti-corrosive behavior of a novel ternary RGO-ZnO-PANI 

nanocomposite reinforced epoxy coating on mild steel in the marine 

environment 

 

 This chapter explores the formation of a novel RGO-ZnO-PANI nanocomposite through 

ultrasonication and in situ polymerization process to enhance the barrier and corrosion-

inhibiting properties of epoxy coatings. The anti-corrosive performance of EP/RGO-ZnO-

PANI nanocomposite coatings was assessed using potentiodynamic polarization (PDP), 

electrochemical impedance spectroscopy (EIS), and salt spray tests. The EP/RGO-ZnO-PANI 

coating exhibited outstanding corrosion resistance, achieving 99.98% inhibition efficiency 

after 1-day immersion in 3.5 wt% NaCl solution. Furthermore, EIS findings demonstrate that 

EP/RGO-ZnO-PANI nanocomposite coating exhibited higher anti-corrosive properties than 

that of EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI up to their 45 days immersion. 

Similar findings were obtained in salt spray analysis. Additional analyses, including FESEM, 

TGA, and contact angle measurements, confirmed its enhanced morphology, thermal stability, 

and hydrophobicity as compared to other coatings. 
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7.1  Characterizations of prepared materials 

7.1.1 FESEM and EDX analyses 

 Figs. 7.1 (a) and (b) show the nanosheet-like morphology of graphene oxide and 

reduced graphene oxide, respectively. Fig. 7.1 (c) shows the rode shape morphology of ZnO 

(Garg et al., 2021). FESEM images of prepared RGO/ZnO composites at various ratios of 

RGO:ZnO, such as 4:0.5, 4:1, and 4:2, are shown in Figs. 7.1 (d), (e), and (f), respectively, 

which clearly demonstrated that a more homogeneous distribution of ZnO on RGO surface was 

obtained at 4:1 ratio. Therefore, the RGO-ZnO composite with this optimized ratio was used 

in this work, and its FESEM image is shown in Fig. 7.1 (e) (Tai et al., 2016). Fig. 7.1 (g) 

demonstrated the FESEM images of polyaniline (PANI), which have nanofiber type 

morphology. Fig. 7.1 (h) displays the FESEM pictures of RGO-ZnO-PANI nanocomposite. In 

this picture, RGO-ZnO composites are wrapped with PANI nanofiber, and this image also 

shows the distribution of RGO-ZnO nanocomposites in PANI. Furthermore, EDX analysis was 

conducted to characterize the RGO-ZnO and RGO-ZnO-PANI nanocomposites. Figs. 7.2 (a) 

and (c) present the EDX spectra of RGO-ZnO and RGO-ZnO-PANI, respectively. These 

spectra display several characteristic peaks corresponding to C, O, and Zn in RGO-ZnO and to 

C, O, Zn, and N in RGO-ZnO-PANI, confirming the successful formation of the respective 

composites. Additionally, Figs. 7.2 (b) and (d) show the elemental mapping images of RGO-

ZnO and RGO-ZnO-PANI, respectively. The mapping in Fig. 7.2 (b) reveals a uniform 

distribution of C, O, and Zn elements, indicating a homogeneous dispersion of ZnO on the 

RGO surface. Similarly, Fig. 7.2 (d) shows an even distribution of C, O, Zn, and N in the RGO-

ZnO-PANI composite, which confirms the formation of the RGO-ZnO-PANI composite. 

These results are consistent with the morphological observations of FESEM analysis. 
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Fig. 7.1 FESEM images of prepared material: (a) GO, (b) RGO, (c) ZnO, (d) RGO-ZnO 

(4:0.5), (e) RGO-ZnO (4:1), (f) RGO-ZnO (4:2), (g) PANI, and (h) RGO-ZnO-PANI 

nanocomposite. 
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7.1.2 X-ray diffraction analysis 

 The structural and phase information of prepared graphite, GO, RGO, ZnO, RGO-ZnO, 

PANI, and RGO-ZnO-PANI were examined by XRD analysis. XRD spectra of all materials 

are shown in Fig. 7.3. XRD of graphite powder shows two diffractions at 2θ values of 26.55⁰ 

and 54.67⁰, corresponding to (002) and (004) planes, respectively (Ain et al., 2019). Graphene 

oxide (GO) shows two diffractions at 2θ values of 10.16⁰ and 42.48⁰, corresponding to the 

(001) and (100) planes, respectively. During the reduction of graphene, few oxygens were 

removed, and XRD patterns of RGO show one new peak at 24.54⁰ corresponding to the (002) 

plane, which indicates the formation of RGO. XRD patterns of ZnO show sharp and intense 

peaks at 31.69⁰, 34.40⁰, 36.37⁰, 47.52⁰, 56.67⁰, 62.89⁰, 66.4⁰, 67.99⁰, 69.14⁰, 72.67⁰, 77.07⁰, 

81.45⁰ and their corresponding planes (100), (002), (101), (102), (110), (103), (200), (112), 

(201), (202), (104), which are well-matched with JCPDS no 036-1451. RGO-ZnO composite 

shows all ZnO Peaks but one RGO peak at 42.89⁰ with (100) planes. Similar XRD patterns of 

RGO, ZnO, and RGO-ZnO have been reported in the literature (Jayachandiran et al., 2018).  

The XRD spectra of PANI show two broad peaks at around 20⁰ and 25.57⁰, corresponding to 

the (020) and (200) planes, indicating the formation of semi-crystalline polyaniline fiber 

(Zhang et al., 2017). Semicrystalline PANI exhibits superior chain packing properties, which 

promote the formation of a more compact and cohesive polymer network within the epoxy 

matrix. This increased structural density effectively minimizes the diffusion of corrosive 

species and provides strong barrier properties. Furthermore, the redox-active characteristics of 

semicrystalline PANI facilitate the formation of stable, protective oxide layers on the metal 

surface, contributing to its passivation. Due to these properties, PANI significantly enhances 

the corrosion resistance of epoxy coatings (Siva et al., 2014). In XRD pattern of RGO-ZnO- 

PANI nanocomposite, several peaks were found at 2θ values of 31.69⁰, 34.40⁰, 36.31⁰, 47.52⁰, 

56.67⁰, 62.89⁰, 66.4⁰, 67.99⁰, 69.14⁰, 72.67⁰, 77.07⁰, which confirm the presence of ZnO, and 
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one low peak was recorded at 42.48⁰, which corresponds to RGO. This spectrum also displayed 

the two peaks at 2θ values of 20⁰ and 25.57⁰, which confirms the presence of PANI. All these 

peaks confirm the formation of the ternary RGO-ZnO- PANI nanocomposite. Furthermore, 

deconvolution of the most prominent peak was performed using the Gaussian in the range of 

35 to 38⁰ for XRD plots of ZnO, RGO-ZnO, and RGO-ZnO-PANI composite (Mehto et al., 

2016), deconvoluted plots are shown in Fig. 7A.1.  of the Appendix 7A. The obtained XRD 

patterns and diffraction parameters were further used to study the variations in the lattice strain, 

dislocation density, and crystallite size during composite formation (Table 7.1). The crystallite 

size, lattice strain, and dislocation density were calculated using Eqs. (2), (3), and (4)(Bhan and 

Kumar Golder, 2023).  

𝑑 =  
𝑘λ

𝛽𝑐𝑜𝑠𝜃𝐵
                                                                                                                       (2) 

𝜀 =  
𝛽

4𝑇𝑎𝑛𝜃𝐵
                                                                                                                       (3) 

𝛿 =  
1

𝑑2
                                                                                                                               (4) 

 Where d, ε, θB, β, δ, k, and λ represent the crystal size (nm), lattice strain, half-width at 

full maxima (FWHM), Bragg angle, and dislocation density (lines/nm2), respectively. The 

constant parameters of the XRD diffractometer, k and λ, have values of 0.94 and 0.154 nm, 

respectively (Ravi et al., 2025). 

 The crystallite size of RGO-ZnO-PANI is smaller as compared to ZnO and RGO-ZnO, 

indicating a higher surface area of the RGO-ZnO-PANI coating, enhancing interaction with the 

coating matrix and improving dispersion. Additionally, the dislocation density and lattice strain 

of RGO-ZnO-PANI are higher than ZnO and RGO-ZnO, suggesting stronger matrix-filler 

bonding (enhanced toughness) and better crack resistance (improved structural integrity), 

respectively. 
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Fig. 7.2 EDX spectra and mapping images of (a, b) RGO-ZnO and (c, d) RGO-ZnO-

PANI. 

 

 

Fig. 7.3 XRD patterns for graphite, GO, RGO, ZnO, RGO-ZnO, PANI, RGO-ZnO-

PANI nanocomposites. 
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Table 7.1 The XRD diffraction parameters. 

Sample code Peak 

position, 2θ 

(degree) 

Crystallite 

size (nm) 

d-spacing 

(Å) 

Lattice 

strain (e) 

Dislocation 

densities 

(Lines/nm2) 

ZnO 36.26 50.47 2.47 2.31×10-3 3.93×10-4 

RGO-ZnO 36.21 25.50 2.48 4.57×10-3 1.54×10-3 

RGO-ZnO-

PANI 
36.31 22.87 2.47 5.08×10-3 1.91×10-3 

 

7.1.3 Raman analysis 

 Raman spectra of graphite, GO, RGO, ZnO, RGO-ZnO, and RGO-ZnO-PANI are 

shown in Fig. 7.4. Raman spectra of graphite show two peaks at 1578.6 and 2664.9 cm-1. A 

peek at ~ 1578.6 cm-1 corresponds to the planer stretching of the C-sp2 bond. After the oxidation 

of graphite, a new peak appeared at ~ 1360 cm-1, which indicates the change in graphite 

structures due to oxidation; this is associated with the C-sp3 bond vibration. The peak at 1578.9 

cm-1 shifted to ~ 1587.0 cm-1. These changes are characteristic peaks of GO, and ID/IG ratio for 

graphene oxide is 1.33 (Das et al., 2020). In the case of RGO, two peaks are obtained at 1322.6 

cm-1 and 1587.0 cm-1 with ID/IG (1.5). This increment from 1.33 to 1.5 indicated that defects 

and disorders increased during the reduction, which is consistent with XRD data. In the Raman 

spectrum of ZnO, an intense peak at 437.55 cm-1 corresponds to wurtzite hexagonal ZnO. 

Furthermore, Raman spectra of RGO-ZnO nanocomposite show the shifting of the G band to 

lower wave number 1589.50 cm-1 due to the hybridization of ZnO. ID/IG ratio also decreased 

from 1.5 (RGO) to 1.47 (RGO-ZnO). Furthermore, a low intensive peak appears at 432.51 cm-

1, corresponding to ZnO in the RGO-ZnO composite (Jayachandiran et al., 2018). Raman 

spectra of RGO-ZnO-PANI nanocomposite is also similar to PANI, but it has a low intense 

peak at 432.51 cm-1. From these spectra, it was observed that the ID/IG ratio was decreased from 
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1.47 (RGO-ZnO) to 1.29 (RGO-ZnO-PANI) due to the overlapping of G and D bands of RGO 

and PANI (Wu et al., 2016).  

 

 

Fig. 7.4 Raman spectra of graphite, GO, RGO, RGO-ZnO, PANI, and RGO-ZnO-

PANI. 

 

7.2 Characterizations of EP, 0.5 wt% EP/RGO, EP/RGO-ZnO, and EP/ RGO-ZnO-

PANI coatings  

7.2.1 FESEM analysis 

 The morphology of several coatings on the MS surface was investigated using the 

FESEM analysis. Fig. 7.5 (a) displays the FESEM image of pure epoxy (EP), which shows a 

rough surface with few micropores and microcracks. Fig. 7.5 (b) shows the FESEM image of 

EP/RGO coating, which has cracks and holes free surface, but it still has a slightly rough 
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surface due to the agglomeration of RGO sheets in the epoxy matrix (Aradhana et al., 2018). 

To enhance the coating properties, ZnO decorated RGO was utilized in the epoxy matrix for 

preparing the EP/RGO-ZnO coating, which improves the morphology of the coated surface 

and provides a smoother surface (Fig. 7.5 (c)) than that of EP/RGO coating. The presence of 

ZnO on the RGO nanosheet’s surface hindered the agglomeration of RGO nanosheets (Rajitha 

et al., 2020). Coatings properties were further improved by the modification of the RGO-ZnO 

nanocomposite by PANI to obtain the RGO-ZnO-PANI ternary nanocomposite. This 

composite was utilized to prepare EP/ RGO-ZnO-PANI nanocomposite coating, which 

exhibited a smoother surface, as shown in Fig. 7.5 (d), compared to all other coatings. The 

uniform dispersion of the RGO-ZnO-PANI nanocomposite within the epoxy matrix resulted in 

a smoother surface and increased coating compactness, indicating strong interfacial 

compatibility and interaction between the nanocomposite and the epoxy, leading to a denser, 

more cohesive coating. Similar changes in the surface morphology of coatings with nanofiller 

addition have been reported by several studies (Dhongde et al., 2023; Lv et al., 2023). 

 

7.2.2 FTIR analysis 

 The FTIR spectra of all prepared coatings (EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-

ZnO-PANI nanocomposite) are shown in Fig. 7.6, all of which revealed nearly similar 

absorption curves. This should be due to the fact that the addition of a small amount (0.5 wt%) 

of nanofillers had a low influence on the FTIR spectrum of the epoxy. In FTIR spectra of pure 

epoxy (EP), a band around at 3487 cm-1 was found for O–H stretching vibration, and bands at 

2968 and 2928 cm-1 ascribed to asymmetric and symmetric C–H stretching vibration, 

respectively. The peaks at 1630, 1587, and 1502 cm-1 correspond to the benzene ring of epoxy. 

Furthermore, the band at 1243 cm-1 was designated for the epoxy group, at 1182 cm-1 (due to 

C–O–C asymmetric stretching vibration for ester), at 1033 cm-1 ascribed to aromatic C–O 
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stretching vibration and the most intensive peak at 827 cm-1 can be appointed to the oxirane 

group of epoxy resin (Aradhana et al., 2019). Similar adsorption bands were obtained in FTIR 

spectra of all nanocomposite coatings, such as EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-

PANI. On comparing these spectrums, peak shifting was observed at 1033 cm-1 and 1630 cm-

1 for composite coatings as compared to pure EP coating. These shifting can be ascribed to the 

strong interaction between the epoxy matrix and added nanofillers through hydrogen bonding 

and chemical bonding (Ahmad et al., 2018).  

 

 

Fig. 7.5 FESEM images of prepared coatings: (a) EP, (b) EP/RGO, (c) EP/RGO-ZnO, 

and (d) EP/RGO-ZnO-PANI nanocomposite on MS substrates. 

 

 Furthermore, in the case of EP/RGO-ZnO-PANI coatings, the intensity of peaks around 

3480 was significantly reduced compared to pure epoxy (S. Guo et al., 2020). These results of 
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the FTIR analysis demonstrated that RGO-ZnO-PANI nanofillers exhibited a strong interaction 

with epoxy resin and formed a more compact coating than other coatings.  

 

 

Fig. 7.6 FTIR spectra of EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI 

nanocomposite coatings. 

 

7.2.3 TGA analysis 

 TGA plots for all prepared coatings (EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-

PANI nanocomposite) are shown in Fig. 7.7 (a). In each coating, early weight loss was seen 

when they heated up to 100 ℃. This weight loss was mainly due to the evaporation of adsorbed 

moisture and the release of gases trapped within the matrix. Furthermore, at higher 

temperatures from 100 ℃ to 300 ℃, the amount of weight loss of about 8.10 %, 2.06 %, 1.51 
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%, and 1.26 % was found for EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI 

nanocomposite coating. The weight loss observed in these nanocomposite coatings was 

because of the degradation and decomposition of their molecular networks. During the heating, 

these materials can undergo thermal decomposition, leading to the breakdown of chemical 

bonds within the polymer matrix (Ji et al., 2022b). A significant weight loss was observed at 

temperatures between 300°C and 600°C, likely due to the presence of RGO, RGO-ZnO, and 

RGO-ZnO-PANI separately in the epoxy coating which facilitates the breakdown process by 

forming char. The char layer helps to prevent the decomposition of the epoxy resin. The 

incorporation of nanofillers into the epoxy matrix enhanced their thermal stability and tendency 

to generate the char. As obtained, RGO-ZnO has better distribution than RGO in epoxy 

coatings, which also exhibited higher thermal stability of EP/ RGO coating. This figure shows 

that EP/RGO-ZnO-PANI exhibited higher thermal stability during the heating process than 

other coatings. The excellent interaction of composite and matrix and the uniform dispersion 

of RGO-ZnO-PANI may explain this effect (Huang et al., 2011), which delayed the 

deterioration of the epoxy resin. Similar degradation patterns were observed in the literature 

(Zhang et al., 2023). 

 

7.2.4 Contact angle analysis 

 The coating failure is primarily caused by the penetration of H2O, O2, Cl-, and other 

corrosive electrolyte. These corrosive species penetrate through the coating and try to reach the 

metallic surface, leading to the continuous accumulation of the aqueous phase near the metallic 

substrate. So, water adsorption and wetting properties are vital characteristics to check the 

coating performance (Pan et al., 2024). Wetting properties of all prepared (EP, EP/RGO, 

EP/RGO-ZnO, and EP/RGO-ZnO-PANI) coatings were evaluated by measuring the water 

contact angle, as shown in Fig. 7.7 (b). The reported contact angles are based on the average 
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of three measurements made on each sample, and the error bar is determined by comparing the 

average reported data to the three measurements. The contact angle of the mild steel covered 

with pure epoxy was 67.37⁰, indicating the hydrophilic behavior due to the presence of a few 

micropores and microcracks, as shown in Fig. 7.5 (a). The value of the contact angle was 

significantly increased to 81.88⁰ with the addition of RGO in epoxy, indicating enhanced 

hydrophobic properties attributed to 2-D surface of RGO, which makes holes and a pore-free 

surface of the coating (Fig. 7.5 (b)).  It was further increased to 85.77⁰ in the presence of zinc 

oxides doped reduced graphene oxide (RGO-ZnO), which depicts improvement in 

hydrophobicity due to uniform distribution of RGO-ZnO in epoxy coatings, resulting in a 

smoother surface (Fig. 7.5 (c)) than pure EP and EP/RGO coatings. The highest contact angle 

of 88.46⁰ was obtained for the ternary EP/RGO-ZnO-PANI coating, indicating superior water-

repelling properties. This improvement is attributed to the formation of a smoother surface and 

a denser structure resulting from the homogeneous distribution of the RGO-ZnO-PANI 

nanocomposite within the epoxy matrix (Fig. 7.5 (d)). The higher values of the contact angles 

on the nanocomposite coatings would limit the access of the corrosive agents into the coatings 

and provide the enhanced corrosion resistance properties of the coating (Zhang et al., 2019; 

Zhou et al., 2025). 
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Fig. 7.7 (a) Thermogravimetric and (b) contact angle plots for EP, EP/RGO, EP/RGO-

ZnO, and EP/RGO-ZnO-PANI (error bars represent the standard deviation from the 

mean values, based on three replicate measurements). 

 

7.3 Corrosion inhibiting behavior of coating 

7.3.1 PDP measurements 

 The corrosion protection behavior of EP, 0.5 wt% EP/RGO, EP/RGO-ZnO, and 

EP/RGO-ZnO-PANI nanocomposite coatings on MS against 3.5 wt% NaCl was studied using 

the Potentiodynamic polarization test (Dhongde et al., 2024). Before each PDP test, coated and 

uncoated coupons were immersed in 3.5 wt% NaCl for 1 day, and OCP measurements were 

conducted for 30 min to achieve the steady state (equilibrium) potential (Kobbekaduwa et al., 

2024). Fig. 7.8 demonstrates the Tafel plots for uncoated and coated MS with EP, EP/RGO, 

EP/RGO-ZnO, and EP/RGO-ZnO-PANI nanocomposite coatings. Furthermore, Tafel 

parameters ((corrosion potential (Ecorr), corrosion current density (icorr), anodic Tafel slop (ba), 

cathodic Tafel slop (bc), polarization resistance (Rp)) were estimated from these Tafel plots via 

Nova 1.10. software. The mean values and standard deviations of these parameters, obtained 

from triplicate experiments, are presented in Table 7.2. 
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 Fig. 7.8 and Table 7.2 demonstrate that the value of Ecorr was positively shifted for EP, 

EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI with differences of 27.67, 66.22, 70.64, and 

82.47 as compared to blank (-663.80 mV). This positive shift illustrates the strong anti-

corrosive behavior of the above coatings. Moreover, a significant drop was seen in the value 

of icorr for epoxy-coated MS as compared to uncoated MS. This drop was further increased with 

EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI nanocomposite coatings. The Tafel plots 

illustrate that both anodic and cathodic current density decline significantly, resulting in the 

decrease of icorr. It shows that EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI 

nanocomposite coatings significantly reduce the anodic (MS degradation) and cathodic 

(oxygen reduction) reactions. The highest decline was obtained for EP/RGO-ZnO-PANI 

nanocomposite-coated MS samples, which implies that this coating exhibited the strongest 

anti-corrosive properties among all prepared coatings (Bian et al., 2023; L. Guo et al., 2020). 

It provided impermeable barrier resistance against corrosive species to reach the metallic 

surface from corrosive solution and provided 99.98% corrosion inhibiting efficiency. These 

values were used to calculate p-values, which confirm that electrochemical data are highly 

statistically significant (p< 0.0001) (Table 7A.1 of the Appendix 7A). Furthermore, the anti-

corrosive behavior of EP/RGO-ZnO-PANI nanocomposite coatings with 1 wt% of RGO-ZnO-

PANI was also studied after 1-day immersion in 3.5 wt% NaCl and their Tafel plots and Tafel 

parameters are shown in Fig. 7A.2 and Table 7A.2 respectively, of the Appendix 7A. It was 

observed that this ternary coating with 1 wt % of RGO-ZnO-PANI in epoxy has lesser 

corrosion protection properties as compared to its 0.5 wt% based nanocomposite coatings due 

to the agglomeration of RGO-ZnO-PANI nanocomposite at higher loading. This decline in 

anticorrosive properties of EP/RGO-ZnO-PANI (1 wt %) nanocomposite coating was furthered 

validated by FESEM analysis, Fig. 7A.3 of the Appendix 7A, shows the FESEM images of 

EP/RGO-ZnO-PANI (0.5 and 1 wt %) nanocomposite coating. From these images, it was 
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observed that a smooth and crack-free surface was found at 0.5 wt% but few pores and cracks 

were seen in a coating containing 1 wt% of RGO-ZnO-PANI due to the agglomeration of 

nanofillers at higher loading. Therefore, further investigations were done with pure epoxy (EP) 

and 0.5 wt% nanofillers (EP/RGO, EP /RGO-ZnO, and EP/RGO-ZnO-PANI) based 

nanocomposite coatings. 

 

 

Fig. 7.8. Tafel plots for Blank, EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI 

after 1-day immersion in 3.5 wt% NaCl. 
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7.3.2 EIS measurements 

 EIS experiments were also performed to study the anti-corrosive behavior of prepared 

coatings (EP, 0.5 wt% EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI nanocomposite). 

Before each EIS test, the uncoated and coated MS samples with these coatings were immersed 

in 3.5 wt% NaCl for 1, 15, 30, and 45 days, and OCP was measured to achieve the steady state 

potential. The variations in the OCP with immersion time are shown in Fig. 7.9. From this 

figure, it is observed that the OCP value of all coatings negatively shifted with the immersion 

time, which indicated the deuteriation of coatings with immersion time. However, results show 

that the OCP values are higher for nanofillers-based coatings relative to bare epoxy coating 

even after exposure of 45 days. The maximum was obtained for EP/ RGO-ZnO-PANI, which 

signifies the superior anti-corrosive properties of EP/ RGO-ZnO-PANI as compared to other 

coatings (Yao et al., 2023).  

 

 

Fig. 7.9 OCP variation with immersion time for blank, EP, EP/RGO, EP/RGO-ZnO, 

and EP/RGO-ZnO-PANI. 
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 Fig. 7.10 displays Nyquist and Bode plots for Blank (a, b), EP (c, d), EP/RGO (e, f), 

EP/ RGO-ZnO (g, h), and EP/ RGO-ZnO-PANI (i, j), respectively. In these Nyquist plots, 

capacitive arcs decrease with the immersion time (1- 45 days) for each system, and its higher 

value was recorded for initial exposure, which frequently represents the higher effectiveness 

of prepared coatings (Ji et al., 2022a). Moreover, obtained Bode patterns (Fig. 7.10 d, f, and j) 

after 1-day exposure exhibited the different impedance modulus values for each coating at 0.01 

Hz, which were in the following sequence: EP <EP/RGO < EP/RGO-ZnO < EP/RGO-ZnO-

PANI nanocomposite coating. It illustrates the corrosion resistance of coatings enhanced with 

the incorporation of RGO, RGO-ZnO, and RGO-ZnO-PANI. Furthermore, these results imply 

that the coating’s barrier characteristics were also enhanced by the good dispersion of RGO, 

RGO-ZnO, and RGO-ZnO-PANI. It was highest for RGO-ZnO-PANI (Dhongde et al., 2023). 

On careful observing Nyquist and Bode plots for epoxy coating at different immersion times, 

it was found that epoxy coating exhibited the one-time constant during its immersion from 1 to 

30 days, which signifies that corrosive solution penetrates through the epoxy coating at its 

initial exposure but did not reach the coating/metal interface. The EIS data at this stage can be 

illustrated by the physical model, and its corresponding equivalent circuit (R(QR)) (Jayakumar 

and Karimbintherikkal Gopalan, 2024) is shown in Fig. 7.11 (a). Furthermore, on higher 

immersion time (from 30 to 45 days), epoxy coatings showed a two-time constant, which 

implies that corrosive solution has penetrated the coating and reached the coating/metal 

interface, resulting in metal corrosion. This EIS data was fitted to another equivalent circuit 

model R(Q(R(QR))) (Goswami et al., 2024), which is shown in Fig.7.11 (b). These fittings of 

EIS data were performed using Nova 1.1.0 software to evaluate the EIS parameters. The mean 

values and standard deviations of these parameters, obtained from triplicate experiments, are 

shown in Table 7.3. As represented in Fig. 7.11 (a), the R(QR) equivalent circuit model is 

made of three key parameters; for instance, Rs and Rc represent solution resistance and coating 
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resistance, respectively, and coating capacitance is denoted by Qc (Castela and Simões, 2003). 

Few studies have reported that this equivalent circuit model was utilized when a one-time 

constant remained during the immersion process (Meng et al., 2021; Xia et al., 2024). Usually, 

Rc is considered a an indicator to estimate the barrier property of a coating, which impedes 

corrosive medium penetration into the coating (Liu et al., 2018).  Furthermore, R(Q(R(QR))) 

model (Fig. 7.11 (b)) consisted of two additional parameters, such as Rct and Qdl, which 

represent charge transfer resistance and double layer capacitance, respectively (Han et al., 

2025). From Table 7.3, it was observed that after 1-day immersion, the epoxy coating exhibited 

Rc values around 1.61 × 104 Ω cm2, which was significantly decreased to 4.06 × 102 Ω cm2 after 

its 45 days immersion. The obtained values of Rct and Qdl were 9.00 × 102 Ω cm2 and 4.02 × 

103 µF cm-2, respectively. This decrease in Rc values by 97.48 % implies that Epoxy coating 

demonstrated poor barrier and anti-corrosive properties. It can not effectively hinder the 

transfer of corrosive species, resulting in the failure of epoxy coating. Furthermore, all other 

coatings, such as EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI, exhibited one-time 

constant during the whole immersion period (1-45 days). Their EIS data was analyzed using 

the R(QR) model as described above for Epoxy coating up to 30 days immersion. The obtained 

values of Rc for EP/RGO coating at different immersion times are also plotted in Fig 7.11 (c), 

which displays similar patterns of Rc decline. Herein, the value of Rc declined from 3.2 × 104 

(after 1-day exposure) to 5.1 × 103 Ω cm2 (after its 45 days immersion). This decline of Rc was 

about 84.06 %, which implies that EP/RGO exhibited poor anti-corrosive properties.  

 Furthermore, the values of Rc for EP/ RGO-ZnO, and EP/ RGO-ZnO-PANI coated MS 

in 3.5 wt% NaCl were dropped from 1.78 × 105 and 1.12 × 106 Ω cm2 to 2.28 × 104 and 2.1 × 

105 Ω cm2 respectively, during 45-day immersion (Fig 7.11 (c)), which depicts the declined 

corrosion inhibiting properties of coatings (Cheng et al., 2022). Few studies have also reported 

the similar declining behaviour of Rc with immersion time (Liu et al., 2018). In this work, the 
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EP/RGO-ZnO-PANI nanocomposite coating still exhibited the highest Rc values (2.1 × 105 Ω 

cm2) after 45 days of exposure to NaCl solution among the all prepared coating, which signifies 

that EP/RGO-ZnO-PANI nanocomposite coating provides the highest barrier and anti-

corrosive properties as compared to other coatings (Liu et al., 2022). In the last few years, Qc 

(coating capacitance) is generally used to assess the water uptake in organic coatings (Hu et 

al., 2022). It describes the diffusion of corrosive solution into the coatings, and its value 

increases with the increase in the amount of diffused water inside the coatings. Herein, Qc (µF 

cm-2) value for each coating increased with their immersion in the marine environment, and a 

minimum was obtained for EP/RGO-ZnO-PANI nanocomposite coating during the entire 

immersion period (1- 45 days), confirming the outstanding corrosion inhibiting properties of 

EP/RGO-ZnO-PANI as compared to other coatings. 

The variations in the values of Log (Qc (µF cm-2)) with immersion time are also shown 

in Fig. 7.11 (d). Similar variations in Rc and Qc with immersion time were also reported by few 

studies (Cui et al., 2023). Based on variations of the above two parameters (Rc and Qc) with 

immersion period, the order of corrosion inhibiting performance of all above coatings is as 

follows: EP <EP/RGO < EP/RGO-ZnO < EP/RGO-ZnO-PANI nanocomposite coating. The 

lower values of Qc, for binary and ternary composite-based coatings denote the low penetration 

of the electrolyte through the coatings (Tang et al., 2022), which implies strong anti-corrosive 

properties of coatings. After 1-day exposure, EP/RGO-ZnO-PANI coating exhibited 98.48 % 

more effective properties as compared to bare epoxy coating, and findings from PDP 

measurement showed its outstanding corrosion inhibiting efficiency of about 99.98% with 

respect to blank. Therefore, the electrochemical test demonstrates the greater anti-corrosive 

and barrier properties of EP/RGO-ZnO-PANI coatings. 
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Fig. 7.10 Nyquist and Bode plots for Blank (a, b), EP (c, d), EP/RGO (e, f), EP/ RGO-

ZnO (g, h), and EP/RGO-ZnO-PANI (i, j). 
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Fig. 7.11 Equivalent circuit model (a) R(QR) and (b) R(Q(R(QR))), variations in (c) Rc 

and (d) Qc value for EP, EP/RGO, EP/ RGO-ZnO, and EP/RGO-ZnO-PANI (g, h) at 

different immersion times (error bars represent the standard deviation from the mean 

values, based on three replicate measurements). 

 

7.3.3 Salt spray analysis 

 Salt spray analysis was utilized to investigate the corrosion resistance properties of 

coated MS samples and optical photography was also performed to take the picture of coated 

samples at different exposure times, which displays the changes in the morphology at and 

around the scratched coated surface due to NaCl attack (Fig. 7.12). After 48 h of salt spray, 

corrosion starts near the scratches of the epoxy-coated MS. To study its deterioration behavior, 
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the exposure time was extended to 1000 h. This coating deterioration increased with time due 

to the penetration of corrosive species through the pores of epoxy coating. EP/RGO-coated 

MS, relative to pure epoxy coating, showed better corrosion resistance properties. The amount 

of corrosion rust increases with time after 500 h. Coated MS with EP/RGO coating showed 

deficient anti-corrosion behavior. However, there was no corrosive rust seen in the EP/RGO-

ZnO coating up to 500 h exposure, which implies that the anti-corrosive property of the coating 

was improved due to the decoration of ZnO on the RGO surface, which hindered the restacking 

of RGO sheets and provided better distribution as compared to RGO. Furthermore, EP/RGO-

ZnO-PANI nanocomposite coating shows very less red rust for the period of 750-1000 h of 

immersion, which signifies that the addition of ternary nanocomposite RGO-ZnO-PANI 

significantly enhanced the anti-corrosive properties of epoxy coating as compared to other 

coatings. 
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Fig. 7.12 Optimized images of the salt spray analysis of MS coated with EP, 0.5 wt% 

EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-PANI after 0, 250, 500, 750, 1000 h of salt 

spray and dimension MS plate is 9 × 9 × 0.5 cm3. 
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7.4 Corrosion inhibition mechanism 

 Fig. 7.13 shows the schematic diagram of the interaction of EP, EP/RGO, EP/RGO-

ZnO, and EP/RGO-ZnO-PANI coatings and corrosive electrolyte during the exposure of coated 

MS. Some fractures and micropores were formed in the epoxy coating, as illustrated in Fig. 7.5 

(a). Additionally, dissolved oxygen and other corrosive fluids contribute to common defects in 

epoxy coatings  (Wang et al., 2022, 2016). Corrosive electrolytes can easily penetrate the epoxy 

coating through these defects, reaching the surface of the MS substrate and causing severe 

corrosion (Zhang et al., 2022). The incorporation of inorganic or organic nanofillers into the 

epoxy matrix usually creates a solid barrier that obstructs the path of corrosive molecules that 

travel through the epoxy. Therefore, these corrosive species faced higher hindered and traveled 

more tortuous paths during their propagation through the polymer matrix, and these 

obstructions slowed down the penetration process (Wei et al., 2013; Weng et al., 2010). The 

number of defects was decreased in the epoxy coating with the incorporation of RGO 

nanosheets, which form compact structures, as shown in Fig. 7.5 (b). This compact structure 

hindered the penetration of corrosive species and provided better corrosion protection than pure 

epoxy, but still, this coating exhibited some pores due to the agglomeration of the RGO sheet. 

To resolve this issue, ZnO nanorods were decorated on the RGO nanosheet, which hindered 

their restacking and resulted in a large uniform distribution of RGO-ZnO in the polymer matrix, 

creating a smoother surface (Fig. 7.5 (c)) and significantly enhanced corrosion-protecting 

properties as compared to EP/RGO coating. Moreover, adding RGO-ZnO-PANI into the epoxy 

matrix makes a denser and more intact structure, as shown in Fig. 7.5 (d), than all other 

prepared coatings. EP/RGO-ZnO-PANI coating provided superior corrosion protecting and 

adhesion properties to MS surface against 3.5 wt% NaCl solution. These findings are also 

supported by the FTIR analysis (Fig. 7.6).   
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Fig. 7.13 Schematic diagram of the corrosion protective mechanism for (a) pure EP 

coating, (b) EP/RGO coating, (c) EP/RGO-ZnO coating, and (d) EP/RGO-ZnO-PANI 

coating. 

 

7.5 Literature comparison 

 In this work, the anticorrosive behavior of prepared coatings was investigated by 

potentiodynamic polarization tests after one day of immersion in 3.5% NaCl. The obtained 

inhibition efficiency of EP/RGO-ZnO-PANI nanocomposite coatings was compared with 

recently reported coatings, such as epoxy/FGO (Dhongde et al., 2023), CS-g-SA/epoxy 

(Shamsheera et al., 2019), RHQD/epoxy(Dhongde et al., 2024), and Bt@PDA@LM(Zhang et 

al., 2022). For example, Dhongde et al., have used Epoxy/FGO composite coating to mitigate 

the carbon steel corrosion in 3.5% NaCl solution. They found that corrosion current density 

TH-3816_196107102



Anti-corrosive behavior of a novel ternary RGO-ZnO-PANI nanocomposite reinforced epoxy coating  

 
 

281 
 

significantly decreased for the coated sample and achieved 99.90% inhibition efficiency at a 2 

wt% loading of  FGO in epoxy coating (Dhongde et al., 2023). Shamsheera et al. have prepared 

the CS-g-SA/epoxy coatings to reduce mild steel corrosion. During corrosion studies, CS-g-

SA/epoxy coatings demonstrated outstanding anticorrosive properties and exhibited 94.94% 

inhibition efficiency compared to blank(Shamsheera et al., 2019). The comparison of all these 

studies with the present work is represented in Table 7.4, and this Table displays that the present 

work exhibited a clear superiority among all listed studies.  

 

 

 

7.6 Summary 

In this study, a ternary RGO-ZnO-PANI nanocomposite was successfully prepared by 

wrapping PANI on RGO-ZnO composite through an in-situ polymerization process, and it was 

incorporated into epoxy coating through the solution blending technique. The corrosion 
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protection properties of coated mild steel (MS) with nanofiller-containing coatings were 

investigated by potentiodynamic polarization (PDP), electrochemical impedance spectroscopy 

(EIS), and salt spray tests. Based on all analysis following conclusions can be drawn: 

• The morphology, chemical structure, thermal stability, and wettability of EP, EP/RGO, 

EP/RGO-ZnO, and EP/RGO-ZnO-PANI nanocomposite coatings were investigated 

using FESEM, FTIR, TGA, and contact angle measurements.  

• Results revealed that the EP/RGO-ZnO-PANI coating exhibited the smoothest surface, 

superior thermal stability, and enhanced hydrophobicity. These improvements are 

attributed to the formation of a more compact and robust structure between the RGO-

ZnO-PANI composite and epoxy matrix. 

• PDP results revealed that EP/RGO-ZnO-PANI nanocomposite coating exhibited the 

highest inhibitory efficiency of about 99.98% against 3.5 wt% NaCl after its 1-day 

immersion. 

• EIS findings demonstrated the better anti-corrosive behavior of EP/RGO-ZnO-PANI 

nanocomposite coating even after 45 days of immersion in 3.5 wt% NaCl compared to 

other coatings. 

• Salt spray analysis show that EP/RGO-ZnO-PANI coating provided superior 

protection to MS up to 1000 h as compared to other coatings. 
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Overall conclusions and scope for future works 

 

 This chapter summarizes the conclusions of the work presented in this thesis, based on 

the obtained findings from the anticorrosive behavior of the used inhibitors and coating. 

Additionally, it offers some valuable recommendations for future research in this field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-3816_196107102



Chapter 8  

 
 

290 
 

8.1 Overall conclusions 

 The work presented in this thesis exhibited the preparation, characterization, and 

anticorrosive behaviors of green corrosion inhibitors and epoxy-based coatings.  Herein, we have 

successfully developed ecofriendly corrosion inhibitor and EP/RGO-ZnO-PANI coatings to protect 

the mild steel in 1 M HCl and 3.5% NaCl solutions, respectively.  

 Results of weight loss and electrochemical techniques confirmed the excellent corrosion-

inhibiting behavior of all developed inhibitors. These corrosion inhibitors behaved as a mixed-type 

of inhibitors because corrosion potential was not significantly sifted in inhibitor-containing systems 

compared to their absence. These inhibitors showed a decline in their inhibition efficiency with 

increasing the temperature, but they were effective in attaining a satisfactory inhibition 

efficiency at 323K temperature. A rise in Ea values was recorded in the presence of inhibitors, 

which signifies that higher energy is required to corrode the metal in inhibited systems than in 

blank. Adsorption studies explored that used inhibitors followed the Langmuir adsorption 

model to adsorb on metal surfaces. Obtained values of thermodynamic parameters confirmed 

that metal corrosion is a spontaneous and endothermic process. 

 Furthermore, electrochemical and salt spray techniques were used to investigate the 

corrosion-inhibiting behavior of coatings. PDP test displayed that EP/RGO-ZnO-PANI 

nanocomposite coatings exhibited higher corrosion inhibition efficiency among all other prepared 

coatings after 1-day immersion in 3.5% NaCl. EIS and Salt spray tests revealed that EP/RGO-ZnO-

PANI nanocomposite coatings exhibited the strongest corrosion inhibiting properties during the 

whole exposure as compared to other coatings. Some major conclusions from the study are 

summarized as follows: 

 

8.1.1 Corrosion inhibition by chayote extracts 

• The presence of ascorbic acid in chayote extract was confirmed by FTIR analysis.  

• The values of icorr were reduced with the addition of chayote extracts. 
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•  Maximum inhibitory efficiencies of 76.82 and 85.72% were achieved at 2000 mg L-1 

of CE and CEPH3, respectively. 

• Rct using CE and CEPH3 inhibitor were determined to be about 3.38 and 5.63 times 

higher than blank.  

• CEPH3 inhibitor showed remarkable inhibition efficiency of 71.88 % at 323 K. 

• ΔGᵒ
ads value of CE (-53.046 < -40) and CEPH3 (-50.278 < -40) indicated the 

chemisorption of inhibitors. 

• Surface investigations confirmed that chayote extracts form a strong protective layer 

over the metal, which significantly hinders MS corrosion. 

 

8.1.2 Corrosion inhibition by Tinda extracts 

• Phenol, 3,5-bis (1,1-dimethylethyl)-, 9-octadecenoic acid, methyl ester, hexadecanoic 

acid 15-methyl-, methyl ester, 9, 12-octadecadienoic acid, methyl ester, 9, 12, 15-

octadecatrienoic acid, methyl ester, (Z,Z,Z-), ascorbic acid, and phytol, were identified 

in TPE and TFE by LC-MS  and FTIR analysis. 

• The values of icorr and inhibition efficiencies were decreased and increased, 

respectively, with increasing inhibitor concentration. 

• Maximum inhibitory efficiencies of 83.73 and 87.11% were achieved at 200 mg L-1 of 

TPE and TFE, respectively. 

• Rct was increased from 25.89 to 125.18 Ω cm2 (TPE) and 142.69 Ω cm2 (TFE) at 200 

mg L-1. 

• TPE and TFE exhibited significant inhibitory effects with 70.71 and 72.74 % inhibition 

efficiency at 323 K.  

• TFE has greater inhibition efficiency than TPE. 
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• ΔGᵒ
ads for TPE and TFE confirmed preferentially physical adsorption (mix-type 

adsorption). 

• Surface investigations demonstrated the formation of a corrosion inhibiting layer by 

adsorbed extract molecules on the metal surface. 

 

8.1.3 Corrosion inhibition by Phaseolus lunatus extracts 

• Lysine, leucine, linoleic acid, oleic acid, 9-Octadecenoic acid (Z)-, methyl ester, and 

ascorbic acid were identified in PLPE and PLSE by LC-MS and FTIR analyses. 

• icorr was decreased with the addition of PLPE or PLSE. 

• 85.69% and 90.78% inhibition efficiencies were obtained at 200 mg L-1 of PLPE and 

PLSE, respectively. 

• Rct was increased from 25.89 to 172.31 Ω cm2 (PLPE) and 227.07 Ω cm2 (PLSE) at 

200 mg L-1. 

• PLPE and PLSE demonstrate good inhibitory effects with 71.92 and 78.43% inhibitory 

efficiencies at 323 K. 

• Surface characterizations revealed that PLPE and PLSE adsorbed on MS surface and 

build a defensive layer, which significantly mitigate MS dissolution. 

 

8.1.4 Corrosion inhibition by Duranta erecta extracts 

• Presence of Ethanone, 1-(2-hydroxy-5-methylphenyl)-, 4,7-Dimethoxy-2-methyl-2,3-

dihydro-1 H-inden-1-one, Isopropyl Myristate, 9-Octadecenamide, n-Hexadecanoic 

acid, and 7,10,13-Eicosatrienoic acid, methyl ester in Duranta erecta extracts  was 

identified by LC-MS and FTIR analyses. 

• Maximum inhibitory efficiencies of 90.82% and 91.82% were obtained at 200 mg L-1 

of DEFE and DELE, respectively. 
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• Rct shows a huge jump from 25.89  to 189.90 Ω cm2 (DEFE) and 202.64 Ω cm2 (DELE) 

at 200 mg L-1. 

• DEFE and DELE exhibited strong inhibitory effects with 78.84 and 80.80% at 323 K 

• DELE has greater inhibition efficiency than DEFE. 

• ΔGᵒads (-29.00 kJ mol-1 for DEFE and -29.90 kJ mol-1
  for DELE) demonstrated that 

inhibitor favored physical adsorption.  

• Surface analyses confirmed that Duranta erecta extracts formed a corrosion-inhibiting 

film on MS surface, which effectively reduced MS degradation. 

 

 Obtained inhibition efficiency of CEPH3, TFE, PLSE, and DELE at their optimum 

concentration and different temperature were compared and assembled in the following Tables 

8.1 and 8.2, respectively, which showed that inhibition efficiencies were decreased with 

temperature, and DELE exhibited superiority of among the all inhibitors.  

 

Table 8.1 Tafel parameters of CEPH3, TFE, PLSE, and DELE at their optimum 

concentrations. 

Inhibitor Conc. (mg L-1) icorr 

(µA cm-2) 

µP (%) 

Blank 0  734.98 ± 5.23 _ 

CEPH3 2000 104.92 ± 1.66 85.72 ± 0.40 

TFE 200 95.29 ± 1.51 87.11 ± 0.50 

PLSE 200 67.77 ± 0.85 90.78 ± 0.44 

DELE 200 60.15 ± 0.63 91.82 ± 0.97 
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Table 8.2 Inhibition efficiencies from Tafel analysis for the optimum concentration of 

CEPH3, TFE, PLSE, and DELE at 303, 313, and 323 K. 

Inhibitor 

In
h

ib
it

io
n

 e
ff

ic
ie

n
cy

 (
µ

P
 (

%
))

 

Temperature 

303 K 313 K 323 K 

CEPH3 85.72 ± 0.40 74.18 ± 0.44 71.88 ± 0.13 

TFE 87.11 ± 0.50 77.80 ± 0.48 72.74 ± 0.15 

PLSE 90.78 ± 0.44 84.90 ± 0.76 78.43 ± 0.30 

DELE 91.82 ± 0.97 86.51 ± 0.53 80.80 ± 0.18 

 

8.1.5 Corrosion inhibition by EP/RGO-ZnO-PANI nanocomposite coating 

• We have successfully synthesized a ternary RGO-ZnO-PANI nanocomposite by 

wrapping of PANI onto the RGO-ZnO surface via an in-situ polymerization process. 

• PDP results showed EP/RGO-ZnO-PANI nanocomposite coating exhibited the highest 

inhibitory efficiency of about 99.98% against 3.5 wt% NaCl after its 1-day immersion. 

• EIS findings demonstrated the better anti-corrosive behavior of EP/RGO-ZnO-PANI 

nanocomposite coating after 45 days of immersion in 3.5 wt% NaCl compared to other 

coatings.  

• Salts spray analysis shows that EP/RGO-ZnO-PANI coating provided superior 

protection to MS up to 1000 h as compared to other prepared coatings.  

 

 In this work, all developed inhibitors demonstrated strong corrosion inhibiting potential 

to mitigate mild steel corrosion in the acidic medium at their optimum concentration. Among 

these inhibitors, DELE showed the highest inhibition effect and demonstrated maximum 

thermal stability. Furthermore, electrochemical analysis, surface characterizations, and salt 

spray tests confirm that epoxy coating containing RGO-ZnO-PANI nanocomposite exhibited 
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the highest anti-corrosion performance in NaCl solutions as compared to other coatings. The 

findings of this research provide valuable reference data for future research in developing 

economically viable and sustainable corrosion inhibitors and epoxy coatings. The proposed 

bio-extracts and nanocomposite coatings demonstrate significant potential for industrial 

scalability due to the availability of natural resources, low-cost synthesis routes, and 

compatibility with existing coating processes. Moreover, the use of plant-based bio-extracts 

ensures biodegradability and minimizes ecological impact. The developed materials are 

inherently non-toxic and environmentally safe, aligning with green chemistry principles and 

sustainable materials development as reported by previous literature findings for green 

synthesized nanomaterials. Although a detailed study on the life cycle assessment of the 

nanocomposite could be a part of the future scope of the present research work.  

 

8.2 Scope for future works 

Based on the findings of this thesis, the following future research directions are proposed: 

• Corrosion inhibiting potential of proposed inhibitors can be further explored in 

different corrosive environments, including sulfuric acid, phosphoric acid, nitric acid, 

sodium hydroxide, and sodium chloride solutions. 

• These extracts also can be used to mitigate the corrosion of various metals, such as 

copper, zinc, and brass. 

• The anticorrosive behavior of EP/RGO-ZnO-PANI coatings can be tested in H2S, CO2, 

and acidic environments. 

• The adsorption mechanisms and surface interactions of the inhibitors and coatings with 

metal can be further studied using density functional theory, molecular dynamics, and 

Monte Carlo simulations to gain molecular-level insights into their corrosion inhibition 

behavior. 
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• Long-term durability of proposed inhibitors and coatings can be further investigated 

in real-world conditions including variations in process parameters like temperature, 

pressure, and composition of electrolyte, to assess their industrial applicability and 

stability. 

• A comprehensive life-cycle assessment of the developed green inhibitors and coatings 

will be carried out to evaluate their possible emissions to air, water, and soil, and to 

assess their overall environmental impacts, including global warming potential (GWP) 

and marine and terrestrial ecotoxicity potentials (MAEP/TEP). 
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Appendix 3A 

 

 

Fig. 3A.1 UV-Vis spectrum of standard ascorbic acid. 

 

Table 3A.1 Preparation of chayote extract solutions. 

Initial 

CE conc. 

(mg L-1) 

CE volume 

(L) 

Distilled 

water volume 

(mL) 

HCl volume 

(mL) 

[12.178 M] 

Final CE 

conc. 

(mg L-1) 

Final HCl 

Conc.  

(M) 

7,50,000 46.67 64.205 5.748 500 1.0 

7,50,000 93.33 64.159 5.748 1,000 1.0 

7,50,000 140.00 64.112 5.748 1,500 1.0 

7,50,000 186.67 64.065 5.748 2,000 1.0 
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Table 3A.2 Comparison of CR values determined by WL and PDP methods, along with 

Rp values obtained from PDP and EIS techniques. 

Inhibitor 
Concentration 

(mg L-1) 

CR (mm year-1) Rp (Ω cm2) 

WL PDP PDP EIS 

Blank 0 7.93 ± 0.50 8.54 ± 0.45 34.04 ± 0.12 25.89 ± 0.14 

CE 

500 4.81 ± 0.51 4.77 ± 0.50 58.41 ± 0.03 42.80 ± 0.12 

1000 3.61 ± 0.43 3.55 ± 0.44 68.23 ± 0.05 56.66 ± 0.15 

1500 2.52 ± 0.28 2.60 ± 0.31 79.55 ± 0.18 68.60 ± 0.21 

2000 1.88 ± 0.10 1.98 ± 0.12 109.74 ± 0.08 87.48 ± 0.29 

CEPH3 

500 4.44 ± 0.33 4.43 ± 0.35 54.94 ± 0.13 48.25 ± 0.14 

1000 2.89 ± 0.34 3.28 ± 0.38 72.34 ± 0.02 72.43 ± 0.28 

1500 2.12 ± 0.14 1.97 ± 0.12 92.21 ± 0.13 96.29 ± 0.54 

2000 1.26 ± 0.04 1.21 ± 0.03 177.48 ± 0.18 145.87 ± 0.81 

*CR = Corrosion rate, WL= Weight loss, PDP= Potentiodynamic palarization, and EIS = Electrochemical impedance spectroscopy. 

 

Table 3A.3 The comparison Table for obtained inhibition efficiencies from weight loss, 

EIS, and PDP analysis, ANOVA (Single factor) test results.   

Inhibitor Conc. (mg L-1) μCR (%) µRct (%) µP (%) p-value 

Blank 0 - - - - 

CE 

500 39.34 ± 0.93 39.50 ± 0.17 44.08 ± 0.27 

1.73×10-11 

1000 54.48 ± 0.94 54.30 ± 0.12 58.41 ± 0.73 

1500 68.22 ± 0.58 62.25 ± 0.11 69.48 ± 0.76 

2000 76.29 ± 0.50 70.40 ± 0.10 76.82 ± 0.54 

CEPH3 

500 44.01 ± 0.39 46.34 ± 0.16 48.07 ± 0.49 

1.34×10-13 

1000 63.56 ± 0.72 64.25 ± 0.14 61.58 ± 0.44 

1500 73.27 ± 0.94 73.11 ± 0.15 76.90 ± 0.07 

2000 84.11 ± 0.58 82.25 ± 0.10 85.72 ± 0.40 

*p≤0.0001 indicates the reliability of the PDP data obtained from triplicate experiments at a confidence interval of 99.99%. 

TH-3816_196107102



Appendix 

 

299 
 

Appendix 4A 

 

Table 4A.1 Comparison of CR values determined by WL and PDP methods, along with 

Rp values obtained from PDP and EIS techniques. 

Inhibitor 
Concentration 

(mg L-1) 

CR (mm year-1) Rp (Ω cm2) 

WL PDP PDP EIS 

Blank 0 7.93 ± 0.50 8.54 ± 0.45 34.04 ± 0.12 25.89 ± 0.14 

TPE 

50 3.25 ± 0.22 3.39 ± 0.23 62.00 ± 0.05 65.83 ± 0.19 

100 2.29 ± 0.11 2.27 ± 0.09 95.17 ± 0.08 90.30 ± 0.26 

150 1.79 ± 0.10 1.74 ± 0.08 153.52 ± 0.39 109.84 ± 0.37 

200 1.46 ± 0.07 1.40 ± 0.06 147.92 ± 0.13 125.18 ± 0.44 

TFE 

50 2.92 ± 0.15 2.97 ± 0.16 69.13 ± 0.17 74.08 ± 0.20 

100 1.97 ± 0.06 2.00 ± 0.05 104.81 ± 0.03 97.16 ± 0.33 

150 1.49 ± 0.09 1.44 ± 0.08 124.86 ± 0.23 127.97 ± 0.68 

200 1.11 ± 0.06 1.11 ± 0.05 158.47 ± 0.19 142.69 ± 0.84 

*CR = Corrosion rate, WL= Weight loss, PDP= Potentiodynamic palarization, and EIS = Electrochemical impedance spectroscopy. 

 

Table 4A.2 The comparison Table for obtained inhibition efficiencies from gravimetric, 

EIS, and PDP analysis, ANOVA (Single factor) test results.   

Inhibitor Conc. (mg L-1) μCR (%) µRct (%) µP (%) p-value 

Blank 0 - - - - 

TPE 

50 59.02 ± 1.10 60.81 ± 0.29 60.49 ± 0.36 

1.10×10-9 

100 71.12 ± 0.49 71.43 ± 0.18 73.51 ± 0.83 

150 77.43 ± 0.46 76.51 ± 0.13 79.68 ± 0.97 

200 81.59 ± 0.53 79.39 ± 0.12 83.73 ± 0.61 

TFE 

50 63.18 ± 0.54 65.51 ± 0.25 65.35 ± 0.68 

1.03×10-10 

100 75.16 ± 0.95 73.45 ± 0.16 76.67 ± 0.56 

150 81.21 ± 0.76 79.84 ± 0.13 83.22 ± 0.11 

200 86.00 ± 0.30 81.92 ± 0.15 87.11 ± 0.50 

*p≤0.0001 indicates the reliability of the PDP data obtained from triplicate experiments at a confidence interval of 99.99%. 
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Appendix 5A 

 

Table 5A.1 Comparison of CR values determined by WL and PDP methods, along with 

Rp values obtained from PDP and EIS techniques. 

Inhibitor 
Concentration 

(mg L-1) 

CR (mm year-1) Rp (Ω cm2) 

WL PDP PDP EIS 

Blank 0 7.93 ± 0.50 8.54 ± 0.45 34.04 ± 0.12 25.89 ± 0.14 

PLPE 

50 2.61 ± 0.12 2.81 ± 0.15 82.84 ± 0.22 75.97± 0.45 

100 1.97 ± 0.05 2.07 ± 0.11 114.58 ± 0.15 97.11 ± 0.30 

150 1.51 ± 0.07 1.57 ± 0.07 146.30 ± 0.27 129.95 ± 0.52 

200 1.15 ± 0.02 1.22 ± 0.04 153.23 ± 0.42 172.31 ± 0.88 

PLSE 

50 2.38 ± 0.13 2.50 ± 0.14 90.45 ± 0.19 83.87 ± 0.24 

100 1.65 ± 0.06 1.72 ± 0.06 126.05 ± 0.15 127.30 ± 0.38 

150 1.01 ± 0.03 1.08 ± 0.05 179.71 ± 0.42 190.52 ± 0.65 

200 0.75 ± 0.02 0.79 ± 0.03 204.08 ±0.21 227.07 ± 1.18 

*CR = Corrosion rate, WL= Weight loss, PDP= Potentiodynamic palarization, and EIS = Electrochemical impedance spectroscopy. 

 

Table 5A.2 The comparison Table for obtained inhibition efficiencies of PLPE and PLSE 

from weight loss, EIS, and PDP analysis, ANOVA (Single factor) test results.   

Inhibitor Conc. (mgL-1) μCR (%) µRct (%) µP (%) p-value  

Blank 0 0 - - -  

PLPE 

50 67.09 ± 0.98 65.92 ± 0.23 67.11 ± 0.71 

1.52×10-9 

 

100 75.16 ± 0.75 73.34 ± 0.16 75.78 ± 0.44  

150 80.96 ± 0.88 80.08 ± 0.21 81.66 ± 0.12  

200 85.50 ± 0.65 84.97 ± 0.13 85.69 ± 0.87  

PLSE 

50 69.99 ± 1.10 69.13 ± 0.17 70.74 ± 0.82 

2.74×10-9 

 

100 79.19 ± 0.97 79.66 ± 0.37 79.83 ± 0.61  

150 87.26 ± 0.88 86.41 ± 0.14 87.33 ± 0.91  

200 90.54 ± 0.45 88.60 ± 0.16 90.78 ± 0.44  

*p≤0.0001 indicates the reliability of the PDP data obtained from triplicate experiments at a confidence interval of 99.99%. 
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Table 6A.1 Comparison of CR values determined by WL and PDP methods, along with 

Rp values obtained from PDP and EIS techniques. 

Inhibitor 
Concentration 

(mg L-1) 

CR (mm year-1) Rp (Ω cm2) 

WL PDP PDP EIS 

Blank 0 7.93 ± 0.50 8.54 ± 0.45 34.04 ± 0.12 25.89 ± 0.14 

DEFE 

50 1.64 ± 0.10 1.64 ± 0.11 118.83 ± 0.34 117.01 ± 0.62 

100 1.18 ± 0.07 1.22 ± 0.10 144.08 ± 0.18 140.44 ± 0.50 

150 0.97 ± 0.04 0.96 ± 0.06 197.24 ± 0.44 163.16 ± 0.82 

200 0.73 ± 0.03 0.78 ± 0.02 258.14 ± 0.53 189.90 ± 0.75 

DELE 

50 1.27 ± 0.07 1.35 ± 0.12 143.63 ± 0.15 150.53 ± 0.48 

100 0.98 ± 0.03 0.95 ± 0.05 186.92 ± 0.54 175.76 ± 1.06 

150 0.74 ± 0.02 0.77 ± 0.02 196.58 ± 0.25 186.54 ± 0.76 

200 0.70 ± 0.04 0.70 ± 0.04 261.53 ± 0.68 202.64 ± 0.65 

*CR = Corrosion rate, WL= Weight loss, PDP= Potentiodynamic palarization, and EIS = Electrochemical impedance spectroscopy. 

 

Table 6A.2 The comparison Table for obtained inhibition efficiencies from weight loss, 

EIS, and PDP analysis, ANOVA (Single factor) test results.   

Inhibitor Conc. (mg L-1) μCR (%) µRct (%) µP (%) p-value 

Blank 0 - - - _ 

DEFE 

50 79.32 ± 1.20 77.87 ± 0.15 80.75 ± 0.87 

8.74×10-7 

100 85.12 ± 0.85 81.56 ± 0.34 85.68 ± 0.47 

150 87.77 ± 1.10 84.13 ± 0.11 87.95 ± 1.01 

200 90.79 ± 0.45 86.37 ± 0.25 90.82 ± 0.16 

DELE 

50 83.98 ± 0.98 82.80 ± 0.21 84.21 ± 0.40 

9.32×10-6 
100 87.64 ± 1.23 85.27 ± 0.31 88.91 ± 0.91 

150 90.67 ± 1.10 86.12 ± 0.22 90.97 ± 0.70 

200 91.17 ± 0.55 87.22 ± 0.42 91.82 ± 0.97 

*p≤0.0001 indicates the reliability of the PDP data obtained from triplicate experiments at a confidence interval of 99.99%. 
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Appendix 7A 
 

 

Fig. 7A.1. Deconvolution plots of (a) ZnO, (b) RGO-ZnO, and (c) RGO-ZnO-PANI for 

most prominent peak. 

 

Table 7A.1 Tafel parameters for blank, EP, EP/RGO, EP/RGO-ZnO, and EP/RGO-ZnO-

PANI coatings after 1-day immersion in 3.5 wt% NaCl, ANOVA (Single factor) test 

results.  

System µP (%) p-value 

Blank - - 

EP 82.17 ± 0.20 

6.6×10-9 
EP/RGO 95.05 ± 1.10 

EP/RGO-ZnO 98.42 ± 0.93 

EP/ RGO-ZnO-PANI 99.98 ± 0.01 

                  *p≤0.0001 indicates the reliability of the PDP data obtained from triplicate experiments at a confidence interval of 99.99%. 
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Fig. 7A.2 Tafel plot for EP/RGO-ZnO-PANI (1 wt%) after 1-day immersion in 3.5% 

NaCl. 

 

 

Fig. 7A.3 FESEM images for (a) 0.5 wt% and (b) 1 wt% of RGO-ZnO-PANI in epoxy 

coatings. 

 

Table 7A.2 Tafel parameters for Blank, EP/RGO-ZnO-PANI (1 wt%) after 1-day 

immersion in 3.5% NaCl. 

System ba 

(mVdec-1)  

-bc 

(mVdec-1) 

Ecorr  (mV 

vs. 

Ag/AgCl) 

icorr  

(µA-cm-2) 

Rp ×10-6 

(Ω-cm2) 

µP  (%) 

EP/ RGO-ZnO-PANI  

(1 wt%) 

68.60 ± 

2.69 

36.19 ± 

1.10 

-589.13 ± 

5.04 

0.0080  1.28 ± 

0.01  

99.97 ± 

0. 01 

TH-3816_196107102



 

 
 TH-3816_196107102



 

 
 

 
 
 
 
 
 
 

 
 

Research output 

 

 
 
 
 
 
 
 
 
 

 

TH-3816_196107102



TH-3816_196107102



Research output 
 
 

305 
 

Research output 

 

Journal Publications (thesis): 

1. A. Kumar, C. Das, 2023. A novel eco-friendly inhibitor of chayote fruit extract for mild 

steel corrosion in 1 M HCl: Electrochemical, weight loss studies, and the effect of 

temperature. Sustain. Chem. Pharm. 36, 101261. 

https://doi.org/10.1016/j.scp.2023.101261  (Elsevier) [IF = 6.0] 

2. A. Kumar, C. Das, 2024. Corrosion inhibition of mild steel by Praecitrullus fistulosus 

(tinda fruit and peel) extracts. Sci. Total Environ. 929, 172569. 

https://doi.org/10.1016/j.scitotenv.2024.172569  (Elsevier) [IF = 9.8] 

3. A. Kumar, C. Das, 2025. Investigations on corrosion inhibition of mild steel in acid 

medium using Phaseolus lunatus peel and seed extracts. Mater. Today Commun. 49, 

113752. https://doi.org/10.1016/j.mtcomm.2025.113752 (Elsevier) [IF = 4.5] 

4. A. Kumar, C. Das, 2025. Anti-corrosive behavior of a novel ternary RGO-ZnO-PANI 

nanocomposite reinforced epoxy coating on mild steel in marine environment, Adv. Eng. 

Mater. 27, 2500949. https://doi.org/10.1002/adem.202500949 (Wiley) [IF = 3.3] 

5. A. Kumar, C. Das, 2025. Duranta erecta fruit and leaves extracts as green corrosion 

inhibitors for mild steel protection in hydrochloric acid, (Submitted to Journal) 

6. A. Kumar, C. Das, 2025. Advances in green corrosion inhibitors and protective coatings 

for metal corrosion control in various media: A comprehensive review, (Submitted to 

Journal) 

Journal publications (other): 

1. A. Kumar, B. Bhattacharya, and C. Das, 2025. Studies on the inhibitive effect of ferrozine 

on the corrosion of mild steel in hydrochloric acid, J. Taiwan Inst. Chem. Eng. 174 

106221. https://doi.org/10.1016/j.jtice.2025.106221 (Elsevier) [IF = 6.3] 

TH-3816_196107102

https://doi.org/10.1016/j.scp.2023.101261
https://doi.org/10.1016/j.scitotenv.2024.172569
https://doi.org/10.1016/j.mtcomm.2025.113752
https://doi.org/10.1002/adem.202500949
https://doi.org/10.1016/j.jtice.2025.106221


Research output  

 
 

306 
 

2. Z. Farhat, A. Kumar, C. Das, 2024. Fabrication of used-tea embedded alginate beads for 

cationic dye remediation: Synergistic effect of surface adsorption and intraparticle 

diffusion. Surfaces and Interfaces 51, 104601. 

https://doi.org/10.1016/j.surfin.2024.104601  (Elsevier) [IF = 6.3] 

Book chapter:  

1. A. Kumar, P. Das, C. Das, A review on corrosion inhibition potential of expired 

pharmaceutical drugs (Submitted). 

Conferences attended:  

1. A. Kumar, C. Das, 2023. Electrochemical and and weight loss studies of polyurethane 

coated and uncoated mild steel in 1 M HCl and 0.5 M H2SO4, International Conference 

on Corrosion and Coating (i3C) – 2022, 07-08th Dec, held at TATA Steel, Jamshedpur, 

India (Oral) 

2. A. Kumar, C. Das, 2023. Anticorrosive Behavior of PU in Acidic Environment, IIChE-

CHEMCON 2023, 27-30th Dec, held at Heritage Institute of Technology, Kolkata, India. 

(Oral) 

3. A. Kumar, B. Bhattacharya, and C. Das, 2024. Studies on the inhibitive effect of ferrozine 

on the corrosion of mild steel in hydrochloric acid, Research & Industrial Conclave - 

Integration’24, 09-11th Aug, held at IIT Guwahati, Assam, India (Oral) 

4. A. Kumar, C. Das, 2024. Plant extracts as a green inhibitor in acidic environments: A 

review, Research & Industrial Conclave – Integration’24, 09-11th Aug, held at IIT 

Guwahati, Assam, India (Oral) 

5. A. Kumar, C. Das, 2024. Development of green corrosion inhibitor using Duranta erecta 

leaves, ENVIRONMENT 2024, 09-11th Dec, held at IIT Guwahati, Assam, India. (Oral)

TH-3816_196107102

https://doi.org/10.1016/j.surfin.2024.104601


Research output 

 
 

305 
 

6. P. Das, A. Kumar, and C. Das, 2025. Corrosion inhibition potential of expired 

pharmaceutical drugs: A review, Research & Industrial Conclave – Integration 25, 10-

12th Oct., held at Indian Institute of Technology Guwahati, Assam, India. (Oral). 

Workshop/Symposiums attended:  

1. A. Kumar, A. K. Golder, 2020. Studies on photocatalysts recovery and flux behavior by 

membrane separation, Workshop cum Symposium on Bio-inspired Nanomaterials for 

Environment Applications, 12 -13th Feb 2020, organized by IIT Guwahati, Assam, India 

(Poster) 

2. Three-day Training Program on Industrial Corrosion and Its Control, 12 -14th Feb 2024, 

organized by The Electrochemical Society of India, Indian Institute of Science Campus & 

Dept. of Metallurgical & Materials Engineering, National Institute of Technology 

Karnataka Surathkal, Mangalore  

3. Three-days National Workshop on Recent Advances in Food Engineering in North-East 

India conducted, 17 - 19th Dec. 2020, organized by IIT Guwahati under the Technical 

Education Quality Improvement Program (TEQIP) sponsored by the Ministry of Human 

Resource Development, Government of India. 

4. Two-days International seminar on Challenges and Opportunities of Medical Plant 

based Industries in BIMSTEC Countries (IChaMP), 26 - 27th Aug. 2022, organized by 

School of Agro and Rural Technology, IIT Guwahati, Assam, India. 

 

 

 

  

 

TH-3816_196107102



TH-3816_196107102


