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Preface 

Volatile corrosion inhibitors (VCIs) are a revolutionary corrosion prevention technology that forms protective films on metal surfaces. They have been discovered and deployed in various industries, including automotive, aerospace, and oil and gas infrastructure. The book on VCIs aims to bridge the gap between theory and practice, providing readers with a comprehensive understanding of VCIs, their modes of action, compatibility with metals, and current trends. It also explores current trends and problems in the sector, offering actionable insights and best practices for optimizing corrosion prevention measures. The book provides valuable insights for corrosion engineers and scientists, enabling them to make informed decisions and improve corrosion prevention measures. Overall, the handbook contains 14 chapters. 

Chapter 1 discusses volatile organic compounds’ (VOCs’) properties, sources, and applications. This chapter also highlights their significance and adaptability by exploring their uses in industries such as surface coatings, pharmaceuticals, and environmental monitoring, along with their toxicity, health risks that arise from their exposure, and the regulations that are in place to lessen the impact of these pollutants on public health and air quality. Chapter 2 explores the properties, types, and applications of VCIs. The first section of the chapter provides an overview of VCIs, emphasizing their function in creating a barrier that protects metal surfaces from corrosion. The chapter provides helpful information about VCIs, such as how simple they are to use, how well they preserve several metals, how well they work with different types of packaging, and how well they neutralize corrosive gases and stop moisture intrusion. Various kinds of VCI packaging, emitters, films, foams, capsules, bags, and paper, as well as their advantages and optimal uses, are covered in detail. The chapter also provides insights into the different nature and applications of VCIs across sectors by classifying them according to their chemical composition, mechanism of action, application method, metal compatibility, and environmental impact. 

Chapter 3 describes the experimental setups and different mechanisms of corrosion inhibition of VCIs with particular emphasis on the importance of reliable and sensitive techniques for determining the corrosion inhibition performance of VCIs, emphasizing the effect of numerous parameters, including the nature of metal, humidity, and temperature. This chapter describes experimental setups for weight loss, electrochemical, and surface analyses, providing insights into VCI performance. Chapter 4 discusses water supply systems (WSSs) and their corrosion, which affects structural integrity, public health, and water quality. Water quality, temperature variations, microbial and oxygen availability, and mechanical damage significantly affect the corrosion rate and mechanism in WSSs. The chapter also discusses the importance of the Environmental Protection Agency (EPA) in limiting toxic metals in drinking water. 

Chapter 5 explores VCIs in aqueous acidic electrolytes, which can slow corrosion reactions, increase charge transfer resistance, and decrease double-layer capacitance. VCIs can suppress corrosion in acidic conditions through adsorption using vii 
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electron-rich centers. Chapter 6 discusses using VCIs in atmospheric corrosion protection. VCIs form a corrosion-protective film on metallic materials, preventing the diffusion and attacks of corrosive species. The inhibition potential of VCIs depends on exposure time and surface hydrophobic film thickness and roughness. Surface monitoring techniques like Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) demonstrate the adsorption mode of VCIs. Chapter 7 describes the use of VCIs in concrete corrosion mitigation. VCIs can reduce corrosion rates by slowing electrochemical reactions and reinforcing the protective passive film. They can be classified as organic, inorganic, and green VCI corrosion inhibitors. Calcium nitrite is the most commonly used inorganic VCI, but its high cost and toxicity limit its use. Organic inhibitors like amines, hydroxyalkyl amines, tannins, and synthetic species are also being studied. 

Chapter 8 discusses military equipment’s corrosion challenges, highlighting the high safety and cost associated with corrosion-related failure. Techniques include water-absorbing materials, dehumidification strategies, and VCIs for corrosion protection. VCIs form a corrosion-protective film over the metallic material, preventing degradation or atmospheric oxidation. Proper use can minimize corrosion costs by 35% to over 50%. VCIs also enhance reliability and durability, reducing corrosion-mediated environmental and health risks. Chapter 9 discusses corrosion issues in natural gas and chemical industries, focusing on hydrogen sulfide (H S), 2

carbon dioxide (CO ), oxygen (O ), water (H O), organic acids (OAs), and halide 2

2

2

(chloride) ions. VCIs have emerged as effective and economical alternatives to traditional corrosion inhibitors in these industries. They easily vaporize, adsorb on the metal surface, and form a corrosion-protective film. Chapter 10 discusses corrosion mechanisms and protection in automotive, aerospace, and electronics industries, particularly on VCIs. In these industries, corrosion is a significant challenge affecting safety, economic sustainability, and structural integrity. VCIs are a relatively practical, economical, and eco-friendly (3E) approach for corrosion mitigation. 

Chapter 11 discusses corrosion inhibition in the oil and gas industry, focusing on technological advancements, scaling, and socioeconomic effects. Corrosion is a persistent problem in these industries, affecting material properties and performance, leading to degradation, failure, and expensive replacement. Water, salts, oxygen, temperature, pH, flow rate, and organic acids affect corrosion rates. VCIs protect metal surfaces by forming a protective molecular layer, but challenges remain in optimizing formulations, delivery methods, and longevity. 

Chapter 12 describes corrosion and corrosion protection in the construction or building industry, emphasizing VCIs as corrosion inhibitors. In the construction industry, VCIs are corrosion inhibitors that prevent material degradation, enhance maintenance costs, and reduce service life. VCIs can protect metallic assets during transport, storage, and installation and are effective in industrial and marine environments. 

Chapter 13 describes the corrosion problems of marine industries and their control, with particular emphasis on VCIs. Marine industries face corrosion problems due to high humidity, fluctuating temperatures, and corrosive seawater. 

VCIs offer a practical, cost-effective, and eco-friendly approach to corrosion 
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protection, providing long-lasting protection, ease of use, cost-effectiveness, and eco-friendliness. They are also used to protect metallic equipment from corrosion for NaCl-based electrolytes. Chapter 14 highlights the detrimental impact of corrosion on mining operations and cultural heritage and explores advanced mitigation techniques. In the mining industry, corrosion impacts operations and cultural heritage due to harsh climates and low-quality water. Major corrosion-controlling approaches include cathodic protection, protective coatings, continuous monitoring, and surface cleaning. Corrosion also affects the structural integrity and longevity of coins and historical monuments. Proper conservation techniques, such as controlled storage conditions, protective coatings, and cleaning methods, help mitigate corrosion risks. 

The book is a thorough resource that provides insights into the enormous potential of VCIs. This book is a significant resource for scholars, students, and practitio-ners and has been written for scholars in academia and industry. 
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Properties, Sources, 

1 and Applications of 

Volatile Compounds 

1.1  INTRODUCTION 

1.1.1  Definition, SourceS, anD applicationS 

Volatile compounds (VCs) are chemicals with high vapor pressure at room temperature. Various groups have provided varying definitions for volatile organic compounds (VOCs). Some major definitions and defining agencies are summarized in Table 1.1. VOCs evaporate quickly into the air, producing vapors or gasses. 

VCs can be found in various materials, including chemicals, fragrances, essential oils, fuels, meals, and beverages. They are often responsible for the characteristic odors or flavors of these substances. Volatile chemicals can be generically classified as organic or inorganic. The most prevalent examples of inorganic volatile chemicals include ammonia (NH ), hydrogen sulfide (H S), carbon monoxide (CO), sulfur 3

2

dioxide (SO ), and nitrogen oxides. They can come from various sources, includ-2

ing geological processes, industrial operations, and natural phenomena. VOCs are carbon-based chemicals frequently containing hydrogen and other elements like oxygen, nitrogen, sulfur, and halogens [1, 2]. They can also be released by various organisms, including microbial activities, plants, and trees, and they alter the atmosphere’s chemistry in both natural and artificial contexts. VOCs can also be found in paints, dry cleaning solutions, degreasers, solvents, chemical intermediates, and various industrial goods. Additionally, they are the results of burning and chlorinating drinking water. Moreover, the process of microwaving may also release VOCs. 

The quantity or relative contribution of VOCs from various resources changes based on environmental conditions, human activity, and geographical location. 

For example, biogenic emissions from plants and natural processes like soil microbial activity play a significant role in rural areas than in urban areas. In urban areas, car emissions, industrial operations, and consumer product use are substantial sources of VOCs. Seasonal fluctuations, weather patterns, and atmospheric chemistry can further influence the distribution and number of VOCs from various sources. Figure 1.1 illustrates the sources of variation in VOC concentrations throughout various pollution periods [3]. VOCs include hydrocarbons (CH , C H , C H , etc.), aromatic compounds (benzene, toluene, xylene), 4

2

6

3

8

alcohols (CH OH, C H OH, C H OH, etc.), carbonyl compounds (formaldehyde, 3

2

5

3

7

acetone, etc.), and terpenes (limonene, pinene, linalool, etc.). VOCs are important in many fields, including chemistry, biology, environmental science, food 1 
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TABLE 1.1 

Different Definitions of Volatile Organic Compounds 

S/N 

Organization/Country 

Definition 

1 

Health Canada 

VOCs are organic compounds with boiling temperatures that are 

generally between 50°C and 250°C (122°F and 482°F). Focus is on 

frequently occurring VOCs that could impact the quality of the air 2 

European Union 

Any organic species, including the creosote component, that has a 

vapor pressure of at least 0.01 kPa at 293.15 K or that exhibits a commensurate volatility under the specific usage circumstances 

3 

The People’s Republic 

VOCs are organic compounds that come from a variety of sources, 

of China 

including “fitment finish, storage and transportation of oils, 

cooking oil fume and small particles (PM 2.5), cars, burning of all fuels, industrial production and civilian use, and coating for 

furniture and machinery” 

 Source:  https://en.wikipedia.org/wiki/Volatile_organic_compound 

science, and medicine [1,  2]. Depending on their qualities and concentrations, they can have positive and negative impacts. VOCs are defined differently by different organizations, and Table 1.2 provides a summary of the various prevalent definitions. The VOCs may be further classified into different series based on their origin, structure, reactivity, environmental effect, and regulatory impacts (Figure 1.2). 

1.1.2  chemical Structure, propertieS, anD Volatility of VocS

VOCs are chemicals with a broad range of chemical structures. These include halogenated compounds (like dichloromethane and chloroform) and hydrocarbons (like methane, ethane, and benzene), as well as oxygenated compounds (like alcohols, ketones, and aldehydes). Hydrocarbons are usually made up of carbon and hydrogen 

FIGURE 1.1  Source contributions to VOC concentration throughout several pollution episodes in the positive matrix factorization (PMF) model [3]. (Reproduced from Ref. [3] 

with permission.) 

Properties, Sources, and Applications of Volatile Compounds 3 

TABLE 1.2 

Classification of Volatile Organic Compounds 

Boiling 

S/N 

Class 

Point (°C) 

Abbreviation 

Representative Examples 

1 

Semi- (or 

240–260 to 

SVOCs 

Pesticides (DDT, chlordane), fire 

somewhat) 

380–400 

retardants (PCBs, PBB), plasticizers 

Volatile organic 

(phthalates), etc. 

compounds 

2 

Volatile organic 

50–100 to 

VOCs 

Toluene (Ph-CH ), ethanol (C H OH), 

3

2

5

compounds 

240–260 

acetone (C H O, formaldehyde 

3

6

(HCHO), d-limonene (C H ), 

10

16

Hexanal (C H O), propanol (C

6

12

₃H₈O), 

etc. 

3 

Very volatile 

<0 to 50–100 

VVOCs 

Methane (CH ), ethane (C H ), propane 

4

2

6

(gaseous) 

(C H ), butane (C H ), methyl 

3

8

4

10

organic 

chloride (CH Cl), etc. 

3

compounds 

 Source:  https://www.epa.gov/indoor-air-quality-iaq/technical-overview-volatile-organic-compounds 

atoms, oxygenated compounds contain oxygen in addition to carbon and hydrogen, and halogenated compounds contain halogen atoms (such as chlorine or fluorine) in addition to carbon and hydrogen atoms [4, 5]. These characteristics determine their volatility, reactivity, and possible environmental and human health effects [4, 5]. 

The common physical and chemical properties of VOCs are summarized in Table 1.3. 

Molecular weight, intermolecular interactions, and chemical structure are some elements that affect VOCs’ volatility. In general, compounds with smaller molecular weights have higher volatility. The attraction between molecules is influenced by intermolecular interactions, including hydrogen bonding and van der Waals forces, which also affect molecules’ propensity to evaporate. Functional groups that change surface area and molecular polarity, such as aromatic rings or alkyl chains, can affect volatility. Significant effects are also played by temperature and pressure, where higher temperatures and lower pressures encourage greater volatility by giving molecules more energy to overcome intermolecular interactions and enter the gas phase. 

Measuring the volatility of VOCs is essential for comprehending their behavior in the environment and evaluating their possible effects on human health and air quality. The volatility of VOCs can be measured using various techniques. 

Determining the vapor pressure is a typical technique for assessing volatility. The pressure a substance’s vapor exerts at a specific temperature when it is in equilibrium with its liquid or solid phase is known as vapor pressure. Using tools like dynamic dilution systems, gas saturation, and Knudsen cells, one can experimentally quantify the vapor pressure of a VOC [6]. These techniques entail measuring the pressure 

[image: Image 6]
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FIGURE 1.2  Classification of VOCs based on different criteria. 

of the vapor phase after exposing a known quantity of the VOC to a particular temperature. Important characteristics like volatility indices and vapor pressure curves can be calculated by adjusting the temperature to estimate the vapor pressure under different conditions. Environmental or volatility chambers are another method of measuring volatility [7]. These chambers regulate temperature, humidity, and light exposure to mimic real-world circumstances. Analytical techniques like proton-transfer-reaction mass spectrometry (PTR-MS) and gas chromatography– 

mass spectrometry (GC-MS) are used to track the behavior of VOCs over time once they are introduced into the chamber [8]. The volatility of individual chemicals or complex VOC mixtures can be measured by tracking the decline in VOC 

concentrations over time and controlling for other variables, such as partitioning between surfaces and air. Furthermore, improvements in analytical instrumentation and modeling methodologies have made it possible to quantify VOCs with greater accuracy and precision, which has improved our knowledge of their origins, destiny, and environmental effects. 
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TABLE 1.3 

A Summary of Typical Properties of VOCs 

S/N 

Property 

Brief Description 

1 

Vapor pressure  Because of their high vapor pressures, VOCs can readily evaporate into the atmosphere and exist in a gaseous state at room temperature 

2 

Low boiling 

VOCs, with low boiling points (generally below 100°C), are quickly points 

evaporated from liquid or solid materials into the air due to their ability to evaporate 

3 

Odor 

Various VOCs have unique smells that can be either pleasant or unpleasant. 

The fragrance industry frequently takes advantage of this feature 

4 

Solubility 

Different VOCs have different solubility levels in organic solvents and water. 

Some VOCs are slightly insoluble, and others are highly soluble 

5 

Toxicity 

Many VOCs are harmful to the environment and human health. Long-term exposure to high concentrations can have many adverse health effects, such as respiratory problems, headaches, eye, nose, and throat irritation, and, in rare circumstances, cancer or neurological damage 

6 

Volatility 

The factors that influence volatility include temperature, intermolecular forces, and molecular weight, to name but a few 

7 

Persistence 

Many VOCs are chemically inert. This allows them to stay in the atmosphere longer and travel great distances 

8 

Chemical 

Due to the presence of functional groups, VOCs manifest slight chemical reactivity 

reactivity. This reactivity can cause atmospheric processes that contribute to generating secondary pollutants like ozone and secondary organic aerosols. 

1.2  APPLICATIONS OF VOLATILE COMPOUNDS 

1.2.1  fooD anD BeVerage inDuStry 

The food and beverage industries use various VOCs [9, 10]. These can be emitted during production or be remnants of cleaning, fermentation, cooking, disinfection, and other food-related processes. Related substances include fats, oils, and greases released during cooking, alcohols and aldehydes formed during fermentation (in bakeries, breweries, and wineries), and chlorinated compounds created during disinfection, including those present in prewashed salads. The concentrations of contaminants are typically modest, ranging from less than 100 ppm to a few 1,000 ppm. For example, fruits and spices frequently contain esters, aldehydes, ketones, and terpenes, giving them unique smells and fragrances (Figure 1.3) [11]. To improve the flavor profile of their products, food makers may use natural extracts containing VOCs or isolated VOCs. VOCs are also frequently employed as solvents to remove natural odors from plant sources. 

Volatile flavor compounds (VFCs) are used in solvent extraction techniques, including steam distillation, solvent extraction, and supercritical fluid extraction to separate the taste components from plants, fruits, and herbs [12]. After being eliminated, these tastes are added to various food and drink items. VOCs 

[image: Image 7]
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FIGURE 1.3  Schematic illustration of common volatile in food and beverage products [11]. 

(Reproduced from Ref. [11], open access publication.) are involved in fermentation, especially when making alcoholic beverages like wine, beer, and spirits [9]. During fermentation, a range of VOCs is produced by bacteria and yeast, adding to the finished product’s complexity, flavor, and scent. 

Manufacturers can attain desired flavor profiles by managing the generation of particular VOCs throughout the fermentation process. 

Food and beverage packaging materials also use VOCs. For example, VOCs produce films, adhesives, and coatings for food packaging. These substances contribute to barrier qualities, product safety, and product shelf life extension. Certain VOCs are used as processing aids in food preparation. For instance, ethanol is frequently employed as a solvent in the extraction of tastes and in manufacturing tinctures and extracts. Food flavorings and colorings also contain ethanol as a carrier solvent. In the food and beverage business, VOCs are used in cleaning and sanitization procedures. VOCs, including alcohols, aldehydes, and terpenes, are found in many commercial cleaning products, and they aid in the efficient removal of grime, oil, and microbes from surfaces and equipment used in food processing. Certain VOCs have antibacterial and antioxidant qualities that can help prolong the shelf life of food items. For instance, it has been demonstrated that some terpenes and phenolic compounds in essential oils have antibacterial properties against foodborne viruses. These natural preservatives can be used to improve the safety and stability of food formulations. 

However, in the manufacture of food and beverages, VOCs can lead to three different sorts of problems: air pollution linked to photoreactive substances, toxicity, and odors. In food processing, toxicity is not an issue because air pollutants are usually safe to breathe, even indoors. A variety of substances can cause odors and are serious issues. Regretfully, smells are frequently linked to deficient contamination concentrations. 

[image: Image 8]
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1.2.2  perfumery anD fragrance inDuStry 

VOCs are important to the perfume and fragrance industries in several ways [13, 14]. 

VOCs are frequently employed as solvents in extracting natural scents from plant sources. VOCs are necessary to extract volatile aromatic compounds from fruits, flowers, and other plant materials using solvent extraction, enfleurage, and steam distillation. VOCs are frequently employed in scent compositions as carrier solvents. 

To ensure correct dispersion in the finished product, they aid in the dissolution and dilution of synthetic aroma compounds, absolutes, and essential oils. Numerous VOCs add to a fragrance’s aroma. Perfumes and colognes frequently contain aroma compounds, including esters, aldehydes, ketones, and terpenes, to add certain smells and increase the fragrance’s complexity [15]. Certain VOCs work as fixatives in perfumery, extending the scent’s duration on the skin. To prolong the perfume, these substances aid in slowing down the pace at which more volatile fragrance ingredients evaporate. Fragrances such as colognes and perfumes use VOCs as formulation ingredients. They may be used to modify the product’s viscosity, improve its spread-ability, or impart particular sensory qualities, among other things. The fragrance business uses VOCs as solvents in various industrial processes. They produce emulsions, fragrance compounds, and other components relevant to scent production. 

Fragrance product packaging materials may include VOCs. For example, perfume packaging’s adhesives, coatings, and films contain VOCs. These components support the integrity and aesthetics of the product. 

The main reason for flower fragrance is the presence of VOCs. These substances, released by the flower’s petals and other floral structures, add to the unique fragrance connected to each kind of flower. VOCs interact with olfactory receptors to produce the impression of particular scents. An essential component of flowers’ reproductive strategies, this evolutionary adaption aids in pollinator attraction. Zhou et al. [16] 

examined novel wild tea-scented roses from Yunnan Province, China, for the potential use of VOCs in commercial settings. From the ten studied roses, the study found 86 VOCs. These findings highlight distinct variations and their uses in various sectors, including food production, aromatherapy, cosmetics, and perfumery. A few of the significant VOCs found in them are depicted in Figure 1.4. 

FIGURE 1.4  Graphic depiction of each sample’s specific VOCs in groups A and B [16]. 

(Reproduced from Ref. [16] with permission.) 

[image: Image 9]
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FIGURE 1.5  Diagram showing the various uses of VOCs in the pharmaceutical sector. 

1.2.3  pharmaceutical inDuStry 

The pharmaceutical sector has substantially used VOCs in various ways (Figure 1.5). 

They are frequently used as solvents or carriers in pharmaceutical formulations, such as sprays, transdermal patches, and inhalers, to improve drug delivery efficiency 

[17, 18]. VOCs are used as reaction solvents or in other steps of the synthesis process to create a variety of medicinal molecules. They can help cleanse pharmaceutical goods, dissolve reactants, and speed-up processes. Pharmaceutical companies employ VOC analysis to track the composition and existence of specific molecules in their raw materials, intermediates, and final products. This process is known as quality control. Pharmacokinetics investigations use them as internal standards or markers to track the body’s drug distribution, metabolism, excretion, and absorption. 

VOCs may be flavoring agents in pharmaceutical production, such as oral suspen-sions or liquid medications, to enhance taste and patient compliance [19, 20]. In pharmaceutical manufacturing facilities, VOCs such as ethanol or isopropyl alcohol are employed as cleaning agents and disinfectants to keep the environment sterile and avoid contamination. 

1.2.4  enVironmental monitoring 

VOCs have several possible applications in environmental monitoring [21]. 

Monitoring the quantities of VOCs is a valuable tool for determining pollution sources and evaluating air quality. Knowing the health concerns associated with exposure to specific VOCs is essential for enacting regulations to reduce pollution. 

Since many consumer products, furnishings, and building materials generate VOCs that can harm human health, monitoring VOC levels indoors while evaluating indoor 
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air quality is crucial. Monitoring aids in locating indoor pollution sources and putting improvement strategies in place for indoor air quality. Numerous companies release VOCs into the atmosphere as a by-product of their industrial processes. Monitoring VOC emissions from industrial sources finds chances for pollution control and emission reduction while also assisting in ensuring compliance with environmental requirements. Spills and leaks can contaminate soil and groundwater when industrial chemicals and petroleum products are improperly disposed of [22]. Tracking the flow of pollutants, determining the amount of contamination, and directing remediation efforts are all aided by monitoring VOC levels in soil and groundwater. VOC 

monitoring is crucial for the management of landfills and hazardous waste sites. 

Monitoring aids in determining the threats that VOCs pose to the environment and public health, directing cleanup operations, and halting new pollution. Ambient air sampling is done at multiple locations as part of VOC monitoring to monitor long-term trends in VOC concentrations, assess regional air quality, and assess the efficacy of pollution control measures. 

1.2.5  Surface, interface, anD miScellaneouS uSeS 

Besides the applications mentioned above, there are many other domains and surface and interface applications for which VOCs could find extensive utility [23, 24]. 

Surface coating compositions, including paints, varnishes, and lacquers, frequently employ VOCs as solvents [25]. Lowering viscosity, promoting film formation, and rapidly evaporating to provide a smooth, long-lasting finish make them easier to apply coatings over. They can bind materials and create tight seals, integral parts of adhesives, and sealants [26]. They enhance strength, pliability, and curing properties. Printing inks for many uses, such as textiles, publishing, and packaging, frequently contain VOCs [27]. High-quality prints are produced due to their capacity to dissolve colorants, improve printability, and evaporate swiftly throughout printing. Applications for surface cleaning and degreasing in automotive, aerospace, and electronics production use solvents based on them. They efficiently remove oil, grease, and impurities from surfaces in preparation for painting, bonding, or assembly procedures. Chemical etching, anodizing, and electroplating are surface treatment techniques that use VOCs. They support adhesion, corrosion resistance, and surface finish quality by helping to remove oxides, impurities, and scale from metal surfaces. 

In corrosion protection coatings, they are used as solvents to facilitate the application and development of protective coating films [28]. They ensure adequate coverage and adhesion to metal surfaces by contributing to the coating compositions’ viscosity, flow characteristics, and drying qualities. They also evaporate during the curing process to leave behind a long-lasting barrier against corrosion. In chemical analysis, they are used as calibration and analytical standards in spectroscopy and chromatography. They make it possible to identify and quantify target molecules in complicated samples precisely. Certain VOCs are added to gasoline, diesel, and aviation fuels as fuel additives to improve fuel performance, combustion efficiency, and emissions control [29]. They lower engine deposits, raise the octane rating, and cut emissions of air pollutants. They are propellants in aerosol goods like personal care sprays, 
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insecticides, and air fresheners. They make it easier for the active components to diffuse out of pressurized containers, enabling easy and regulated application. 

1.3  TOXICITY, HEALTH, AND SAFETY CONSIDERATIONS 

The health impacts of VOCs can be substantial, both indoors and outdoors [30]. 

Indoor air pollution can result from VOCs released from furniture, building supplies, cleaning supplies, and other sources. Short-term symptoms include headaches, nausea, and irritation of the eyes, nose, and throat. Several VOCs are typically two to five times more prevalent indoors than outdoors. The values may be 1,000 times background outside values during and for a few hours following specific activities, including paint stripping. Indoor VOC exposure over an extended period has been connected to chronic health concerns, allergic responses, and respiratory problems [31]. 

Some indoor VOCs may exacerbate health concerns by fostering the development of indoor ozone and secondary pollutants [31]. Ground-level ozone and smog are created outdoors by reacting VOCs from natural sources, industrial processes, and vehicle emissions with nitrogen oxides in sunlight. These conditions can aggravate preexisting medical conditions like asthma and bronchitis and cause respiratory dis-orders and cardiovascular problems. Figure 1.6 lists a few typical symptoms and health impacts of VOCs. 

“Total VOC,” or TVOC, is frequently used to quantify and eliminate VOCs. 

“TVOC” refers to the total concentration of VOCs in the air simultaneously. TVOC 

is a typical data to be considered when it comes to exhaust air treatment and air pollution control because testing TVOC concentrations is less expensive than evaluating the concentrations of numerous distinct VOCs. A TVOC concentration of less than 0.3 mg/m3 is considered low. TVOC concentrations between 0.3 mg/m3 and 0.5 mg/m3 are considered acceptable. A TVOC concentration level of 0.5 mg/m3 or above is considered significant or high (Table 1.4). TVOC can be expressed as parts per million (ppm), parts per billion (ppb), milligrams per cubic meter (mg/m3), or micrograms per cubic meter (µg/m3) of air. 

FIGURE 1.6  Diagram illustrating some common signs and effects of volatile organic chemicals on health. 
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TABLE 1.4 

Chart Displaying Allowable VOC Levels in Air to Breathe 

S/N 

TVOC Level (mg/m3) 

Level of Concern 

1 

1–3 mg/m3 

High 

2 

0.5–1 mg/m3 

Marginal 

3 

0.3–0.5 mg/m3 

Acceptable 

4 

Less than 0.3 mg/m3 

Low 

 Source:  https://tecamgroup.com/what-are-acceptable-voc-levels-in-the-air/ 

Although regulations and standards about VOCs differ worldwide, they generally seek to reduce air pollution, safeguard public health, and lessen adverse environmental effects. These regulations frequently restrict the number of VOCs released by automobiles, consumer goods, and industrial activities. Regulatory bodies like the European Union’s REACH regulation and the United States Environmental Protection Agency (EPA) set VOC emission limitations for particular industries and goods [32–34]. Guidelines may also specify the VOC level of paints, varnishes, adhesives, and other materials to lessen indoor and outdoor air pollution. Adhering to product labeling requirements to notify customers about VOC content, monitoring emissions, and putting pollution control systems into place are typical steps in compliance with VOC standards. To encourage industries to adopt cleaner manufacturing processes and develop low-VOC alternatives, enforcement tools include fines, penalties, and product bans for noncompliance. 

1.4  CONCLUSIONS 

This chapter concludes with a thorough review of VOCs, including their principles, characteristics, origins, and uses in various industries. VOCs are compounds that give off distinct aromas and scents and have a high vapor pressure at room temperature. They can be found in a wide range of materials and goods. Their sources, which range from natural processes to industrial activities and consumer items, are influenced by human activity and environmental conditions, as are their distribution and impacts. Their numerous uses in sectors like surface coatings, medicines, and ecological monitoring demonstrate their importance and versatility. However, their toxicity presents health dangers when exposed, resulting in headaches, respiratory issues, and other adverse effects. Regulations have been implemented to lessen these pollutants’ adverse effects on air quality and public health. 

The chapter also explores VOCs and their chemical makeup, characteristics, and significance in many biological and environmental processes. Analytical techniques for monitoring volatility behavior and concentrations and strategies for quantifying their volatility are presented. The chapter also examines their uses in surface coatings, environmental monitoring, medicines, fragrances, and the food and beverage industry, emphasizing their relevance and applicability in various fields. Regulatory 
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standards intended to reduce emissions and safeguard the environment and public health are finally covered, along with concerns about their toxicity, health impacts, and safety precautions associated with their exposure. The chapter offers insightful information about the complicated world of VOCs, their diverse nature, and their profound effects on various facets of the environment and human life. 
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Fundamentals, 

2 Classifications, and 

Forms of Volatile Organic 

Corrosion Inhibitors 

2.1  INTRODUCTION 

2.1.1  funDamentalS of Volatile corroSion inhiBitorS (VciS) 

VCIs are chemical substances that create a barrier on the surface of metals and protect them from corrosion [1, 2]. VCIs efficiently preserve exposed metal surfaces by slowly releasing a corrosion-preventative substance into an enclosed airspace. VCIs are commonly used when applying rust-preventative solutions or other surface treatments that are undesired or unfeasible. VCIs release chemicals into the atmosphere that establish robust connections with metal surfaces, thereby preserving and enhancing the metal’s native passive oxide layer and actively preventing corrosion [1, 2]. The forming VCI layer is dry and invisible and does not affect the metal’s physical characteristics or usefulness. 

VCIs create a molecular barrier that keeps corrosive substances like moisture and oxygen from penetrating the metal surface and starting oxidation reactions [1, 2]. Iron and nonferrous metals both are protected by VCIs, which are especially useful because they work even in places that are hard to reach. Vapor-phase molecules that adsorb onto the metal surface act as a protective barrier, while conventional inhibitors usually function by forming a protective film on the metal surface. The ability to reach difficult-to-reach places and offer continuous protection, even in enclosed spaces, are two benefits of this vapor-phase protection. However, to establish a protective layer, typical inhibitors must come into direct contact with the metal surface, which is not always possible, particularly in enclosed spaces or complex geometries. While conventional inhibitors frequently offer longer term protection once applied to the metal surface, VCIs can provide temporary protection during storage and transportation. The diverse mechanisms show how adaptable and successful VCIs are at solving corrosion issues across various industries [3]. 

2.1.2  StepS inVolVeD in corroSion protection uSing VciS 

Multiple phases are involved in employing VCIs to prevent corrosion—activating the VCIs, allowing them to diffuse onto metal surfaces, adsorbing onto the metal, and creating a coating that protects against corrosion [4, 5]. The VCI can be activated by heating it, exposing it to air, or letting it evaporate to be adsorbed onto a surface. Once stimulated, the VCI molecules diffuse toward the metal’s surface, providing corrosion protection. The concentration differential between the VCI source and the metal 15 

[image: Image 11]
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FIGURE 2.1  Diagrammatic representation of the fundamental steps of corrosion prevention properties of VCIs. 

surface and other variables like temperature and pressure may impact the diffusion process. Through various methods, including chemical, physical, or a mix of both, VCIs adsorb onto the metal surface. Weak van der Waals forces are involved in physical adsorption, whereas chemical adsorption entails the creation of chemical bonds between the VCI molecules and the metal surface [2, 6]. The VCI molecules attach to the metal surface and create a coating or film of protection upon adsorption. As a barrier, this coating keeps moisture and other corrosive substances away from the metal surface, inhibiting corrosion. The process of adsorption proceeds until equilibrium is attained, at which point the rates of desorption and adsorption are equal. At this stage, the protective film is stable and shields the metal surface against corrosion over an extended period. Due to physical wear and environmental exposure, the VCI protective film’s effectiveness may deteriorate over time [7]. To maintain excellent corrosion protection in such circumstances, the surface may need to be reactivated (if possible), or the VCI may need to be reapplied. The basic steps in corrosion protection characteristics of VCIs are schematically presented in Figure 2.1. 

2.1.3  Some uSeful factS anD propertieS of VciS 

The following are some valuable facts about the VCIs. 

i. VCIs are simple to apply on metal surfaces since they are frequently offered in various forms, including films, sheets, emitters, and sprays. 

ii. From high-concentration regions to low-concentration regions, the VCI molecules diffuse, covering the entire enclosure. 
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iii. VCIs are useful for corrosion protection in confined spaces like cracks since their molecules can move anywhere oxygen molecules can. 

iv.  VCI attract themselves to metallic surfaces, where they condense to offer substantial corrosion protection. 

v.  VCI molecules are attracted to metallic surfaces by attractive forces because of their different distributions of charges. 

vi. Multi-metals in electrical, static, rotational, and civil equipment and structures are effectively protected by VCIs. 

vii. VCIs work with various packaging materials, including metal, paper, and plastic. 

viii. VCIs provide efficient corrosion protection for metals such as copper, aluminum, steel, and iron. 

ix. VCIs neutralize corrosive gases and keep moisture from getting to the metal substrate. 

x. VCIs offer nondestructive protection, do not leave a residue, and do not require removal before the metal may be processed further or used. 

xi. Globally, VCIs are recognized and utilized as an efficient corrosion protection technology. 

xii. They are appropriate for automobile, aerospace, electronics, and military usage. 

2.1.4  aDVantageS of VciS 

The following are some advantages of using VCIs: 

i. The absence of oily residues left on surfaces by CIs usually eliminates the need for cleaning and facilitates handling the treated items. 

ii. Eliminates the need to use solvent-based cleaners to remove standard petroleum-based rust preventatives, which saves labor time and hazardous waste disposal costs. 

iii. Unlike dehumidification systems, VCIs do not require a continuous electricity supply. 

iv.  Addresses the issue of protecting complex equipment internals (such as boilers, valves, and pipes) when coating or liquid rust preventive application would be challenging. 

v.  Corrosion on metal surfaces below and above the fluid level can be prevented by VCIs since they protect many metal types and operate in three phases: liquid, vapor, and interface. 

vi. VCIs can offer long-term corrosion prevention even in demanding conditions. 

vii. Top-of-the-line corrosion (TLC) is protected in a variety of industries by VCIs, which readily evaporate and adsorb on metal surfaces (Figure 2.2). 

viii. VCIs help avoid general corrosion, pitting, crevice corrosion, and even galvanic corrosion because of their capacity to create a protective vapor barrier on metal surfaces. This property enables them to offer dependable and adaptable protection in various industrial environments. 

[image: Image 12]
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FIGURE 2.2  Schematic illustration of top-of-the-line corrosion (TLC) inhibition using VCIs. 

2.2  VCI PACKAGING AND FORMS 

The VCI packaging defends metal structures against rust and other damage brought on by humidity or chemical reactions in the air [8, 9]. VCI packaging is an economical and eco-friendly way to maintain the best possible condition for packed metal structures susceptible to corrosion. Together with the chemical component of VCI, the thin, nearly invisible surface layer formed by VCI packaging typically resembles Kraft paper and provides products with sufficient protection against water, oxygen, salt, and other impurities, accelerating the corrosion process [10]. It defends metallic objects such as engine molds, engines, metal components, and machined parts during long-term storage and transportation. These chemical compound shields’ composite, electrical, and optical components are unaffected. Metal articles and components can be shielded from corrosion during storage and transit with VCI protective packaging. These packaging materials contain compounds that release vapor-phase corrosion inhibitors when exposed to moisture or other corrosive factors, forming a protective layer on the metal surface and preventing corrosion. They are frequently used to avoid rust and corrosion damage to metal parts, components, and products in the automotive, aerospace, manufacturing, and electronics industries. 

VCI packaging effectively prevents rust and corrosion of ferrous and nonferrous alloys. Due to their high carbon content, these metals are especially prone to rust. This does not apply to stainless steel and wrought iron since the metals contain chromium, providing protection. Iron, carbon, alloy steel, cast iron, and more are examples of ferrous metals. Typically, these metals are used in transportation, 

[image: Image 13]
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FIGURE 2.3  Schematic presentation of forms of VCIs and best VCIs packaging practices. 

building, shipping containers, industrial plumbing, and residential applications. 

Since they don’t contain iron, nonferrous metals are pliable and corrosion-resistant. 

Nevertheless, VCI packaging can protect nonferrous metals such as copper, bronze, lead, silver, brass, aluminum, silver, and several multi-metals (Link-1). The metal or metal alloy needs to be protected and the storage or transportation environment should be considered when choosing the proper VCI packaging. Custom VCI packaging is, therefore, frequently the best choice. It is easier for the solution to function well and meet criteria when the packaging is tailored to the industry and the applications. 

Using VCI packaging to protect specific metal components helps industries mitigate the risk of corrosive product damage, saving overhead, labor, and valuable time. 

VCI protective packaging can come in various forms, such as VCI paper, VCI films, VCI bags, VCI emitters, VCI foam, and VCI capsules (Figure 2.3). They are commonly used in automotive, aerospace, manufacturing, and electronics industries to protect metal parts, components, and products from rust and corrosion damage. 

i.  VCI Film Packaging:  To prevent metal components from corroding while being stored or transported, VCI packaging films are special films injected with VCIs. By dispersing vapor-phase corrosion inhibitors, they build a barrier that keeps moisture and other corrosive substances from getting to the metal surface. Examples are polyethene and polypropylene VCI films, extensively used in electronics, industry, and automobiles to preserve metal parts and components. 
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ii.  VCI Emitters Packaging:  VCI emitters are materials or technologies that disperse VCI into a closed space to prevent corrosion on metal surfaces. 

These emitters are frequently utilized with other packing materials to enhance even more security. VCI emitter sachets put into packaging boxes, VCI emitter pads within shipping containers, and VCI emitter films layered into the packaging are a few examples. They aid in preserving the protective environment surrounding metal objects, guaranteeing their resistance to corrosion over time while being stored and transported. 

iii.  VCI Foam Packaging: The VCIs-infused foam packing is specialized protective. During storage and transit, it is intended to protect and cushion metal components against rust. To prevent corrosion on sensitive metal parts even in challenging conditions, foam inserts for toolboxes or shipping containers are one example. 

iv.  VCI Capsules Packaging: VCI capsules are compact, tiny devices with VCIs. They are frequently used in packaging applications where touching the metal directly is impossible. VCI capsules protect metal surfaces from rust and corrosion by releasing protective vapors that create a barrier that hinders corrosion when enclosed in a sealed container or packaging. VCI capsules are helpful for packaging hardware, tiny electronic parts, and precision equipment. 

v.  VCI Capsules Packaging: VCI capsules are compact, tiny devices with VCIs. They are frequently used in packaging applications where touching the metal directly is impossible. VCI capsules protect metal surfaces from rust and corrosion by releasing protective vapors that create a barrier that hinders corrosion when enclosed in a sealed container or packaging. VCI capsules are helpful for packaging hardware, tiny electronic parts, and precision equipment. 

vi.  VCI Bags Packaging: VCI bag packaging protects metal parts from corrosion by using VCI. By releasing protective vapors, these bags maintain the integrity of the metal items inside by acting as a barrier against moisture and oxidation. Examples include VCI zip lock bags for packing machined parts in production or VCI polyethene bags for storing steel coils in the automobile industry. VCI bags are ready to use and do not need any additional training beyond handling basic practices. This product’s protective qualities enable things to be utilized immediately after unpacking. 

VCI bags are primarily used in export situations involving metal items. 

Nevertheless, they are employed in various industries to satisfy multiple needs. Corrosion-inhibiting molecules are released into the bag’s space to protect metal parts and components. Additionally, the bags can be heat-sealed to stave off any possible infection. 

The benefits of VCI bags include the following: 

a.  Wide Range of Options: These options come in various sizes and can be tailored to meet particular packaging requirements. Small assemblies, larger objects, and individual metal parts are where they are most helpful. 

Fundamentals, Classifications, and Forms of VOC Inhibitors 21 

b.  Prolonged Protection: Long-lasting oxidation can damage metal components; VCI bags shield them from this damage. This functionality is perfect for applications involving transportation or storage. 

c.  Eco-Friendly and Reliable: The long-term protection benefits of these bags are further enhanced by their excellent resistance to dust and wet-ness. Moreover, they may usually be recycled to promote eco-friendly practices. 

vii.  VCI Paper Packaging: Rolls of VCI paper help protect small parts or irreg-ular objects. VCI paper can be wrapped directly around metal components or line boxes. For metals susceptible to flash rust or rapid corrosion, the release of the protective corrosion inhibitors occurs faster than with bags. 

Products wrapped with VCI rust inhibitor paper provide immediate protection when done correctly. These are paper sheets coated in high-tech, water-soluble VCI chemicals on both sides to prevent corrosion in ferrous, nonferrous, and composite materials. 

The benefits of VCI paper include the following: 

a.  Reliable Protection: VCI paper sheets are a great option for products that need to be handled or inspected frequently because it is simple to replace the paper. 

b.  Several Size Choices: VCI paper comes in various sizes to meet almost all packaging requirements. 

c.  Ecologically Friendly and Economical: VCI paper is typically biodegradable, which helps companies lower their carbon footprint. 

Furthermore, anti-rust paper might be less expensive than VCI bags. 

Several factors, such as the kind of metal being protected, the time that protection is required, the storage and transit environments, and the particular application requirements, influence the choice of VCI packaging [8–10]. For example, because of its ease of use and versatility, VCI paper may be chosen for specific applications such as wrapping individual components or interleaving between metal sheets. However, VCI films or bags work better for containing bigger objects or acting as a sealed barrier against impurities and moisture. The size, form, and requirement for visibility and accessibil-ity of the metal objects all play a role in the package selection process. Furthermore, choosing the best VCI packaging solution for a particular application involves considering factors like cost-effectiveness, regulatory compliance, and recyclable materials. 

VCI papers and bags are valuable tools since they provide short-term and long-term protection for metal products. In addition to being easier to use, VCI bags provide a sealed moisture barrier and longer lasting protection. Conversely, VCI paper is an effective short-term option for protecting metal components and offers more protection against flash corrosion. For smaller products, paper is also a more affordable option. 

Additional uses for VCI paper and bags are possible. For instance, metal products will be preserved in humid environments or subjected to extreme temperature changes. 

Paper and VCI bags can be used to increase component protection. In addition to acting as a “carrier” or initial line of defense, the VCI paper can be crumpled to provide more in-bag protection. The VCI bag then offers extra assistance. 

[image: Image 14]
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2.2.1  BeSt practiceS for Vci packaging 

To maximize the benefits of VCI packaging, specific actions must be taken to preserve the product’s integrity and keep the VCI vapors within the package (Figure 2.3). When metals are packaged damp or wet, corrosion can happen inside VCI packaging, rendering the product ineffective (Link-1). Maintaining clean cotton gloves is important since hands can transfer moisture, oil, and acidity while handling items inside VCI packaging. Before enclosing metal components in VCI packaging, clean them; contaminated surfaces are not optimal for the protection provided. Moving clean, dry metal parts into VCI packaging as soon as possible is advisable to prevent dust and other impurities from sticking to the metal surface. When covering metal components, always keep the package open. Instead, remove just what is necessary for each use while working in small quantities. Adopt the “first-in, first-out” strategy. Wood and corrugated cardboard can cause and hasten corrosion because they are acidic. Prevent metal parts from coming into close contact with cardboard boxes or wooden pallets. VCI package should be stored in a dry, cool place with minimal to no exposure to sunlight. VCI pros can survive over two years if stored properly. 

2.3  CLASSIFICATION OF VOLATILE CORROSION INHIBITORS 

VCIs can be categorized according to several factors, such as their chemical structure, mechanism of action, application technique, and environmental influence (Figure 2.4). 

They can be further classified into different subcategories depending on their nature. 

FIGURE 2.4  Schematic diagram of classification of VCIs. 
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2.3.1  claSSification BaSeD on chemical compoSition 

VCIs are classified into organic and inorganic categories based on their chemical composition. The main components of VCIs include carboxylates, amines, and heterocyclic compounds like imidazolines and amines that create a molecular shield on metal surfaces. Inorganic volatile acid concentrates (IVACs) are often composed of salts of volatile acids, like phosphate and ammonium nitrite, which produce acidic vapors to prevent corrosion. Combining organic and inorganic components, mixed formulations improve corrosion protection under various circumstances. Amines and amides are extensively employed in a wide range of industrial processes, notably as corrosion inhibitors in systems that are vulnerable to the corrosion of acidic gases such as hydrogen sulfide (H S) and 2

carbon dioxide (CO ). A protective coating that amines create on metal surfaces 2

keeps corrosive gases from touching the metal, acting as a VCI. For example, the oil and gas industry frequently uses cyclohexylamine (CHA) as a VCI to prevent CO  corrosion in pipelines and equipment. To avoid the corrosive assault 2

and consequently prolong the infrastructure’s service life, the amine molecules adsorb onto the metal surface. 

The capacity of organic acids to form protective films on metal surfaces makes them efficient VCIs. This prevents corrosive elements like oxygen and moisture from accessing the metal, thus minimizing corrosion. For example, carboxylic acids like formic and acetic acids are frequently employed as VCIs in the met-alworking and automotive sectors. These acids create a thin, shielding coating that prevents corrosion by evaporating off the metal’s surface. Furthermore, the packaging industry uses fatty acids like oleic and stearic acid to protect metal components during storage and transit. Their capacity to adhere to metal surfaces and form a barrier against corrosive conditions, increasing the life of metal components and equipment, accounts for their usefulness as VCIs. Because they can create shielding layers that stop corrosion on metal surfaces, heterocyclic compounds are important VCIs. The heterocyclic molecule benzotriazole (BTA), which has a triazole ring, is one well-known example. Many metals, including copper, silver, and aluminum, have been thoroughly tested using BTA as a VCI. 

Imidazole is another example, a compound with two nitrogen atoms in a five-membered ring. Imidazole-based compounds exhibit superior corrosion prevention capabilities for steel and other ferrous alloys. Thiazoles like benzothiazole have demonstrated encouraging performance as VCIs for metals like iron and copper. By adhering to the metal surface and creating a barrier against corrosive substances, these heterocyclic compounds prolong the life of metal components in various industrial applications. They also prevent the electrochemical reactions that cause corrosion. 

2.3.2  claSSification BaSeD on mechaniSm of action 

In industries where metal components are prone to deterioration, contact and vapor-phase inhibitors (VPIs) are essential for corrosion prevention systems. Contact inhibitors create a barrier that protects the metal surface from corrosive substances like 

24 

Volatile Organic Corrosion Inhibitors 

oxygen and moisture. They cling to the metal substrate and offer durable corrosion resistance. Vapor-phase inhibitors, on the other hand, work by dispersing VCIs into the ambient air. These inhibitors stop corrosion by creating a protective layer on metal surfaces, even in difficult-to-reach places. These inhibitors provide beneficial ways to protect metal assets, increase longevity, and lower maintenance expenses. 

Certain VCIs can serve as VPIs and contact inhibitors, offering complete corrosion protection. 

2.3.3  claSSification BaSeD on application methoD 

VCIs can also be classified as impregnation, fogging or vaporizing, and inhibitor additives. Inhibitor additives are substances added to corrosive materials, like coatings, oils, or greases, to prevent corrosion. When VCIs are released into the air in enclosed places, condensation forms a protective layer on metal surfaces, known as fogging or vaporizing. When VCIs are incorporated into materials like paper, plastic, or films, they can shield metal components from corrosion while being stored or transported. This process is known as impregnation. Each approach has unique advantages depending on the application needs and environmental factors. 

2.3.4  claSSification BaSeD on other criteria 

Based on their metal compatibility, a critical component of efficient corrosion protection, VCIs can be further categorized. Green inhibitors are often made to work with a variety of metals. They are distinguished by their ecologically benign composition, free of dangerous substances like chromates, nitrites, or heavy metals. These inhibitors are designed to protect different metals from harm without endangering the environment or destroying the integrity of the metal surfaces. On the other hand, conventional inhibitors, although beneficial in preventing corrosion, could contain substances that are hazardous to the environment and need to be handled and disposed of with caution. Depending on the particular formulation, their metal compatibility may vary, with some better suited to certain metals than others. Thus, metal compatibility must be considered while choosing VCIs to maximize protection and reduce environmental impact. 

2.4  CONCLUSIONS 

This chapter clarified the vital function VCIs play in protecting metal surfaces from corrosion by thoroughly examining these compounds’ characteristics, categories, and uses. This chapter offered insightful information on the role of VCIs in corrosion protection methods by exploring the mechanisms of action, different types of VCIs, and their wide range of applications in various industries. The intro-ductory section clarified the basic principles of vacuum cavity insulation (VCIs). 

It emphasized how these devices can form a protective shield on metal surfaces by dispersing chemicals that inhibit corrosion into the adjacent atmosphere. The detailed explanation of the procedures involved in employing VCIs to prevent 
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corrosion, from activation to forming a protective layer, emphasized the effectiveness of VCIs in preventing corrosion even under challenging settings. The characteristics of VCIs were discussed, with particular attention paid to how easy they are to use, how well they protect multiple metals, how well they work with various packing materials, and how well they neutralize corrosive gases and stop moisture intrusion. The benefits of VCIs were emphasized, underscoring their superiority over conventional corrosion prevention techniques. These benefits included the lack of greasy residues, low energy requirements, and worldwide recognition as an effective corrosion protection technology. 

The section on VCI forms and packaging offered thorough explanations of how VCI packing protects metal structures against rust and other types of corrosion brought on by chemical reactions or humidity. The advantages and ideal practices for using various VCI packaging materials, such as films, emitters, foams, capsules, bags, and paper, were covered. The chapter stressed how crucial it is to choose VCI packaging solutions with consideration for things like application needs, metal compatibility, and environmental impact. This chapter provided a thorough overview of the different nature and applications of VCIs across sectors by classifying them according to chemical composition, mechanism of action, application method, metal compatibility, and environmental impact. This chapter cleared the path for well-informed decision-making when putting corrosion prevention techniques into practice by classifying VCIs and emphasizing their distinctive qualities. 
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Experimental Setup and 

3 Mechanism of Action 

of Volatile Organic 

Corrosion Inhibitors 

3.1  INTRODUCTION 

The efficiency of volatile corrosion inhibitors (VCIs) in preventing metal corrosion is measured using various techniques [1, 2]. There are several important factors to consider when choosing the best method for gauging the inhibitory efficacy of VCIs [3]. The technique should be sufficiently sensitive to identify variations in the effectiveness of corrosion inhibition of VCIs. Temperature, humidity, substrate type, and other factors pertinent to the intended application should allow the approach to distinguish between the inhibitory effects of different substances [4–7]. The strategy should be workable, dependable, and repeatable to guarantee consistent results for comparison analysis. The selected approach should align with industry standards and regulations to ensure accurate evaluation and compliance. Finally, given that the inhibitors are volatile, the measurement method should be appropriate for capturing the inhibitors’ performance under dynamic situations, considering variables like evaporation rates and environmental fluctuation. Selecting the proper approach can speed up the development process by enabling quick screening of several inhibitors. 

The weight loss method is a popular technique that involves exposing metal specimens to a corrosive environment with and without VCIs [1, 5]. The difference in weight loss is then quantified to ascertain the degree of inhibition. 

Electrochemical impedance spectroscopy (EIS) is an additional technique that evaluates changes in the impedance of a metal–electrolyte interface brought about by the presence of VCIs, offering information about the protective potential of these compounds [8–10]. Further details on the inhibitory efficacy of VCIs can be obtained by analyzing the surface morphology and chemical composition of metal surfaces treated with the technique, scanning electron microscopy (SEM), and Fourier transform infrared (FTIR) spectroscopy. 

Combined, these techniques offer insightful data that can be used to evaluate how well VCIs prevent corrosion. The following section provides a general description of some popular methods used to test the corrosion inhibition potential of VCIs. 
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3.2  METHODS OF INHIBITION EFFICIENCY TESTING 

3.2.1  Weight loSS or graVimetric methoD 

Weight loss is one of the most established and used methods for assessing the corrosion inhibition potential of VCIs. This technique entails subjecting metal samples to corrosive conditions with and without the VCI, weighing the metal after a prede-termined amount of time, and comparing the outcomes to ascertain the degree of corrosion inhibition offered by the VCI. The technique involves the following steps: Step 1: Sample Preparation: The experiment should be used to determine the proper size for the test samples of metals or alloys. The samples are thoroughly cleaned to remove any oxides or contaminants that can impede the corrosion process. The sample can be made free of surface impurities by using emery sheets of varying grades to clean and polish the metal surface. 

The sample can then be completely rinsed with distilled water to eliminate any solvent residue, and the cleaned metal surface can be gently wiped with a lint-free cloth moistened with a mild solvent like isopropyl alcohol. To avoid water stains or leftover moisture, gently dry the sample after cleaning with compressed air or a soft, dry towel. Weigh the sample with an accurate analytical balance and note its initial weight once it has dried. 

 Step 2: Sample Exposure Period and Condition: The prepared metal samples are placed in an environment that mimics corrosion and real-world circumstances. The intended use of the VCIs may dictate that this environment involves exposure to corrosive agents such as acidic solutions, salt spray, moisture, or other substances. Test samples are subjected to the corrosive environment with the VCI administered, while control samples are exposed without it. The exposure timing and period may vary depending on the severity of the corrosion conditions and the expected protection duration. 

Typically, it ranges from hours to several weeks. 

 Step 3: Weight Loss Measurement: Following the exposure time, the metal samples are carefully removed from the corrosive environment, cleaned to remove any corrosion products or surface residues, and allowed to dry completely. One can calculate the weight loss (Δ W) by deducting the sample’s final weight ( W ) from its original weight (

). This Δ

final

 W initial

 W can 

be regarded as weight loss of blank, that is, without VCI (Δ W 0). 

 Step 4: Addition of VCI and Weight Loss Measurement: The sample preparation and weight loss research measurement must adhere to the same pattern if VCIs are present. For consistent coverage on the metal surface, VCIs can be deposited as a thin film or by vapor-phase deposition. Following the compilation of the exposure duration (e.g., 24, 48, and 72 h), the samples ought to be taken out and precisely weighed, as previously mentioned. The Δ W can be regarded as weight loss of the inhibited sample, that is, in the presence of VCI (Δ W VCI). 

 Step 5: Calculation of Corrosion and Inhibition Efficiency: Based on the weight difference between the samples before and after exposure to the corrosive environment, the corrosion rate ( C ), surface coverage (

R

θ), and 
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the percentage of inhibition efficiency (%IE

) can be calculated as per 

weightloss

Equations 3.1–3.6. The corrosion rate is commonly represented as a percentage of weight loss about the sample’s starting weight or as millimeters per year (mm/year). 

Weightloss(  W 

˜ ) =  W  

−  W

(3.1) 

initial

final 

0 

VCI 

%IE 

=  W  −  W  ×100 

(3.2) 

weightloss 

 W  0 

0 

VCI 
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=  C  R  −  C  R  ×100 
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 K W  

 C 

=  × 

(3.6) 
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 A ×  T ×  D  

In the above equations,  W

, 

, 

,  VCI, %IE, 

initial  W final  W 0 ,  W VCI ,  C 0 R  C R

 K,  A,  T, and  D

represent the initial sample weight, final sample weight, weight loss of sample in the absence of VCI, weight loss of sample with VCI, corrosion rate in the absence of VCI, corrosion rate in the presence of VCI, percentage inhibition efficiency, conversion factor, surface area of sample, exposure time, and density of the sample (metal), respectively. Different setups have been proposed to perform the weight loss experiments. 

Quraishi et al. proposed an Erlenmeyer flax method (Figure 3.1a) for determining the corrosion inhibition effectiveness of piperazine and its derivatives as VCIs for mild steel [11]. The potentiodynamic polarization (PDP) method supported the weight loss study. Water or water + glycerin mixture was used as electrolytes. 

However, other electrolytes can be used to mimic the other industrial environments. 

All experiments were conducted for 30 days of exposure at 40°C and 100% humidity. The authors observed that among the tested VCIs, piperazine dinitrobenzoate (PDNB) manifests 99.48% efficiency at 1,000 ppm concentration. Although the model is limited to performing the weight loss study at limited conditions, the scope of this method can be explored by performing the experiments as follows: a.  Humidity Variations: Low (30–40%), medium (40–70%), and high (70–100%) humidity levels 

b.  Temperature Variations: Low (< –10°C to 0°C); ambient (20–25°C); and high or elevated (>60°C) temperature levels 

c.  Exposure Time Variations: A few weeks to several months (1, 3, 6, 9, and 12 months) 

[image: Image 15]
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FIGURE 3.1  Schematic presentation for weight loss experiment using volatile corrosion inhibitors. (a) Erlenmeyer flax method proposed by Quraishi et al. [11]. (bi) A wide-mouth bottle fitted with a rubber plug and (bii) hanged sample methods proposed by Zhao et al. [12]. 

Recently, Zhao et al. proposed an updated setup for weight loss measurement and used a wide-mouth bottle fitted with a rubber plug (Figure 3.1b) instead of an Erlenmeyer flask [12]. They determined the corrosion inhibition effectiveness of morpholine-based salts for 20# steel in a 3.5% NaCl solution. They observed that morpholine propionate showed a remarkably lower inhibition efficiency of below 30% while remaining morpholine salts showed an inhibition efficiency of more than 85%. They further observed that morpholine carbonate showed the maximum volatility due to its highest inhibition efficiency. The beauty of this model is that the distance between samples and VCI molecules can be adjusted with the help of an aluminum tube, and the sample can be either mounted on the rubber plug or hung with the help of sample holders. In both models, the VCI molecules can be placed on the bottom of a specific VCI holder, mostly in powder form. However, they can also be applied to thin films, foams, and impregnated papers. 

The weight loss method for evaluating corrosion prevention efficacy is straightforward; however, it has the following limitations: 

i. To achieve significant weight loss, samples need more prolonged exposure (weeks or months) in a weight loss study. Therefore, this is a time-consuming method. 
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ii. The pre- and post-experiment cleaning of samples may adversely affect the preciseness of the experiment. 

iii. The weight loss method is useful for systems where a significant weight loss (Δ W) is observed and is ineffective for weight change. 

iv.  The weight loss method gives an average value and does not give any information on localized corrosion, that is, pitting and crevice corrosion. 

v.  Post-experiment cleaning may remove the useful corrosion products and elements that could give vital information. 

vi. Unlike electrochemical methods, weight loss studies do not provide dynamic and real-time data. 

vii. The laboratory testing designed for VCIs may not mimic the realistic industrial environment. 

viii. The weight loss method does not give a strong clue about the corrosion mechanism, adsorption mode, nature of bonding, and film formation. 

ix. The weight loss method is strictly limited to metallic materials. 

3.2.2  electrochemical methoDS 

A sample holder can be constructed to hold firmly metallic samples for electrochemical studies, typically made of noncorrosive polyamide and epoxy-coated materials to prevent contamination. The sample can be positioned beneath an aperture that allows direct exposition to the test electrolyte or environment, such as a film of condensed water. A platinized titanium or graphite rod can be used as an auxiliary or a counter electrode, and a platinum wire or calomel electrode can be used as a reference electrode. Ag/AgCl can also be used as a reference electrode for electrochemical studies. The entire assembly can be placed in a humidity- and temperature-regulated chamber. Electrochemical impedance spectroscopy (EIS), PDP, and open-circuit potential (OCP) are the common electrochemical techniques that can be used to evaluate the protection performance of VCIs. OCP measures the electrode potential over time and provides significant insight into the spontaneous passivation (oxide film formation) and stability of VCI films 

[13, 14]. A positive and stable OCP value manifests the development of a stable, protective film, which provides prolonged inhibitive protection. 

EIS represents another nondestructive electrochemical technique frequently used to determine the electrochemical behavior of materials. EIS mainly provides the capacitive and impedance properties of the protective film of VCIs over a range of frequencies [15, 16]. In EIS experiments, a small AC voltage (generally 10 mV) is applied to the metallic sample exposed to corrosive environments and the corresponding current response is measured. The impedance, typically termed electrochemical impedance ( Z), is plotted as a function of frequency, which yields Bode and Nyquist plots. Fitting Nyquist curves in a suitable equivalent circuit yields valuable parameters, including charge transfer resistance ( R ). The   values can be derived ct

 R ct

with and without VCIs, and their percentage inhibition efficiency (%IE ) can be EIS

derived using Equation 3. 7 [1, 2]: 

VCI 

0 

%IE  =   R  ct  −  R  ct  ×100 

(3.7) 

EIS 

 R  VCI 

ct 
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In the above equation,  R VCI  and  R 0  represent the charge transfer resistance with ct

ct

and without VCIs, respectively. Generally, a high  R  value means a high resistance ct

to the charge transfer process. 

PDP is another commonly used electrochemical technique that is extensively used to measure corrosion behavior with and without VCIs. PDP measurement involves sweeping the electrode potential at a controlled and regulated rate and measuring the current. Generally, the electrode potential is scanned from negative (cathodic) to positive (anodic) direction at a defined sweep rate (mainly at 1 mV/s), which generates the corresponding anodic and cathodic polarization (or Tafel) curves. More noise can be averaged out, and more samples can be averaged for a data point at lower scan rates. More significantly, the experiment’s time frame is determined by the scan rate. Research on the kinetics of electrochemical processes can be done with this. 

Low scan rates are typically selected for corrosion measurements. The extrapolation of linear segments of Tafel curves manifests many valuable parameters, including corrosion potential ( E ), current density (

), and Tafel slopes (  and  ). The 

corr

 i corr

βa 

βc

inhibition potential of VCIs can be derived using Equation 3. 8 [1, 2]: 

0 

VCI 

%IE  =  i  corr  −  i  corr  ×100 

(3.8) 

EIS 

 i  0 corr 

In the above equation,  i VCI and  i 0  represent the corrosion current densities with corr 

corr 

and without VCIs, respectively. Generally, a lower value of  i  represents a high cor-corr

rosion resistance and lower corrosion rate. 

3.2.3  miScellaneouS methoDS 

The most common methods for studying the inhibitory performance of VCIs are electrochemical and weight loss investigations. However, numerous alternative methods can bolster the aforementioned research findings. For example, gas chromatography (GC) can measure the VCI concentration over the metal surface. This manifests an inevitable information about the effectiveness of VCI films over time. FTIR spectroscopy can determine the chemical composite of VCI films deposited over the metal surface [17–19]. The FTIR can support the adsorption mode of corrosion inhibition using organic corrosion inhibitors, including VCIs. Similar conclusions can be derived using energy-dispersive X-ray (EDS or EDX) and X-ray photoelectron spectroscopy (XPS) analyses [20–22]. Atomic force microscope (AFM) [21, 23] and scanning electron microscope (SEM) [17, 20] can be used to determine the surface morphology of the corroded metallic samples with and without VCIs at different samples. A smoother surface can be observed for the samples corroded in the presence of VCIs. 

3.3  CORROSION INHIBITION MECHANISM OF VCIs 

VCIs can prevent corrosion inhibitors in two ways: (i) by adsorbing environmental moisture or other corrosive species that cause corrosion and (ii) by using their adsorption to create a corrosion-protective coating. In the second type of corrosion inhibition mechanism, VCIs automatically vaporize at room temperature and 
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adsorb on the metal surface to minimize or prevent the risk of corrosion. This is an easy-to-use, effective, economical, and residue-free method. Most of the studied VCIs contain hydrophilic and hydrophobic segments. During adsorption, the polar hydrophilic segment orients toward the metal surface and effectively binds using their electron-rich sites called adsorption sites. On the other hand, the nonpolar hydrophobic segment is directed toward the environmental side. Recent research by Ma and coworkers, for instance, examined the ability of lysine salt (LA) and its intercalated graphene oxide derivative (LA-GO2) as VCIs for mild steel in a simulated atmospheric corrosive solution. The authors schematically presented the corrosion inhibition mechanism of LA and LA-GO2 (Figure 3.2). GO2’s layered wrinkles and pore structure provide several active sites for LA dispersion, which is why the LA-GO2 has a higher volatilization capacity than the LA. 

The high volatility of LA-GO2s offers them the qualities of adequate mild steel surface coverage and protection. The high volatility of VCI molecules also enables them to adsorb on the steel surface, forming a hydrophobic barrier that lowers corrosion current and prevents the cathodic reaction process. Another factor influencing the electrochemical anodic reaction process is the chemical coordination of the N and Fe atoms. Similar to the commercial product (DICHAN, 99.7%), the study demonstrated that LA-GO2 chemical coordination with iron atoms on the steel surface enhances electron transfer resistance and slows down the anodic oxidation process, resulting in a corrosion inhibition efficiency of 99.3% in the VIA test. 

FIGURE 3.2  Diagrams showing how LA and LA-GO2 prevent mild steel from corroding in simulated atmospheric corrosion solutions: LA (a, b) and LA-GO2 (c, d). 
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3.4  CONCLUSION 

This chapter covers experimental configurations and mechanisms for VCI corrosion inhibition, highlighting the significance of trustworthy methods and considering variables like temperature, humidity, and metal type. Surface analyses, electrochemical, and weight loss are among the methods; weight loss is the most economical. 

Electrochemical studies provide some vital parameters, including charge transfer resistance ( R ) and current density (

), in terms of which corrosion inhibition per-

ct

 i corr

formance of VCIs can be described. Generally, a high value of  R  and a low value of ct

 i  is associated with high corrosion resistance and corrosion inhibition performance. 

corr

Numerous other techniques, including GC, FTIR spectroscopy, EDS or EDX, XPS, AFM, SEM, and so on can be used to support the outcomes of weight loss and electrochemical studies. The outcomes of the literature study revealed that VCIs become effective by adsorbing on the surface of the metal and forming a protective film at the interface of the metal and the environment. The corrosion inhibition mechanism has been described schematically in that the VCIs form a hydrophobic protective film that avoids the diffusion of corrosive species, including ions, water, and salts. 
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Applications in Water 

4 Supply Systems 

4.1  INTRODUCTION 

4.1.1  funDamentalS of Water Supply SyStemS (WSSS) 

Less than 1% of the water on and beneath the surface of the Earth is liquid freshwater. 

Earth’s estimated 1.4 billion km3 (326 million cubic miles) are primarily found in the oceans or frozen in glaciers and polar ice caps. Surface water and groundwater are significant water sources for the community’s water supply needs. Large cities rely on rivers and lakes for water supply, whereas single-family houses and small villages use groundwater. Water quality is a serious issue, and ancient societies recognized its significance. Sand filtration and chlorine disinfection are two water treatment techniques developed from the 19th century’s initial proof of the germ theory of illness [1]. In industrialized nations, chronic health impacts from chemical contamination are a problem, whereas waterborne infections are a big concern in developing countries [2, 3]. 

Organic and inorganic compounds, turbidity, bacteria, and radioactive materials are some factors that impact drinking water regulations [4]. Arsenic, nitrate, fluoride, and hazardous metals are examples of inorganic contaminants, whereas pesticides are examples of organic pollutants [5]. Cloudiness in water brought on by tiny particles is known as turbidity. Both natural and artificial radioactive elements can be dangerous. 

Concerns about appearance include color, flavor, and odor. 

Water contaminants’ concentrations are determined by water quality regulations, which impact the choice of raw water sources and treatment procedures [6]. While secondary standards offer recommendations for color, taste, odor, hardness, and corrosiveness, primary standards define the maximum levels of contaminants [7]. 

Because of pollution, surface water needs more treatment than groundwater, while groundwater typically requires clarity. Some treatment processes include clarifica-tion, disinfection, softening, aeration, carbon adsorption, and fluoridation [8]. In regions with limited freshwater resources, desalination techniques are employed. 

Filtration uses porous materials, such as sand, to remove suspended contaminants, whereas sedimentation removes them [9]. Carbon adsorption eliminates organic materials, aeration regulates flavor and odor, and water softening eliminates dissolved calcium and magnesium salts. Freshwater is separated from brackish or salt water through desalination or desalting [10]. Desalination methods can be divided into membrane and thermal procedures [11]. While membrane technologies like electro-dialysis and reverse osmosis are commercially significant, distillation is the oldest and most popular method. 

WSSs are the infrastructure that collects, transmits, treats, stores, and distributes water for residential and commercial buildings, industry, and irrigation, as well as for 36 
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FIGURE 4.1  Schematic presentation of the water supply system. 

public uses like street flushing and firefighting. One of the most important municipal services is perhaps the drinkable water supply. Water is essential to human consumption, cooking, cleaning, disposing of garbage, and other household tasks. Moreover, water delivery systems need to satisfy standards for commercial, industrial, and public uses. Regardless of the situation, the water must meet the quality and quantity standards. A WSS consists of five components. WSSs are infrastructures designed to provide clean and safe drinking water to households, businesses, and industries. 

They consist of interconnected components to efficiently source, treat, store, and distribute water. These systems typically include the following: 

1.  Water Source: Rivers, lakes, reservoirs, or groundwater wells serve as primary sources. 

2.  Water Treatment: Processes like filtration, chlorination, and purification remove contaminants to ensure water safety. 

3.  Pumping Stations: Pump water from the source to treatment facilities and from treatment plants to storage. 

4.  Storage: Water is stored in reservoirs or tanks to ensure a steady supply during high demand or emergencies. 

5.  Distribution Network: A network of pipes, valves, and pumps delivers water to consumers (Figure 4.1). 

4.2  CORROSION PROBLEMS IN WSS 

In WSSs, corrosion is one of the most prevalent issues [12]. Metal is gradually dissolved by chemical reactions, which leads to the failure and deterioration of water-using equipment, plumbing pipes, and fixtures. Corrosion in water delivery systems falls into two main categories: (a) Uniform corrosion causes the entire metal surface to progressively thin, resulting in red stains in plumbing systems made of iron or steel 
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FIGURE 4.2  Schematic presentation of corrosion and its mechanism in the water supply system. 

or blue-green stains in plumbing systems made of copper and brass. (b) Localized pitting corrosion causes deep pits that can pierce the walls of pipes or tanks. The mechanism of corrosion in WSSs is presented in Figure 4.2. Significant amounts of iron or copper may not be added to the water by this kind of corrosion. Nevertheless, it may eventually pierce a tank or pipe, resulting in potentially significant water damage to a house or place of business. The process by which copper or other metals oxidize is comparable to how steel rusts. It frequently causes leaks inside and outside faucets and valves, decreases water flow through supply lines, and damages water valves and other water control surfaces. 

Leaks, blue-green stains in copper piping joints and sinks, and a bitter taste are all consequences of corrosive water [13]. Continued corrosion may be indicated by elevated levels of copper, iron, or zinc in the water. Two popular tests are the Ryzner Stability Index (RSI) and the Langelier Saturation Index (LSI), which ascertain if water is likely to be corrosive [14, 15]. Higher numbers signify more severe corrosion, while negative values suggest a greater chance of corrosive water. Exposure to soil or other corrosive surroundings might trigger this kind of corrosion instead of the chemistry of the water. The WSSs may have dangerous levels of copper and lead that seep into the tap water [16]. Copper pollution can result from short-term gastrointestinal issues and long-term liver and kidney damage. Children exposed to lead may experience issues with their physical and mental development. It can cause renal problems and elevated blood pressure in adults. The Environmental Protection Agency (EPA) states that the maximum amounts of lead and copper permitted are 
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0.015 mg/l and 1.3 mg/l, respectively. Although they can make water taste metallic, iron and zinc are also typically present and pose no health risks. 

Several factors contribute to water tank corrosion: 

i.  Water Quality: One crucial factor is water quality. Water that contains many dissolved minerals, like calcium, manganese, and iron, is more corrosive. Additionally, corrosion can be accelerated by acidic or alkaline water. 

ii.  Oxygen: Iron oxide, or rust, can develop on metal surfaces when oxygen is in the water. Over time, this oxidation process degrades the tank material. 

iii.  Microbial Growth: Some bacteria can flourish in WSSs and generate corrosive by-products. These microbes produce an atmosphere that is prone to corrosion. 

iv.  Temperature Fluctuations: Quick temperature variations can cause WSSs to expand and compress, resulting in stress and possible corrosion-prone weak spots. 

v.  Mechanical Damage: If there are physical fractures, dents, or scratches on the WSSs, the underlying metal may be exposed to corrosion agents. 

Farh et al. proposed that corrosion of soil-buried pipelines depends upon environmental, pipe-related, and operational factors (Figure 4.3) [17]. According to them, the most researched factors are water quality, soil quality, and electrical infrastructure. Although scholars in this discipline have not given much attention to pipe-related variables, their significance cannot be understated. Statistical analysis and mathematical modeling are required to correlate the parameters under investigation and water pipeline corrosion precisely. Additionally, they suggested that site features 

FIGURE 4.3  Major environmental-, pipe-, and operational-related factors affecting corrosion of soil-buried pipelines [17]. 
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significantly impact whether corrosion is accelerated or limited. Research on under-ground pipes is still in its infancy, and little is known about how temperature affects the corrosion of buried metal pipelines. Due to limitations, including expense and the challenge of accurately recreating real-world climate conditions during experiments, environmental elements and their impact on water pipe corrosion remain understudied. 

4.3  CORROSION MITIGATION IN WSS 

Every year, corrosion in WSSs damages high-purity water systems, commercial and residential buildings, and industrial operations, costing billions of dollars. Off-taste, odor, and appearance are examples of by-products that can harm industrial processes and water quality. Ensuring compatibility of building materials and water quality is essential to effective corrosion management. It is necessary to comprehend corrosion issues, types of corrosion, variables influencing pipe corrosion, and the choice of building materials. High levels of lead and copper in drinking water have been connected to stomach and brain diseases, demonstrating the adverse health effects of corrosion by-products. Low metal levels can impact the taste and quality of manufactured goods, and water sources with high corrosion by-products can appear unattractive. Leaks and joint failures brought on by pipe corrosion might result in expensive water damage to the surroundings. Corrosion by-products can also decrease water flow in older black iron and galvanized steel piping systems. Water can carry these insoluble substances to far-off locations and fittings, heat exchangers, and fouling valves. 

Since corrosion in WSSs is linked to several safety, environmental, and financial issues, it has garnered much attention. One strategy to stop or repair plumbing system corrosion is to install components resistant to corrosion. Approved plastic pipe is frequently used instead of copper or inferior plastic pipe. Cross-linked polyethylene (PEX) plumbing has been increasingly popular in recent years. According to several PEX manufacturers, unlike polyvinyl chloride (PVC), it can withstand extreme temperatures and freeze solids without causing damage. Water treatment in WSSs can lessen corrosion to manageable levels but usually does not stop it completely. The cause of corrosion determines the treatment strategy. One of the effective methods of reducing corrosion in WSSs is treatment for acidity. Water corrosivity can be effectively decreased using acid-neutralizing filters that contain alkaline minerals such as calcium or magnesium carbonate. To get rid of oxidized metals and trapped particles, they must be backwashed regularly. They are fitted after the pressure tank. Sodium hydroxide or sodium carbonate is an additional solution that can be introduced with a chemical feed pump. Potassium hydroxide is an easy-to-use, low-cost treatment method that does not raise water pressure or hardness. It does, however, need a lot of upkeep and should only be operated by professionals. The removal of salts could be another approach for controlling corrosion in WSSs. This can be achieved by reverse osmosis (mainly in static conditions) or simple filtration (in flowing conditions) methods. Large storage tanks and pretreatment are necessary for reverse osmosis systems to extract significant quantities of dissolved salts from water. Since oxygen availability significantly speeds up corrosion, deoxygenation 
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may be a further strategy for reducing corrosion in WSSs. In summary, the corrosion inhibition approaches in WSSs can be grouped as follows: 

i. Designing of corrosion-resistant materials. 

ii. Replacing metallic (Cu, Fe, Pb, etc.) pipes via plastic (PEX, PVC, etc.). 

iii. pH control (treatment for acidity) via acid-neutralizing filters. 

iv.  Salts removal via reverse osmosis and filtration. 

v.  Deaeration, that is, removal of oxygen. The deaeration avoids pitting corrosion. 

vi. Avoiding temperature fluctuations to sidestep stress corrosion cracking. 

vii. Using microbicides (if necessary) to avoid microbial growth. 

viii. Avoiding design flaws through design improvement. 

ix. Removal of solid contaminants. 

x. Avoiding metal–metal coupling to reduce galvanic corrosion risks. 

4.4  CONCLUSION 

WSSs are crucial for clean, safe water supply, but corrosion is a significant issue affecting structural integrity, public health, and water quality. Water quality, temperature variations, microbial and oxygen availability, and mechanical damage influence corrosion rate and mechanism. The chapter also discusses the EPA’s role in limiting toxic metals in drinking water. The corrosion in WSSs may be initiated and propa-gated by microbial, chemical, and environmental factors that ultimately result in leakage of supply systems, contamination, and operational inefficiencies. This may also cause economic concerns, health risks, and environmental pollution. Due to its association with safety, financial, and ecological concerns, corrosion control in WSSs has attracted much attention. The major controlling strategies include designing and using corrosion-resistance materials, plastic pipes instead of metal pipes, pH control, removing salts and solid contaminants, and so on. The adverse environmental effects of corroded WSSs, such as soil and groundwater contamination, further highlight the need for efficient corrosion management techniques. Numerous control methods have been implemented to lessen these difficulties, such as using materials resistant to corrosion, substituting plastic pipes for metal ones, and optimizing water pH to lower corrosivity. 

Additional tactics include eliminating solid pollutants that hasten decomposition, dissolved oxygen, and salts. To protect public health and safety, regulatory agencies like the EPA are essential in enforcing regulations that limit the quantities of hazardous metals in drinking water. Continuous research and technological developments are crucial for creating sustainable solutions to improve the longevity and dependability of water infrastructure, given the complex effects of corrosion in WSSs. 
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Applications in Acid 

5 Corrosion Inhibition 

5.1  INTRODUCTION 

Metallic structures’ low cost and high mechanical strength make them useful in various domestic and industrial applications [1,  2]. However, due to their high reactivity, most metals are readily broken down by chemical or electrochemical processes. It has long been known that corrosion issues occur in the presence of electrolytes, and most metallic constructions are particularly vulnerable to corrosion in these conditions. The metallic species create comparatively more stable compounds such as sulfides, carbonates, oxides, and hydroxides through chemical and/or electrochemical processes [3]. The surface contaminants and impurities are eliminated using a variety of neutral, basic, and acidic solutions. Most of the commonly used electrolytes are acidic solutions. The acid solutions of different concentrations are used to remove these contaminants and impurities. However, as these solutions are highly aggressive, they dissolve metallic components with contaminants and impurities. One of the most frequently used acidic solutions is HCl-based electrolytes [4]. 

HCl is a colorless inorganic chemical commonly known as muriatic acid. HCl was discovered by the alchemist J. ibn Hayyan (800 AD). HCl is highly water soluble, and its solutions have been frequently used for academic and industrial purposes. 

Pickling procedures in the industry use HCl solutions, which come in 33–37% 

HCl form. According to European regulation (ER) EU 1272/2008, the HCl-based pickling solutions fall into three concentration ranges: 

S/N 

HCl Concentration 

Hazardous Statement Code 

Adverse Effect 

1 

≥25% 

H314 

Skin burns and eye damage 

2 

10–25% 

H315 and H319 

Eye irritations and serious skin 

3 

≥10% 

H335 

Respiratory irritation 

The ideal picking conditions for metal dissolving are 15–22% HCl solutions submerged in 30–40°C for 7–10 min. The effectiveness of corrosion inhibition is assessed at lower concentrations, particularly 1–3 M HCl. Effective retardation, low concentration, high temperature, chemical and thermal stability, minimal hydrogen entrance, superior surfactant qualities, and outstanding foaming qualities are some of the characteristics of these corrosion inhibitors. In HCl-based electrolytes, the corrosion mechanism would be very similar to that in other aqueous electrolytes. 

Therefore, metal dissolution (e.g., iron) at the anode (Equation 5.1) and reduction of hydrogen (Equation 5.2) at the cathode will be significant reactions. In the presence of oxygen, the cathodic reactions may also include the reduction of oxygen 43 
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and the formation of water and hydroxide ions, as shown in Equations 5.3 and 5.4. 

The hydroxide (OH−) ions so formed react with the ferrous and ferric ions and form corresponding hydroxides (Equations 5.5 and 5.6). The hydroxide layer may convert into an oxide layer as per Equation 5.7. 

i.  Anodic Reaction 

Fe

Fe2

˜ 

+  + 2e− 

(5.1) 

ii.  Cathodic Reactions 

2H +  + 2e 

−  ° H 

(5.2) 

2

O + 4H 

+  + 4e 

−  ° 2H  O 

(5.3) 

2 

2

O + 2H 



O + 4e 

−  ° 4OH − 

(5.4) 

2 

2

iii.  Hydroxide Formation 

Fe2+  + 2

OH −  ˝ Fe (OH

)

(5.5) 

2

4Fe(OH)  + O

+ 2H 



O ° 4F

e(OH)

(5.6) 

2 

2 

2 

3

iv.  Oxide Formation 

4Fe(OH)  ˜ 2Fe O °  3 H  O  

(5.7) 

3 

2 

3 

2 

In dry conditions, the hydroxide—Fe(OH)  and Fe(OH) —and oxide— 

2

3

Fe O ⋅

O—layers serve as a protective barrier for further corrosion. 

2

3   x H2

However, in an acidic solution of HCl, though chloride ions do not directly participate in corrosion, they dissolve the surface protection oxide and hydroxide layers, leaving a fresh metallic surface for further corrosion. 

v.  Dissolution of Hydroxide and Oxide Layers 

+ 

−  +  +

Fe(OH)

2Cl 

2H  ° FeCl  + 2H  O 

(5.8) 

2 

2 

2 

+ 

−  +  +

Fe(OH)

3Cl 

3H  ° FeCl  + 3H  O 

(5.9) 

3 

3 

2 

+ 

− +  +

Fe O   4Cl

6H ° 2FeCl  + 3H  O 

2 

3 

2 

2 

Unlike oxides, chlorides are highly soluble and nonprotective. 

Sulfuric acid, or oil of vitriol, is another mineral acid frequently used in pickling procedures. EU regulation 1272/2008 states that its pickling efficiency is temperature-dependent and falls into three concentration ranges. The most often utilized concentrations for pickling steel and copper alloys are 5–25%. Concentrations of H SO  can 2

4

irritate the eyes, damage the skin, and cause eye damage. The corrosion mechanism in 
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an acidic solution of H SO  will remain the same; however, the dissolution of oxides 2

4

and hydroxides results in the formation of sulfates instead of chlorides (Equations 5.10). 

Likewise, in phosphoric acid and nitric acid solutions, the dissolution may result in the formation of phosphates and nitrates, respectively (Equations 5.11 and 5.12): Fe(OH) + S

O 2−  ° F

eSO + 2OH− 

(5.10) 

2 

4 

4

Fe(OH) + 2

H PO −  ° F

e(H PO )   + 2OH − 

(5.11) 

2 

2 

4 

2 

4 2

Fe(OH) + 2

NO −  ° Fe

(NO )  + 2OH − 

(5.12) 

2 

3 

3 2

Many other acidic solutions are used as electrolytes for industrial and academic purposes. 

5.2  VCIS IN ACID CORROSION PROTECTION 

VCIs are chemicals that prevent metal corrosion by forming a hydrophilic, protective layer at the metal–environment contact [5–8]. There is little research on VCIs’ ability to avoid corrosion in acidic conditions. Kumar et al. evaluated the VCI potential of thyme extract of  Thyme vulgar  L. plant for mild steel corrosion in 1 M HCl using chemical and electrochemical methods [9]. They observed that the VCI potential of the extract increases by increasing the concentration for 250–1,000 mg/l sq. ft. 

for impregnated craft paper and 250–750 mg/l vapor space for the powder. The analyses showed that VCI becomes effective by adsorbing on the surface following the Temkin adsorption isotherm. The highest inhibitory efficiency was demonstrated by thyme-impregnated craft paper with a 1,000 mg/sq. ft. concentration and thyme powder with a concentration of 750 mg/l vapor space. Polarization experiments suggest that thyme’s ability to stop mild steel corrosion was cathodic. The corrosion inhibition mechanism was found to be under the charge transfer process. 

These authors used gravimetric and electrochemical techniques to investigate how natural menthol affected copper corrosion in 0.01 M HCl [10]. They discovered that menthol adheres to Temkin’s adsorption isotherm and adsorbs on the metal surface. The menthol concentration of 1,000 mg/sq. ft. produced the highest inhibitory efficiency. Experiments on Tafel polarization suggest that menthol functions as a mixed-type inhibitor. Ferreira et al. investigated how carbon steel corrosion was affected by brown onion peel extract in 1 M HCl [11]. Two significant volatile chemicals found in the extract, 3-(2 H)-furanone, 2-hexyl-5-methyl- (A), and 5-octadecyl-pyrimidine-2,4,6-trione (B), were essential in determining the extract’s inhibitory action. The chemical structures of A and B are shown in Figure 5.1. 

Chemical and electrochemical techniques were used to test the corrosion inhibition potential. Large-area platinum wire and a saturated calomel electrode were the reference and auxiliary electrodes for the electrochemical tests in a thermostated three-electrode Pyrex cell. Double-distilled water and fuming HCl were used to create the electrolyte of 1 M HCl. After 1 h, the carbon steel electrode achieved the stable open-circuit potential. The anodic and cathodic (Tafel) curves for carbon steel corrosion in 1 M HCl with and without extract are illustrated in Figure 5.2. This is evident from the fact that both Tafel processes were inhibited in the presence of the 
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FIGURE 5.1  Chemical structures of 3-(2 H)-furanone, 2-hexyl-5-methyl- (a), and 5-octadecyl-pyrimidine-2,4,6-trione (b). 

extract, with the cathodic current densities decreasing more strongly. This may be attributed to the adsorption of (A) and (B) at the interface of carbon steel in 1 M HCl. 

These substances adsorb to the metallic surface’s active sites, delaying the dissolution of metal (anodic reaction) and the evolution of hydrogen (cathodic reaction). The study used the extract to examine different metals’ corrosion potential ( E ), open-corr

circuit potential ( E

), and corrosion current density (

). The results showed that 

OCP

 i corr

 E  was somewhat displaced to greater cathodic potentials, suggesting it functions corr

as a mixed-type inhibitor. With an inhibitory efficiency of 92.6% (at 300 ppm), the extract did not substantially alter the cathodic and anodic Tafel slopes. 

Figure 5.3 displays the Nyquist plots for carbon steel dissolution in 1 M HCl with and without varying amounts of the extract. Only one depressed capacitive loop is shown when the inhibitor is absent (Figure 5.3a). This can be explained based on the 

FIGURE 5.2  Diagrams showing the potentiodynamic polarization curves of carbon steel corrosion without and with varying (100–400) concentrations extract [11]. 
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FIGURE 5.3  Diagrams showing the impedance (Nyquist) curves of carbon steel corrosion (a) without and (b) with varying (100 -400) concentrations extract [11]. 

double-layer capacitance ( C ) and the charge transfer time constant ( ). This flat-dl

 R ct

ness is caused by the electrode surface’s inhomogeneity, which results from interfacial phenomena or surface roughness. A similar trend is seen when the inhibitor is present (Figure 5.3b), suggesting that a charge transfer process still governs the corrosion process. The higher the inhibitor concentration, the higher the  R  values. Aside from that, ct

the extract considerably lowered the  C  values. These outcomes may be explained by dl

the inhibitors’ adsorption on the metal surface, which reduces the active surface area. 

At a concentration of 300 ppm, the best inhibitory efficiency of 94.3% was achieved. 

This work uses the weight loss method to investigate the C-steel corrosion rate (CR) in 1 M HCl with and without an inhibitor (100–1,000 ppm) at various timescales. 

As the extract is added, the results indicate that CR diminishes and inhibition efficiency rises over time. Using natural product extracts as inhibitors, the study does not address the adsorption isotherm behavior because the molecular mass of the extract’s constituents is unknown. Using the weight-loss method, the maximum inhibition of 96.8% was derived at 400 ppm concentration. The corrosion inhibition mechanism using the adsorption method was also supported by scanning electron microscope (SEM) analysis. Figure 5.4 displays SEM images of C-steel submerged in 1 M HCl 

FIGURE 5.4  SEM images of C-steel submerged in 1 M HCl for 2 h at 25°C (a) without and with (b) 400 mg/l concentration of the extract [11]. 
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FIGURE 5.5  Chemical structures of thymol,  p-cymene,  y-terpinene, and borneol. 

for 2 h at 25°C without (Figure 5.3a) and with 400 mg/l concentration of the extract (Figure 5.5b). This can be seen that the C-steel surface becomes highly corroded and damaged due to free acid attacks in the absence of any inhibitor. However, the C-steel surface showed significantly reduced corrosion in the presence of extract (Figure 5.3b), suggesting that inhibitor adsorption protected the surface. 

The impact of  Thymus zygis subsp.  gracilis (TZ) on mild steel corrosion in 1 M 

HCl was examined by Ouknin et al. in a different study [12]. They discovered that TZ oil greatly improves the surface and shows an excellent inhibition efficiency of 80.40% at 3 g/l, indicating that it may be a new natural ingredient for material corrosion. Six significant components, which accounted for 90.7% of the total amount, were identified by examining the volatile chemicals of TZ oil. The TZ oil contains 54.4% oxygenated monoterpenes and 36.3% hydrocarbon-based monoterpenes. The hydrocarbon-based monoterpenes were dominated by thymol,  p-cymene, y-terpinene, and borneol, constituting 42.5%, 23%, 8.9%, and 4.9%, respectively. 

The chemical structures of thymol,  p-cymene,  y-terpinene, and borneol are presented in Figure 5.5. 

5.3  CONCLUSION 

Due to their beneficial properties, metallic structures have been extensively used for commercial and noncommercial applications. They have also been extensively used in industries or environments where acid solutions are frequently utilized. The aqueous acidic solutions of HCl, H SO , H PO , HNO , and so on are widely used 2

4

3

4

3

extensively in different industrial environments. However, these solutions are highly aggressive and cause corrosive dissolution of metallic structures. This chapter manifests the mechanism of acidic corrosion and their possible protection using volatile corrosion inhibitors (VCIs). The literature on the corrosion inhibition potential of VCIs in acidic solutions is relatively scarce. Nevertheless, some reports described the corrosion inhibition potential of some natural VCIs in the plant extracts. They form a protective film through adsorption using the electron-rich centers called adsorption sites. Their adsorption blocks the active sites and prevents aggressive electrolyte attacks. Their adsorption on the metal surface mostly followed the Temkin adsorption isotherm. Through their adsorption, they retard or slow down both anodic and cathodic reactions and overall corrosion current densities. The adsorption is also consistent with the increase in charge transfer resistance and decrease in double-layer 

Applications in Acid Corrosion Inhibition 

49 

capacitance. Some studies also investigated the adsorption mode of corrosion inhibition using SEM analyses. The presence of VCIs improves the surface morphology due to the formation of a corrosion-protective film. 
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6 Atmospheric Corrosion 

Protection 

6.1  INTRODUCTION 

Atmospheric corrosion protection using VCIs involves using inhibitors that can vaporize, adsorb on metal surfaces, and form protective molecular layers to protect against corrosion caused by moisture, air, and pollutants [1, 2]. The most effective and affordable method of preventing corrosion caused by atmospheric damage to metals and alloys is to use VCIs. The annual direct cost of atmospheric corrosion is estimated at $20 billion in the United States alone. In the past three decades, little has been performed to create new VCIs because of a lack of knowledge and public interest. The National Association of Corrosion Engineers currently acknowledges the value of VCIs by promoting an International Symposium and task group dedicated solely to VCIs [3]. Fischer classifies corrosion inhibitors into interface and electrolyte-layer inhibitors [3]. Traditional approaches involve altering the composition of an alloy or coating the metal with a protective coating. VCIs easily and readily evaporate and scatter in the environments. They condense and adsorb on the metal surface, forming a corrosion-protective film. The protective layer avoids the diffusion and attacks of corrosive species such as corrosive ions, sulfur compounds, moisture, and oxygen. VCI layer and protect from localized corrosion, for example, pitting and crevice corrosion [4, 5]. VCIs must be transported by a mechanism that diffuses through thin electrolyte films and covers a sizable surface area. 

Relationships between saturated vapor pressure and the efficacy of particular corrosion inhibitors are controversial. 

Balezin underlined the significance of corrosion inhibitors, especially volatile ones, in forming a strong bond with the metal surface and producing an impene-trable coating against corroding ions [6]. The inhibitor’s functional groups, R1 and R2, are in charge of adsorption and thickness, respectively. Until a material can be securely adsorbed on the metal surface and withstand intense ion penetration, the functional groups R1 and R2 must be changed to create efficient corrosion inhibitors. The adsorption of VCIs having adsorption and thickener moieties is schematically presented in Figure 6.1. A chemical molecule’s atomic bond type and crystal lattice arrangement determine its vapor pressure. Though low vapor pressure chemicals offer more robust protection but take longer to reach, high vapor pressure compounds can rapidly reach protective vapor concentration. Consequently, an ideal vapor pressure is required for the chemical substance utilized as a volatile inhibitor. 
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FIGURE 6.1  Schematic presentation of the adsorption of VCIs having adsorption, protec-tor, and thickener moieties. 

6.2  VCIs AS ATMOSPHERIC CORROSION INHIBITORS 

The literature investigation shows that VCIs present themselves as ideal alternatives for protecting atmospheric corrosion [1, 7]. They adsorb and build an inherent hydrophobic film that provides appreciable protection in versatile atmospheres. The film avoids the diffusion of corrosive species such as ions, moistures, salts, and oxygen 

[1, 7]. VCIs have been used extensively in atmospheric corrosion protection, where humidity and moisture are significant concerns [8]. Mikhailovskii et al. investigated the contact and inhibition potential of two VCIs, IPKhAN-29a and IPKhAN-50, in preventing atmospheric corrosion of various metals, including Cu, Fe, Al, and Mg alloys [9]. The accelerated laboratory and on-field testing (urban, rural, and marine environments) were conducted over two years. The results showed that IPKhAN-29a and IPKhAN-50 manifested a 30–60% decrease in protection effectiveness within the first year, irrespective of the environment. Nevertheless, alloys sealed in polyethene bags manifested remarkable resistance against corrosion, even without VCIs. 

The results also showed that the severity of the marine, urban, and rural environments followed the ratio of 5.7: 1.4:1. The VCIs were effective and stable across all these conditions. The laboratory testing also reveals a similar observation. 

In another study, bis-piperidiniummethyl-urea (BPMU), a new VCI, was created by Zhang et al. to provide short-term defense for carbon steel [10]. The inhibitor’s adsorption on carbon steel surfaces was examined, and its ability to stop vapor corrosion was assessed under simulated air conditions. It was proposed that one BPMU 

molecule chelated with one Fe atom would produce the protective coating. An EIS 

study was used to test the protection effectiveness of BPMU, and its adsorption on 
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FIGURE 6.2  Schematic presentation of chemical structure, coordination, and chelation properties of BPMU [10]. 

carbon steel surfaces was studied using XPS and AFM methods. The outcomes suggest that BPMU effectively adsorbs and forms a hydrophobic film with an inhibition efficiency of 93.7%. On increasing the adsorption time, the thickness and roughness of the BPMU film increase due to molecular aggregation. The increased thickness of the BPMU film increases the exposure time, which results in protection effectiveness. The XPS study shows that O and N atoms extensively participate in bonding (coordination) and chelation. The authors proposed that BPMU coordinates and forms a chelating complex as per the illustration shown in Figure 6.2. 

These authors explore the use of BPMU for the corrosion protection of mild steel in atmospheric conditions [11]. The performance was tested using electrochemical methods and volatile inhibiting sieve tests. The results showed that BPMU successfully diminished the anodic dissolution reaction by promoting passivation. The presence of BPMU reduces the corrosion rate appreciably. FTIR study revealed that BPMU effectively forms the hydrophobic film through its adsorption and avoids the oxidation of the metal surfaces. BPMU showed the best efficiency of 93.7%. The EIS 

study suggests that the presence of BPMU increases the charge transfer resistance ( R ), and the increase in   values was consistent with the immersion time. The ct

 R ct 

 R ct 

values rose from 40.67 kΩ cm2 to 185 kΩ cm2 on increasing the exposure time over eight days. Altsybeeva et al. investigated the relationship between inhibitor molecular parameters and metal physicochemical and electronic properties, demonstrating the high efficacy of commercial VNKh-L inhibitors based on Schiff bases (SBs) and Mannich bases (MBs) and complex  N-based compounds with aldehydes [12]. The choice of basic chemicals and synthetic pathways for the synthesis of ferrous and nonferrous metal volatile inhibitors of air corrosion (VIACs), with an emphasis on Schiff and Mannich bases, is covered in the paper. It draws attention to the draw-backs of assessing chemicals’ adsorptivity and inhibitory qualities only from their electrical features. The study also emphasizes the possibility of thermally stable substances, such as SBs and MBs, as possible VIACs. The primary physicochemical parameters and molecular properties of molecules derived by complicated condensation are also identified in the study. 

The volatile fractions of rapeseed oil cake (Brassicaceae family) were studied by Chyhyrynets and Vorob’iova, who found that it contains steroids, glycosides, ketones, aldehydes, and saturated and unsaturated fat acids [13]. The extract reduces the steel corrosion rate with higher concentrations, offering excellent corrosion protection. There are long-term consequences to the vapor-phase film formation 
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process. Glycosides, ketone-3,5-dimethoxyacetophenone, syringaldehyde, saturated fatty acids, steroids, and unsaturated fatty acids all are present in the gas-vapor portion of the isopropanol extract of rapeseed oil cake. With an appropriate amount of 1 ml of inhibitor per 100 ml of closed volume per 10 cm2  of the metal surface, the extract offers significant levels of anticorrosion protection for steel. St3 steel is held in the extract’s vapor for 48 h before the film forms. The review by Andreev et al. looks at patent publications on the use of VCIs for metal protection [14]. They discovered that VCIs could be made from atmospheric corrosion inhibitors at vapor pressures more significant than 10.5 mmHg. VCIs can be applied to working liquids and polymer coatings for long-term protection or to active substances, solutions, and packaging supplies for short-term protection. These authors discovered the significant classes of VCIs that can be used for short- and long-term protection (Figure 6.3). 

IFHAN_118 is a novel volatile inhibitor that Vigdorovich et al. created to prevent agricultural equipment from corroding in enclosed spaces with harsh environments [15]. 

Brass corrosion rates decreased 6.5–9 times after 1,360 h of exposure, while the inhibitor significantly reduced steel corrosion rates. IFHAN-118 works well in tropical and subtropical temperatures, animal husbandry facilities, and marine environments. It works best at 150 mg/l and 5 mg/l concentrations on brass and steel surfaces. These authors investigated highly effective VCIs (IFKhAN-8, IFKhAN-112, and IFKhAN-118) to prevent the corrosion of steel agricultural equipment in a humid environment  [16]. They discovered that these inhibitors prevented carbon steel St3 from corroding up to 100% relative humidity, 25 mg/m3 of CO , and 20 mg/m3 

2

of H S. However, corrosion was only doubled by ammonia concentrations up to 2

30 mg/m3 in the most humid atmosphere. In another study, these authors studied 

FIGURE 6.3  Schematic presentation of different series of compounds to be used as VCIs based on the patents-based literature survey of Andreev et al. [14]. 
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the inhibition potential of IFKhAN-112 for atmospheric corrosion of brass [17], copper [18, 19], and zinc [20]. 

Carvacrol’s efficacy as a nontoxic VCI for short-term steel protection was examined in a different publication [21]. The findings demonstrated that a protective film formed on the steel surface, and the corrosion rate decreased with increasing concentration. Carvacrol’s adsorption on carbon steel demonstrated high persistence and effective corrosion prevention. Additionally, the study used quantum chemical simulations to assess the adsorption capability of carvacrol. The primary mechanism by which inhibitors adsorb is through electrostatic interactions between positively charged metal surfaces and negatively charged atoms. HOMO and LUMO electron density surfaces are features of the optimal structure of the carvacrol (Figure 6.4). 

Wang et al. investigated how carbon steel corrodes and volatile corrosion inhibitors (VCI) behave in thin electrolytic liquid films that include chloride [23]. In a 3.5% NaCl solution, the authors observed that a composite VCI of Na-benzoate and Na-molybdate exhibited more excellent corrosion resistance. By preventing metallic ion transfer and anodic dissolution, the VCI created a barrier. One effective technique for preventing corrosion is the composite VCI. Ma et al. recently prepared LA between graphene oxide layers to create LA-GO, an environmentally favorable VCI [22]. 

With a 99.3% corrosion inhibition efficacy, the pore structure enhanced lysine salts (LA) dispersion and volatility. The characteristics of the surface film were also described in the study. The ideal ratio of GO to LA was examined using products that contained 1, 20, and 50 mg of GO, and they were designated LA-GO1, LA-GO2, 

FIGURE 6.4  (a) Chemical structure and the (b) HOMO and (c) LUMO electron distribution of carvacrol [21]. 

[image: Image 29]

Applications in Atmospheric Corrosion Protection 

55 

and LA-GO3, respectively. LA-GO1 exhibits no significant GO nanosheet stacking, but LA-GO2 exhibits a small degree of stacking that improves LA dispersion. Broad peaks in FTIR spectra indicate stretching vibrations of the primary amine ion, 

–COO−, and –NH +. The synthesized product’s increased peak strength shows the 3 

interaction of –COOH and –NH  groups. 

2

The study evaluates the performance of prepared VCIs on mild steel specimens. 

The corrosion morphology,  C  (corrosion rate), protection efficiency, and corrosion R

area of the mild steel surface derived from VIS and VIA experiments are shown in 

Figure 6.5. Figure 6.5a shows that the mild steel samples cured with VCI corrode less than the blank sample. In particular, the central and edge regions of the mild steel specimen treated with LA, LA-GO1, and LA-GO3 exhibit some rust patches. The samples treated with DICHAN have a brilliant surface. There is only one rust spot 

FIGURE 6.5  Diagrams showing (a) the corrosion morphology, (b) corrosion area, and (c) inhibition efficiency of various VCIs following the VIA test; (d) the corrosion rate and (e) inhibition efficiency following the VIS test [22]. 
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on the specimens treated with LA-GO2. However, there are numerous rusty spots on the GO-treated specimen’s surface; thus, its ability to limit corrosion is compromised. The oxidation area of the samples treated with LA-GO2 and DICHAN is considerably smaller, as seen in Figure 6.5b.  As a result, as illustrated in Figure 6.5c,  

the efficiencies of LA-GO2 and DICHAN reach 99.3% and 99.7%, respectively. 

Conversely, the efficiency of the LA, LA-GO, and LA-GO3 is less than 94%. GO 

has no discernible inhibition effect. This suggests that, out of all the manufactured VCIs, LA-GO2 has the best performance, close to the DICHAN. Figure 6.5d and e 

shows that the  C  for mild steel samples without VCIs was 0.201 gm−2 h−1. The   for R

 C R

LA-GO2 and DICHAN samples were 0.016 gm−2h−1 and 0.017 gm−2h−1, respectively, with corresponding efficiencies of 92.0% and 91.5%. Conversely, the efficiencies of other samples were below 90%. Moreover, the VIS data demonstrate that GO lacks volatilization inhibition capabilities. Compared to other VCIs, the LA-GO2 prevents mild steel from corroding in the air more successfully. 

The EIS measurements were also conducted to study the corrosion resistance of mild steel in simulated atmospheric solutions and VCI pretreated films. The mild steel samples submerged in a synthetic atmospheric solution with and without various VCI pre-film treatments are depicted in Figure 6.6 with their Nyquist (a) and polarization (b) curves. The EIS data is fitted using the two equivalent circuit models in Figure 6.6c and d. The careful inspection shows that the presence of GO significantly improved the resistance by increasing the capacitance. The increased diameter of Nyquist curves can also justify this in the presence of GO. 

FIGURE 6.6  Mild steel corrosion in the simulated solution. (a) Nyquist plots, (b) polarization curves, and (c, d) electrochemical equivalent circuit (c: bare electrode; d: pre-film-coated electrode) [22]. 
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FIGURE 6.7  Mechanisms of LA and LA-GO2’s resistance to corrosion on mild steel in atmospheric corrosion simulation solutions: (a, b) LA. (c, d) LA-GO2 [22]. 

The DICHAN-treated samples showed remarkable resistance, while LA-GO2 performed best in study samples. DICHAN and LA-GO2 treated samples showed the best efficiencies of 87.0% and 86.6%, respectively, that is, their performances were comparable. The study also confirms that pristine GO does not show volatilization protection. 

Figure 6.7 shows the volatility amplification and film development phases of the corrosion resistance mechanism of LA-GO of mild steel in a synthetic air corrosion environment. Because of GO’s layered wrinkles and pore architecture, which provide several active locations for LA dispersion, the LA-GO has a higher volatilization capacity than the LA, as illustrated in Figure 6.7a and c. The surface layer characteristics that form on mild steel are enhanced due to the high volatility of LA-GO, particularly LA-GO2. The volatilization rate of LA-GO2 is significantly higher than that of LYS and LA. Because of its elevated volatility, it functions as a hybrid corrosion inhibitor by improving the qualities of the surface layer that forms on mild steel. The lengthy chains of LA-GO molecules reduce corrosion current and hinder the cathodic reaction by creating a hydrophilic barrier effect. The chemical coordination of the N and Fe atoms also impacts the electrochemical anodic reaction process. The XPS results demonstrate that mild steel’s electron transfer resistance is enhanced by the coordination of unpaired electrons and potent electronegative functional groups in LA-GO2 with iron atoms on its surface. The treated mild steel’s anodic process shifts to the left, showing that LA-GO2 slows the anodic oxidation process. Other studies also documented the inhibition potential of VCIs for atmospheric corrosion. 
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6.3  CONCLUSION 

A thorough overview of the application of VCIs in protecting metallic assets against air corrosion is given in this chapter. Through their adsorption, they create a coating that prevents corrosion, protecting metallic materials. In the environment, VCIs disperse and evaporate with ease. On the metal surface, they adsorb and condense to provide a protective layer against corrosion. Corrosive ions, sulfur compounds, moisture, and oxygen are the corrosive species the protective layer prevents from diffusing and attacking. The findings demonstrated that exposure duration significantly impacts VCIs’ inhibitory potential. In general, longer exposure times result in better performance. The thickness and roughness of the surface hydrophobic films are also significantly affected by the exposure duration. Roughness and thickness tend to increase with time. Additives like GO can occasionally have a favorable impact on the inhibition potential. The adsorption mechanism of VCIs has been demonstrated using various surface monitoring techniques, such as FTIR, AFM, and XPS. 

The effectiveness of VCIs has also been extensively studied using electrochemical technologies like PDP and EIS. According to the literature, VCIs use adsorption to lower the current density and raise the charge transfer resistance. VCI formulations can be customized for short-term and long-term protection for various industrially applicable situations. 
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Applications in Concrete 

7 Corrosion Protection 

7.1  INTRODUCTION 

7.1.1  concrete corroSion 

Concrete has become one of the world’s most commonly used building supplies, with numerous benefits like flexibility and longevity [1, 2]. Concrete has a significant compressive strength, indicating the highest load a body can withstand before failing. However, concrete has a very low tensile strength, making it unsuitable for structures that undergo tension. Because of this intrinsic flaw in concrete, an additional substance is required to increase the tensile strength and prevent unacceptably high levels of cracking and failure. Steel reinforcement bars can help the structure withstand the tension a load might put on it. However, new concerns like steel rebar corrosion occur with the additional material, which can lead to further challenges for a building endeavor [3,  4]. 

Concrete corrosion is the term used to describe the deterioration of concrete brought on by exposure to specific corrosive chemicals, most commonly sulfur compounds. Many other species, such as chloride, nitrates, salts, acidic solutions, moisture fluorides, and aqueous solutions, can also contribute to concrete corrosion [5]. Sulfur is frequently used in many industrial processes, readily reacts with moister (water), and forms highly corrosive and aggressive sulfuric acid, as per Equations 7.1–7.3. Because it is so corrosive, sulfuric acid can dissolve the different calcium compounds in the cement portion of the concrete, making it pliable and prone to giving way. 
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Concrete is porous, meaning that small interlinked holes run throughout its structure, making it particularly vulnerable to corrosion [6]. This enables the corrosive substances to seep into the substance and harm it from the inside out. However, the dangers of concrete deterioration extend beyond the concrete itself. An integrated grid of steel bars reinforces most concrete structures, giving them most of their strength. The structure may become significantly weaker if the steel within starts to corrode due to the acid corroding the concrete [7]. The quantity of corrosive elements present, any moisture present in the environment, whether the material 60 
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is moving, and the quality of the concrete materials affect the corrosion rate. The visual inspection makes it simple to detect corrosion by spotting portions of the discolored concrete or where damage has started to appear. Concrete corrosion is a complicated process that impacts several internal and external elements [8, 9]. It is essential to comprehend these causes to create successful prevention plans. The following are important elements that influence the corrosion of concrete: i.  Water-Cement  Ratio:   To reduce the chance of corrosion, it is crucial to maintain the proper water-to-cement ratio. The water-to-cement ratio significantly influences the strength and longevity of concrete. Concrete with an excessive water-to-cement ratio may become more permeable, increasing its vulnerability to corrosion and water intrusion. The extra water speeds up corrosion by providing a pathway for corrosive substances, including chloride ions, to enter the reinforcement steel. 

ii.  Shrinkage in Concrete:  Concrete shrinks during curing due to water vapor. 

Concrete fractures may form due to this shrinkage, giving corrosive substances access to the reinforcing steel. In addition to weakening the structure and allowing corrosion to begin and spread more quickly, cracks jeopardize structural integrity. Furthermore, damage may result from migrating corrosive entities such as chloride ions, water, and oxygen to the metal surface via pores and fissures. 

iii.  Quality of Material: Concrete material’s ability to withstand corrosion is significantly affected by the caliber of the materials used in its building process. Corrosion can be accelerated by inferior sediments or steel reinforcement that is not sufficiently corrosion-resistant. Concrete buildings can last much longer if superior supplies are purchased. 

iv.  Permeability or Diffusion Ability of Concrete: The capacity of water and other materials to diffuse or flow within concrete is called permeability. 

Rapid corrosion results from extremely permeable concrete, which lets corrosive substances enter and approach the reinforcement steel. The longevity of concrete can be increased, and its permeability decreased with the use of additives and proper mix design. 

v.  Moisture: Moisture is an important element in the rusting process. 

Corrosion is more likely to occur in places with excessive moisture or frequent contact with water. Over time, corrosion might start when corrosive chemicals interact with the reinforcement steel due to the environment created by humidity. 

vi.  Strength of Concrete: Even though concrete is naturally strong, durability can be adversely affected by bad design, inappropriate mixing ratios, faulty curing, and unsuitable placement. Weak concrete is more likely to sustain cracks, deteriorate, and finally corrode. 

The simplified mechanism of concrete corrosion is schematically presented in 

Figure 7.1 [10]. The overall corrosion dissolution involves two half-cell reactions, that is, anodic and cathodic half-cell reactions. 
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FIGURE 7.1  Schematic presentation of anodic and cathodic reactions in concrete corrosion [10]. 
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The diffusion of corrosive gases and ions such as O , CO , and chloride ions 2

2

can accelerate the possibility and rate of concrete corrosion [11]. Oxygen diffusion may form aeration concentration cells that may lead to localized corrosion, including pitting and intergranular corrosion [12]. One of the leading causes of deterioration in reinforced concrete structures is chloride ion intrusion [13].  By forming an oxide deposit on reinforcement resources, high-alkalinity cement hydration products limit corrosion. Nevertheless, the pH drops when chloride ions reach the layer, enabling corrosion. Figure 7.2 shows a schematic representation of corrosion caused by chloride. The framework can be constantly harmed by chloride ions acting as catalysts. This corrosion differs from pitting steel corrosion and homogeneous concrete carbonation. There are six different ways that chloride ions can spread across concrete’s small cracks and pores—diffusion, convection, adsorption, electromigration, penetration, and capillary. In saturated concrete, the primary mechanism for chloride transport is diffusion. Several elements, such as environmental conditions, water-cement ratio, aggregate volume percentage, surface chloride concentration, time dependency, and binding capacity, influence chloride diffusion. The chloride diffusion coefficient significantly influences the mobility of chloride ions in concrete. Throughout their lives, concrete structures in maritime and offshore environments are also impacted by the combined effects of chlorine exposure and loading. 

More frequently than fluoride and chloride assaults, carbonation is a significant element contributing to the deterioration of reinforced concrete structures [13]. 

Carbonation generally occurs via the dissolution of atmospheric CO  in the con-2

crete matrix. Through cracks and flaws, carbon dioxide permeates concrete to 

[image: Image 35]

[image: Image 36]

[image: Image 37]

Applications in Concrete Corrosion Protection 

63 

FIGURE 7.2  Schematic representation of chloride-induced concrete corrosion [13]. 

generate carbonate and bicarbonate ions. These compounds reduce the alkalinity of concrete by reacting with hydration products to produce calcium carbonate and salts. Carbonation generally enhances density and interior pore structures. 

On the other hand, low pH pore solutions can lead to passivation film instabilities and corrosion when they come close to reinforcing material (Figure 7.3). 

Additionally, this process causes the concrete matrix to crack, which speeds up external corrosive chemicals and jeopardizes the structure’s load-bearing capability. 

FIGURE 7.3  Diagrammatic representation of the corrosion mechanism brought on by carbonation in concrete [13]. 
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7.1.2  preVention of concrete corroSion 

Concrete corrosion can be avoided by combining good building techniques, thought-ful choice of materials, and regular maintenance [9, 14]. Concrete structures can be protected from the destructive effects of corrosion using the following methods: a.  Better Materials Selection: The selection of excellent concrete is the cornerstone of avoiding corrosion [6, 15]. The endurance of concrete and defense against corrosion can be improved using a suitable mix design, curing methods, and aggregates. The first line of defense against corrosion is a well-built concrete building. 

b.  Epoxy Coating: Epoxy coatings provide concrete surfaces with superior protection—epoxy coatings shield steel from oxygen, moisture, and chloride, which stops it from corroding [16, 17]. In addition to preventing corrosion, epoxy coatings offer advantages such as enhanced durability and aesthetics. Epoxy grout also prolongs the life of damaged concrete by reinforcing and repairing it. Nevertheless, concerns have been raised regarding the affordability of epoxy-coated reinforcement for stopping corrosion. 

c.  Polymeric Fibers: One frequent way corrosive chemicals can enter concrete is by shrinkage cracking, which can be prevented by adding polymeric fibers to the concrete mix [18, 19]. These fibers reduce corrosion onset by improving the concrete’s overall toughness and endurance. 

d.  Use of Noncorrosive Metals: Stainless or epoxy-coated steels are corrosion-resistant or noncorrosive when choosing reinforcing steel [6, 15]. Because of their ability to withstand corrosive environments, these materials can significantly extend the concrete structure’s lifespan. 

e.  Use a Coating: Concrete coating protects against harmful environmental factors [20, 21]. Water and other corrosive substances cannot penetrate concrete, thanks to these coatings, including sealants and anticorrosion paints. 

The performance of these coatings over time and the prevention of corrosion in concrete depend on routine examination and servicing. 

7.2  VCIs AS CONCRETE CORROSION INHIBITORS 

VCIs are corrosion inhibitors that adsorb onto metal substrates to stop the formation of corrosion cells. By strengthening the passivating coating, slowing down the pace of corrosion, or postponing reinforcing de-passivation, corrosion inhibitors slow the corrosive process in reinforced concrete structures [22]. The usage of corrosion-inhibiting chemicals has been growing as worries about these structures’ longevity have grown. By adding them to the new concrete mix or fixing mortars or concrete, they are utilized to safeguard both newly constructed and established structures. Their absorptive ability depends on liquid products, such as phosphate compounds. To avoid unanticipated harm, it is essential to comprehend the mode of action and any adverse effects. Rivett et al. classified VCI-based corrosion inhibitors into three classes: inorganic, organic, and green corrosion inhibitors (Figure 7.4) [22–24]. In the 1950s, nitrites were first incorporated into new concrete blends and are now frequently employed in inorganic inhibitors for concrete [25]. The primary benefit of employing calcium nitrite is building concrete for a long time with a particular chloride/nitrite predicted ratio using logical procedures based on the concrete’s 
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FIGURE 7.4  Classification of VCI-based (i.e., inorganic, organic, and green) corrosion inhibitors [22]. 

quality, exposure circumstances, and calcium nitrite content. Furthermore, nitrites effectively block the corrosion process brought on by sulfate ion action and chloride ion carbonation [26]. However, calcium nitrite was substituted because of adverse effects such as increased alkali–silica reaction probability and decreased concrete strength [27].  For effective action, the optimum dosage of calcium nitrite–based inhibitors is essential. By preventing corrosion from sulfate and chloride ions, nitrites speed up the setting of freshly mixed concrete and raise its rate of strength gain. Nevertheless, nitrites are poisonous and carcinogenic, and they are prohibited in several European nations. Red mud and sodium monofluorophosphate (Na PO F) are substitute inhibitors that slow down the rate and 2

3

commencement of corrosion in carbonated concrete [28]. 

Because of the high toxicity of inorganic VCIs, organic VCIs have been preferred [29]. They might, however, be perfect materials for this use. They form a passive oxide layer that prevents corrosion and stops chemical and electrochemical processes because of their strong propensity to vaporize and condense on metallic substrates. They can be utilized as liquids, powders, or impregnated materials for concrete applications. They can offer durable anticorrosion protection, relying on the substances to be protected and the ambient circumstances. VCIs should be preferred over the other corrosion-protecting techniques due to their flexibility, cost-effectiveness, and ease of application. VCIs can be quickly evaporated and applied on the metal substrates without heating or other treatments. Overall protection tactics are improved by seamlessly integrating VCIs with other corrosion-preventive measures like coatings and cathodic protection. With time, VCIs offer an excellent return for investors by prolonging asset lifespan and lowering the need for periodic service. 

ER probes, coupons, or UT probes, along with remote monitoring units (RMUs), can be used to track the efficacy of VCI in real time. On the other hand, in-line inspection (ILI) runs are necessary for wax assessment. VCIs are a practical option for difficult-to-reach locations since, in contrast to other conventional techniques, they do not need to be disassembled to be applied. VCIs may be tailored to meet 
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commercial requirements because they come in various forms, including films, sheets, fluids, powders, and emitters. VCIs provide versatility for upcoming servicing or operational changes because they are simple to wash out and eliminate if needed. In addition to giving biodegradable compositions and nontoxic choices for delicate sectors, VCIs are an environmentally beneficial way to prevent corrosion and promote sustainability by cutting waste and prolonging asset life. Leading authorities have approved and acknowledged VCIs. 

Organic inhibitors are an easy and efficient way to prevent corrosion for reinforced concrete constructions [30, 31]. Organic molecules with N, O, and S atoms supported by many bonds manifest excellent concrete corrosion protection. The corrosive environment, the inhibitor’s chemical structure, and the type of metallic surface all affect adsorption efficiency. The adsorption of VCIs is influenced by electronic density, orbital character, and physical–chemical characteristics. The absorption mechanism, inhibitor cover rate, metallic compound production, and molecule electronic structure all affect the inhibitor’s effectiveness [32, 33]. Because they are highly soluble in water and have minimal effects on the characteristics of concrete, amino acids and alkanol-amines are frequently utilized [34]. Metal surfaces can be shielded from corrosion by amino acids, which have a nitrogen atom with a lone pair. Because they have a carboxylic acid group, carboxylates can stick to metal surfaces to produce an organic coating that prevents corrosion in steel. Although they have little inhibition, amino acids, made up of carboxylate and amine functional groups, show promise for industrial use [35]. Numerous VCIs for reinforced concrete buildings are globally accessible 

TABLE 7.1 

A Lists a Few of These Inhibitors and Their Manufacturer, Chemical Foundations, and Usage Instructions 

VCI 

Manufacture 

S/N 

Product Name 

Product Code 

Methods of Use 

Name 

Headquarters 

1 

Calcium nitrite 

CNI 

Mixed into concrete  Sika 

Baar (ZG), 

Switzerland

2 

Amino alcohols 

FerroGard 901 

Mixed into concrete 

3 

Amino alcohols 

FerroGard 903 

Applied on concrete 

4 

Amines and esters 

MasterLife 222 

Mixed into concrete  BASF 

Ludwigshafen, 

Germany

5 

Calcium nitrite 

MasterLife CI30 

Mixed into concrete 

6 

Calcium nitrite 

DCI 

Mixed into concrete  W. R. Grace 

Columbia, MD 

7 

Amino alcohols 

MCI 2000 

Mixed into concrete  Cortec Co. 

St. Paul, MN 

8 

Amine carboxylate 

MCI 2005 

Mixed into concrete 

9 

Superplasticizer + 

MCI 2007 

Mixed into concrete 

amine carboxylate 

10 

Amino alcohols + 

MCI 2020 

Applied on concrete 

carboxylic acid salt 

11 

Calcium nitrite 

EUCON BCN 

Mixed into concrete  Euclid chemical  Cleveland 

Heights, OH 

12 

Calcium nitrite 

EUCON CIA 

Mixed into concrete 

[image: Image 42]

Applications in Concrete Corrosion Protection 

67 

on the market. Table 7.1 lists a few of these inhibitors and their manufacturer, chemical foundations, and usage instructions. A careful inspection shows that most corrosion inhibitors sold commercially are organic or calcium nitrate based. 

The findings from multiple investigations on the corrosion inhibition potential of different inorganic, organic, and green VCIs are compiled in Table 7.2. Sodium molybdate exhibits the highest efficiency (82.60–98.60%). However, their high cost and toxicity render their use impractical for specific applications. 

TABLE 7.2 

The Findings from Multiple Investigations on the Corrosion Inhibition Potential of Different Inorganic, Organic, and Green VCIs 

Inhibitor 

Efficiency 

Nature of 

Nature of 

S/N 

Name 

Concentration  (%) 

Inhibitor 

Electrolyte 

Reference 

1 

Calcium nitrite 

25 (g/l) 

92.30 

Inorganic inhibitor 

Carbonation 

[36] 

2 

Calcium nitrite 

10 (g/l) 

64.90 

Inorganic inhibitor 

3.5% NaCl 

[36] 

3 

Calcium nitrite 

8.94 (g/l) 

85.75 

Inorganic inhibitor 

0.99 NaCl (g/l) 

[37] 

4 

Calcium nitrite 

71.55 (g/l) 

83.26 

Inorganic inhibitor 

7.91 NaCl (g/l) 

[37] 

5 

Sodium nitrite 

25 (g/l) 

95.0 

Inorganic inhibitor 

Carbonation 

[36] 

6 

Sodium nitrite 

10 (g/l) 

82.60 

Inorganic inhibitor 

3.5% NaCl 

[36] 

7 

Sodium nitrite 

40 ppm 

61.40 

Inorganic inhibitor 

– 

[38] 

8 

Lithium 

2.15 (g/l) 

63.67 

Inorganic inhibitor 

0.99 NaCl (g/l) 

[27] 

nitrate 

9 

Lithium 

17.21 (g/l) 

31.71 

Inorganic inhibitor 

7.91 NaCl (g/l) 

[27] 

nitrate 

10 

Sodium 

10 (g/l) 

95.40 

Inorganic inhibitor 

Carbonation 

[36] 

molybdate 

11 

Sodium 

40 (g/l) 

82.60 

Inorganic inhibitor 

3.5% NaCl 

[36] 

molybdate 

12 

Sodium 

1,000 ppm 

98.60 

Inorganic inhibitor 

– 

[38] 

molybdate 

13 

Tannin 

10 (g/l) 

64.00 

Organic inhibitor 

Carbonation 

[36] 

14 

Tannin 

10 (g/l) 

80.60 

Organic inhibitor 

3.5% NaCl 

[36] 

15 

Amine 

10 (g/l) 

84.80 

Organic inhibitor 

Carbonation 

[36] 

16 

Amine 

10 (g/l) 

61.80 

Organic inhibitor 

3.5% NaCl 

[36] 

17 

Sodium 

20 ppm 

87.40 

Organic inhibitor 

– 

[38] 

nitroethane 

18 

DAESPN* 

5 × 10−3 M 

39.40 

Organic inhibitor 

3.0 M NaCl 

[39] 

19 

Bis-HSPN# 

10−3 M 

59.0 

Organic inhibitor 

3.0 M NaCl 

[39] 

20 

PT@ 

10−3 M 

93.68 

Organic inhibitor 

1 M HCl 

[40] 

21 

Amine-ether 

10 (g/l) 

41.30 

Organic inhibitor 

Carbonation 

[41] 

 DAESPN*:   4-(2-diethylamino-ethylsulfonyl)-phthalonitrile; bis-HSPN#: 4,5-bis(hexylsulfonyl)-phthalonitrile and PT@: ethyl 3-hydroxy-8-methyl-4-oxo-6-phenyl-2-( p-toly)-4, 6-dihydropyrimido [2, 1- b][1, 3] thiazine-7-carboxylate. 
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7.3  CONCLUSION 

The many methods for reducing concrete corrosion with volatile corrosion inhibitors are presented in this chapter. Concrete’s great mechanical and compressive strength and durability have led to its widespread use as a building material. However, concrete needs to be reinforced, usually with steel rebar, because it has limited tensile strength. 

This raises the possibility of corrosion. Numerous corrosive species, such as CO , O , 2

2

H O (moisture), sulfur compounds, chloride ions, etc., are responsible for the corrosion 2

that occurs in concrete structures. Through pitting, sulfate, carbonation, and chloride attacks, these corrosive species infiltrate or spread to metal surfaces, speeding up corrosion. Various elements, such as the water-to-cement ratio, moisture availability, fissures, and so on, influence the onset and pace of corrosion in concrete structures. By slowing down the electrochemical reaction and strengthening the passive coating that protects the surface, VCIs are known to lower the corrosion rate. The concrete environment and the metal surface quickly and efficiently absorb and create a hydrophobic layer. They fall into three categories—green VCI corrosion inhibitors, inorganic, or organic. Since calcium nitrite effectively prevents corrosion caused by chloride, it is the most widely used inorganic VCI. However, its current use is limited due to its toxicity. Because of their high cost and toxicity, most inorganic VCIs are thrown away. As VCIs, organic inhibitors, particularly amines, hydroxyalkyl amines, tannins, and some synthetic species, have garnered much interest. Several chemical, electrochemical, and surface monitoring methods gauge the VCIs’ efficacy. 
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Applications in Military 

8 Equipment Protection 

8.1  INTRODUCTION 

8.1.1  funDamental of military equipment corroSion 

The defense authorities in every nation own, manage, and keep a wide range of tangible assets. Steel is used to make most weaponry. Most ground, air, and marine platforms and vehicles, such as patrol ships, gunships, personnel carriers, and tanks, are constructed of steel [1]. The alloys and metals are also vital for fighter jets, helicopters, and aeroplanes. Buildings, ports, airports, and other infrastructure are frequently constructed using steel-reinforced concrete. 

Materials like this are prone to corrosion due to their metallic character, particularly in highly hostile military settings [2, 3]. Corrosion has been blamed for an assortment of recent weapons-related mishaps. For instance, cracking landing gear in F/A-18s due to corrosion-triggered failures and rusted electrical connections on US Air Force F-16s produced spurious fuel valve closures, which led to aircraft loss. Systems used in firearms are frequently rendered inoperable by corrosion. For instance, corrosion issues account for about half of the KC-135 

aircraft’s maintenance. The yearly expense of corrosion to the US government is estimated to be around $20 billion [4, 5]. Corrosion was responsible for about 2% 

of US Army and Navy aircraft accidents from 1983 to 2013. The air seal/second-phase vane, alignment lugs, poor electrical contacts, and failure of materials in the engine’s first-stage turbines were the leading causes of accidents primarily attributed to corrosion [6]. Corrosion is accelerated by microclimatic effects inside and outside the fuselage, which are brought on by significant external temperature fluctuations in highly humid environments. In addition to accidents, rust reduces readiness for battle. 

Numerous forms of corrosion, such as atmospheric, stray current, fretting, crevice, galvanic, and microbiological corrosion, are common on ships [7]. High levels of moisture and salt-laden sea spray, galvanic corrosion from parasitic galvanic cells, stray current corrosion, and fretting corrosion from vibration and structural flexing are the leading causes of atmospheric corrosion [8]. Ground vehicles have various performance features and settings, making them quite diverse. Humidity, water leaks, or improper water drainage from internal components, and physical harm to the protecting paint layer that exposes the bare metal are the leading causes of corrosion-related damage, primarily affecting the vehicle’s structure [9]. 

Corrosion-induced physical degradation of weaponry results in decreased reliability, safety profit margins, decreased functioning, and hazards to the operator and his environment [10]. 
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Estimating the number of corrosion-related weapon accidents is challenging because of the various weapon systems. These days, most infrastructure, including buildings, port installations, defense facilities (such as bunkers), and more, uses steel-reinforced concrete or concrete with buried steel reinforcement bars. The submerged steel bars are in a moist environment because, despite appearances, concrete is usually wet. However, concrete’s high pH and inherent alkalinity stop its steel bars from oxidizing [11, 12]. Corrosion is caused by anything that counteracts the pH level of the concrete, enabling oxygen to seep through and ultimately reach the steel bars—sulfur and nitrous oxide, which are fundamentally acidic, waterborne and airborne carbon dioxide (which produces carbonic acid), and chlorine ions (mostly from salt-laden shoreline installations). 

By creating or escalating fissures, mechanical strains and environmental factors (such as temperature fluctuations and humidity) hasten corrosion, making oxygen easier to reach the steel bars. 

The VCI technology is still the most efficient, cost-effective, and ecologically friendly corrosion prevention technique among those studied [13,  14]. VCIs have high vapor pressures, which enable molecules to evaporate and subsequently adhere to metallic surfaces. When supplied in modest amounts, VCIs efficiently check, reduce, or prevent air corrosion from the metal’s reactivity with the atmosphere. 

The following advantages are linked to the usage of VCIs in military equipment protection [15, 16]: 

i. Application simplicity 

ii. Application efficiency and nonremoval (removal only when required) iii. Ecologically beneficial (eco-friendly) 

iv.  Financial benefits (cost-effective) 

•  Low-cost goods 

•  Lower labor expenses for application and removal 

•  Lower maintenance costs 

•  Fewer product reapplications 

•  Less asset loss 

v.  Increased combat preparedness 

vi. Longer equipment lifespan 

8.1.2  corroSion teSting of military equipment 

Military organizations use four corrosion prevention techniques—moisture-blocking and moisture-absorption goods, dehumidification alternatives, and VCIs [15, 16]. 

These methods have benefits and disadvantages of their own. The corrosion prevention strategies employed by military organizations are presented in Table 8.1. 

Laboratory testing was done to support the practical usage of VCIs in field applications. A military test was created to evaluate the capacity to eliminate fingerprint oils and offer corrosion protection. Carbon steel panels were tested using a VCI oil base coating. The military standard procedure was used to test a temporary outdoor coating with self-healing capabilities. 
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8.2  VCIS AS IN MILITARY EQUIPMENT PROTECTION 

The literature study reveals that VCIs protect metallic equipment used in military departments during transport and storage [13, 17]. They form corrosion-protective hydrophobic film through their adsorption and avoid further oxidation or degradation of metallic structures by preventing the diffusion or penetration of corrosive species such as moisture, corrosive gases (O , CO , etc.), salts, corrosive ions (chloride, 2

2

sulfate, etc.), and so on. Vignetti discusses how the US and international military use VCI’s technologies and solutions to prevent corrosion [18]. The author suggests that VCIs provide a safe, easy-to-use, efficient, and environment-friendly substitute that effectively prevents corrosion and improves military readiness. The successful usage of ASTM and MIL specification standard test techniques in field applications is supported by particular laboratory testing. VCI technology is a desired solution for the military because of its effectiveness, simplicity of use, and nonremoval advantages. Several corrosion protection techniques are available to military organizations worldwide for their vehicles, aircraft, infrastructure, machinery, and naval vessels (as described above). In closed systems and other situations, VCI technology provides an efficient and affordable way to reduce corrosion. Due to the metal’s reactivity with the atmosphere, VCIs, chemical compounds with high vapor pressures, can efficiently monitor, reduce, or stop atmospheric corrosion. However, because of the possibility of endangering war readiness, some forces decide not to employ further preventative measures. Corrosion management and prevention strategies are essential to fight the conflict more effectively, quickly, inexpensively, and better. 

Lynch et al. discussed using VCI to prevent corrosion in military devices, emphasizing its short lifespan and efficacy in various industrial settings [19]. They propose fresh ideas that expand corrosion protection’s effectiveness, lifespan, and cost. They noted that only a small percentage of the more than 1,000 VCI chemicals known to exist are practical, economical, and environmentally benign. Their service life is one to five years, and their corrosion protection radius depends on vapor pressure. 

The protected metal and VCI chemicals employed determine the optimal inhibitory mechanism. Traditional benefits like self-application and instant use after removal should be preserved in new techniques. Polymeric films, paper, and boxes are VCI materials frequently used for packing components and machinery. Control panels and enclosures should use VCI capsules. Several variables affect VCI applications, such as the materials, complexities, dimensions, chemical makeup of the atmosphere, technology for production, storage, transit, and application. The most popular solution for protecting equipment made of ferrous, nonferrous, and multimetal alloys from corrosion is VCI films. Nevertheless, moisture can freely penetrate VCI bags, causing corrosion issues. 

Their research indicates that the most effective VCIs combine high and low vapor pressure VCIs, protecting minerals, precious stones, gold, silver, and other metals. 

These techniques can prolong the useful life of numerous things, improve the protective radius, and lower the inhibitor concentration. Alternative methods have been devised to preserve silver for electrical applications and ornamental silver items. In circumstances when longer term protection is needed, VCI plastic films, powder, pills, vapor capsules, and their derivatives have limits. New corrosion prevention 

Applications in Military Equipment Protection 

75 

techniques demonstrate more protection, longer service life, and an excellent range of applications. By substituting inert or nonoxidizing gases for oxidizing chemicals and stopping the diffusion of corrosion-promoting substances, these techniques can also protect nonmetals by preventing corrosion on the object’s surface. In practically every industry, VCI technology provides consumers appealing cost/performance advantages and can maintain precious items or massive equipment for 20–50 years. 

According to Henderson and Singh’s research, commercial companies are switch-ing to VCI packaging for equipment that will be stored for a long time and shipped by sea [20]. Three case studies are presented in this document for businesses that switched to VCI packing for parts and system shipments by sea. Cost comparisons between VCI and oil-coated parts for engine component exports and desiccant-barrier and VCI corrosion protection packing for turnkey factory ocean transport are among the cost evaluations. A similar reduction in expense studies in the military sector could benefit from the cost models to help guide choices on corrosion-resistant techniques that enhance equipment and part servicing, shipping, and readiness. Cost savings of 35% to more than 50% are demonstrated in these studies. According to two studies, CKD ferrous vehicle engine components should have their oil corrosion protection coatings replaced. According to a third study, vapor capsules and VCI film can be used to ship electronic control panels and equipment for turnkey production. 

According to their research, the 1980s saw the introduction of VCI packing materials for shipping commercial engines and vehicle subassemblies and components by sea. Because of environmental regulations, traditional oil coatings were costly, prompting water-based cleaning products to be created. Over extended periods, VCI plastic packaging materials demonstrated exceptional corrosion resistance and odorless, nontoxic vapor emission. VCI materials and related products were used in waves, with Caterpillar, Cummins, and General Motors being the first to evaluate and employ them extensively in the 1980s. Through the 1990s, additional US, European, and Japanese automakers emerged. 

Cost evaluations from distinct programs to increase the cost and quality of international engine parts exports to various nations’ assembly plants are summarized in Case Studies 1 and 2. The goals were to reduce overall expenses, remove oil for better handling and housekeeping, remove oil contamination of plastic for recycling, and comply with new environmental regulations. In addition to gains in worker health, fire safety, and the quality of the work surroundings, both investigations led to the removal of oil and related machinery, stock, waste, and cleanup. The switch to VCI packaging technology also facilitated advancements in the cleaning and handling other parts. 

Case 2 ships a diesel engine’s crankcase from South America to an equatorial engine facility. Oil was used as part of the current procedure, resulting in rework and contaminating the factory and the employees’ residences. Plastic bags were utilized in VCI packaging techniques, which offered instant protection against contamination and corrosion. Although the project only reduced net costs by around 8%, it was nevertheless attractive since it saved more money in the receiving plant and had intangible benefits, including investment prevention, safety and health of employees, and compliance with the environment. Verification tests also showed that the packaging offered corrosion protection comparable to the oil-based approach. For both 
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factories, the company’s total annualized savings surpassed $800,000. Improved health, safety, and work-life balance were among the indirect advantages of oil removal and removing fire risks from oil and sediments extracted from oil tanks. 

The third case concerns corrosion-resistant packing for loads of electrically operated cabinets and other electromechanical components for a turnkey facility transported in ocean containers. Used extensively in traditional packaging, desiccants are effective with carefully planned and executed tightly sealed packaging that requires extremely low vapor diffusion rates. Comparing VCI packaging to similar desiccant-barrier packaging, the former is one-third to one-half less expensive. This adheres to the common “rule-of-thumb” based on this crating company’s experience. 

When corrosion protection is needed for several months or longer of storage and transportation, mainly when extreme temperature and humidity cycles occur in or near ocean air, they are confident in recommending and using VCI films and vapor capsules because the materials and corrosion protection are more reliable. Many other studies also documented the corrosion inhibition potential of VCIs for military equipment [21, 22]. 

8.3  CONCLUSION 

The corrosion issues that negatively impact the military’s operational preparedness, infrastructure, and equipment life and functioning are discussed in this chapter. 

Uniform, pitting, crevice, interannual, galvanic, and other corrosion types are common in military assets. Marine-, air-, and land-mediated corrosion and atmospheric exposure are prevalent in corrosive environments. Corrosion prevention in such conditions has received much attention because corrosion-related failure of military assets, such as ground vehicles, aircraft, ships, and naval vessels, is costly and dangerous. There are numerous methods and strategies for preventing corrosion on military equipment, such as using VCIs, water displacement goods, dehumidification procedures, and materials that absorb water. By preventing corrosive deterioration and air oxidation, the VCIs prevent corrosion by establishing a protective coating over the metallic material’s surface by adsorption. The VCI protective film prevents corrosive species, including moisture, water, oxygen, salts, and aggressive ions, from penetrating, guaranteeing long-lasting protection. The results of the literature imply that VCIs prevent metallic assets in military settings from corroding. When appropriately used, VCIs can reduce corrosion expenses by up to 35% to over 50%. By improving corrosion resistance through adsorption, VCIs also increase the durability and dependability of military assets, according to the literature review. This lessens the threats to the environment and human health that corrosion poses. 
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Applications in 

9 Natural Gas and 

Chemical Industries 

9.1  INTRODUCTION 

More than half of the world’s energy comes from the vital gas and oil resources. 

These materials are transported by pipelines, frequently composed of steel and are highly prone to corrosion [1,  2]. This corrosion may severely shorten these pipelines’ structural integrity and service life. In oil and gas, pipelines are essential for moving valuable and dangerous materials. Corrosion, mechanical faults, third-party actions, operational challenges, and natural occurrences all can lead to failures. Figure 9.1 shows the chronological order of failures during 15 years (1990–2005) [3]. The leading cause, corrosion, is responsible for 70.7% 

of pipeline failures in crude oil and 46.6% of pipe breakdowns in natural gas. 

Roughly, US$60 billion was spent globally in 2003, with corrosion costs totaling US$900 million. As corrosion costs are predicted to increase with rising energy demand, preventive risk evaluations are required. Natural gas pipelines exposed to water and gas pollutants like O , H S, CO , organic acids (OAs), or chlo-2

2

2

rides may develop corrosion on their inside walls. In addition to the operational conditions of the pipeline, the concentration and specific combinations of these different corrosive components within the pipe determine the type and degree of corrosion damage that may occur. 

The pipeline’s temperature and gas velocity, for illustration, have a significant impact on whether and where corrosion damage can happen [4, 5]. Put differently, a specific gas composition may result in corrosion under certain operating conditions but not others. Because of this, it would be challenging to define “corrosive gas” precisely and appropriately in every operational situation. The existence of microorganisms on the pipe wall may potentially contribute to or cause corrosion. 

This form of corrosion, known as microbiologically influenced corrosion, or MIC, can happen when nutrients and microorganisms are present and when water, corrosion products, deposits, and others on the pipe wall provide favorable conditions for microbial colonization [6, 7]. The atmosphere becomes hostile to carbon steel due to microbial activity, which can produce organic acids, concentration cells, or gases that produce acid. The microorganisms can metabolize sulfur or sulfur compounds to create chemicals that corrode steel or otherwise hasten the attack on steel. 
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FIGURE 9.1  Diagrams displaying pipeline incidents from 1990 to 2005 by cause. (a) 3,826 

incidents involving crude oil pipelines. (b) 411 incidents involving natural gas pipelines [3]. 

9.2  CORROSION PROBLEM IN NATURAL GAS 

9.2.1  natural gaS pipeline corroSion By h2S 

H S-mediated corrosion is referred to as sour corrosion [8, 9]. Significant difficul-2

ties arise from H S corrosion in various industrial processes, especially in the oil 2

and gas industry. Because of its advantageous cost and mechanical qualities, mild 
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steel is frequently utilized in these applications; nevertheless, when exposed to H S, 2

it becomes highly prone to corrosion. The aggressive dissociation products of H S 

2

are a component of this corrosion’s electrochemical nature, which produces different iron sulfide scales. The NACE (National Association of Corrosion Engineers) study suggests H S corrosion occurs at H S partial pressure greater than 0.30 kPa 2

2

(0.05 psi) [10]. There is still much to learn about the intricate mechanism of acid corrosion. H S corrosion occurs through the production of mackinawite corrosion prod-2

ucts, and the creation and transition of these products are significantly influenced by temperature, exposure duration, and the concentration of acidic gases. Wen et al. 

have explained how carbon steel corrodes in a sour environment at low temperatures and low partial pressures of H S [11]. Equations 9.1 and 9.2 demonstrate that sour 2

corrosion begins with the breakdown of H S gas in water and its subsequent disso-2

ciation to form bisulfide/bisulfide (HS−) and proton (H+) ions. 

H S  
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The anodic decomposition of carbon steel can be presented as follows [12–14]: Fe H   S H  
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At the cathode, H S dissociates and liberates H+, finally reducing to hydrogen, as 2

shown in Equations 9.10–9.12 [15]. 
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Sour corrosion is influenced by various parameters such as temperature, pH, flow rate, and partial pressure [9, 16]. The effect of temperature on sour corrosion rate can be explained by forming different forms of solid iron sulfides, such as mackinawite and Fe O , which are developed after short exposure. Figure 9.2 represents 3

4
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FIGURE 9.2  Schematic diagram showing major parameters influencing sour corrosion [3]. 

the influence of significant parameters on sour corrosion [3]. The flow rate greatly affects the sour corrosion rate, especially at low  P

levels. Increased fluid or gas 

H2S 

velocity increases the dissolution rate of mackinawite and has a negligible effect on the overall corrosion rate. High flow velocity increases the risk of localized corrosion and accelerates the corrosion rate at high temperatures. The primary source of H S in refineries is crude oil, with larger concentrations in sour crude oil. Additional 2

sources comprise tank vents, wastewater treatment procedures, hydrodesulfuriza-tion units, hydrotreating units, sulfur recovery units, sulfuric acid alkylation units, delayed coker units, and catalytic reforming units. H S is also produced during 2

wastewater treatment procedures due to chemical or microbiological reactions. 

H S-induced hydrogen-induced embrittlement is a serious problem in pipelines, 2

especially steel pipes that transport gas and oil [3, 17]. Hydrogen-filled holes result from various environmental elements, including sour gases, operating circumstances, and material qualities. Sulfide stress cracking (SSC) and hydrogen-induced cracking (HIC) are the two primary forms associated with this phenomenon [3, 17]. 

These circumstances significantly harm steel pipelines, which produce hydrogen due to corrosion. In the steel matrix, atoms of hydrogen frequently combine at inclusion gaps and interfaces to generate trapped molecular hydrogen that is impossible to desorb. Blisters may form due to the buildup of hydrogen partial pressure caused by this. When hydrogen is trapped inside parallel lamination planes, it causes stress-oriented hydrogen-induced cracking (SOHIC), which starts the tiny cracks linked to HIC [3, 17]. 

HIC seriously threatens pipeline steels carrying acid-contaminated hydrocarbons. It entails reuniting atomic hydrogen distributed throughout the steel, especially at structural imperfections such as lengthy inclusions that run parallel to the pipeline’s surface [18]. Blisters occur when hydrogen molecules build up at inclusion interfaces over time, causing internal hydrogen partial pressure. Several variables, 
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such as temperature, pressure, hydrogen content, and steel composition, greatly influence HIC. Putting suitable pipeline design, upkeep, and monitoring procedures in place is essential to reducing the chance of HIC. Assessing structures functioning in conditions akin to sour environments requires an awareness of the H S threshold 2

concentration that encourages cracking [3, 17]. 

High-pressure gas transport pipeline breakdowns result from SSC, a serious problem in steel pipelines. In facilities handling corrosive fluids, it happens unex-pectedly during operations and necessitates risk-based safety measures. Three primary causes of SSC include exposure to a damp, sour, and corrosive environment, localized tensile stress that surpasses a critical threshold, and vulnerable materials. 

H S catalysis allows hydrogen atoms to pierce the material lattice in situations that 2

are rich in wet H S. Creating tiny molecular apertures on the metal surface and 2

breaking the protection barrier allows this penetration. The electrochemical disintegration of iron, which releases surface electrons, is the primary anodic mechanism in acidic steel corrosion when H S is present. Hydrogen atoms subsequently accept 2

these electrons, joining them to create molecular hydrogen. Steel’s vulnerability to SSC results from the diffusion of atomic hydrogen, which starts with the cathodic partial reaction during corrosion in an H S-containing environment. Several impor-2

tant parameters, such as steel metallurgy, stress levels, pH, the partial pressure of H S, and chloride ions, influence steel susceptibility to SSC. The leading cause of 2

SOHIC is low-strength steels with high residual stresses, especially around pipeline welds. A distinct SSC, SOHIC, develops from preexisting hydrogen-induced micro-cracks under tensile stress perpendicular to the crack’s path. 

9.2.2  natural gaS pipeline corroSion By co2 

Sweet corrosion is caused by carbon dioxide [19, 20]. In the oil and gas sector, sweet corrosion is a prevalent problem that accounts for 60% of failures [21]. There are four levels of corrosion risk—low, mild, medium, and high, depending on the partial pressure of CO  (

). Steel pipelines are typically locally damaged by sweet cor-

2  P CO2

rosion, which causes seepage and the expulsion of dangerous materials. Production loss, service interruption, and reputational harm all are possible damage outcomes. 

When steel alloys dissolve in water, a very corrosive environment is created, yet they are not harmful to dry CO . Three different types of processes are involved 2

in the complicated phenomena of sweet corrosion—cathodic hydrogen or carbonic acid reduction, anodic oxidation, and carbonic acid production and dissociation. 

After establishing equilibrium between CO  and the aqueous phase, CO  dissolves 2

2

and undergoes several dissociation reactions to produce bicarbonate or carbonate/ 

trixocarbonate ions [9]: 
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The pH of the medium affects H CO  dissociation; a pH of 4–6 produces bicar-2

3

bonate and proton ions. It primarily generates CO 2− and H+ ions at higher pH values. 

3

At pH < 4, hydrogen reduction is the primary cathodic process that consumes electrons [9]: 
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According to Equation 9.23 of the anodic reaction, ferrous ions (Fe2+) are produced. These ions then combine with the carbonate ions to generate iron carbonate, a corrosion product (Equation 9.24). In Equation 9.25, the overall corrosion response is shown [9]: 
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FeCO  can develop in various amorphous forms; these precursors take on a highly 3

protective crystalline form at high temperatures. 

The development and shape of iron carbonate (FeCO ), temperature, and pH all 3

affect the pace of sweat corrosion [22]. Due to its extraordinary solubility, FeCO3 

is not ideal for good anticorrosive protection, especially at low pH. The corrosion rate gradually decreases as the temperature rises because FeCO  precipitates and 3

accumulates on the metallic surface. A drop in pH influences the mechanism of the electrochemical reaction. It reduces the solubility of iron carbonate protective coatings, which causes an increase in the pace of corrosion. Phenix also has a substantial impact on the rate of sweet corrosion. The protective layer forms at a pH value above 6 at lower temperatures, while the carbonate scale film forms at a pH greater than 5.0 [23,  24]. The three risk levels of CO  partial pressure 2

( P

), negligent, medium, and high risk, describe the degree of sweet corrosion. 

CO2

Organic acids, mainly acetic acid (HAc), impact sweet corrosion, which increases the cathodic current and reduces FeCO ’s efficiency, leading to a high corrosion 3 
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rate. NaCl also influences the pace of sweet corrosion; specific investigations have found that the rate can rise or fall. 

9.2.3  natural gaS pipeline corroSion By h2o anD o2 

As impurities, water, and oxygen are present in natural gas, creating a corrosive environment is similar to the aerated aqueous solution [25, 26]. Iron oxidation will be the anodic process in such an environment (Equation 9.26). At the same time, the primary cathodic reaction may be the reduction of hydrogen and dissociation of water (Equation 9.27). Iron hydroxide, a corrosion product produced once the hydroxide and ferrous ions combine, transforms into rust (Fe O ⋅

O) if oxygen 

2

3  x H2

and water are present. The resulting rust may offer some anticorrosive protection but may also act as a site for localized corrosion or pitting. This kind of surface deposition of corrosion products can lead to the development of aeration concentration cells with varying oxygen concentrations and cathodic reaction rates. Typically, a cathode is an area with high oxygen content, and an anode has low oxygen content (Figure 9.3). Rapid corrosion and pitting failure are caused by an unfavorable anodic and cathodic area ratio (i.e., a large cathodic area and a small anodic area). 

Numerous other elements, like mercury and chloride ions, significantly impact the corrosion of natural gas pipelines. Still, a detailed explanation of them is outside the purview of this chapter. 
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FIGURE 9.3  Schematic presentation of formation of oxygen concentration cell (i.e., differential concentration cell) and pitting corrosion in a natural gas pipeline. 
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9.3  CORROSION PROBLEM IN CHEMICAL INDUSTRIES 

Corrosion manifested a significant challenge in the chemical industries due to safety risks, material failures, and economic losses. The typical chemical industries where corrosion is a significant challenge can be classified as basic solutions (NaOH, KOH, and NH OH), mineral acids (HCl, H SO , HNO , etc.), organic acids (HCOOH, 4

2

4

3

AcOH, etc.), ammonia, and halogen (X ) based. NH  is responsible for significant 2

3

corrosion problems in refrigerators, fertilizers, and petrochemical industries. NH3 

results in general corrosion, localized corrosion, and stress corrosion cracking. 

Halogens are inherently corrosive. Further, they can react with the moisture in the surroundings and form corresponding acids. 

9.3.1  corroSion in BaSic (naoh, koh, anD nh4oh) Solution 

The metal surface can occasionally be cleaned using NaOH, KOH, and NH OH solu-4

tions. Here is an example of how metals dissolve in basic solutions: i.  Anodic Reactions 
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M and M′ denote the divalent and trivalent metals. Only when chloride ions are present can cathodic reactions be accessed in Equations 9.33 and 9.34. 

9.3.2  corroSion in nacl meDium 

Electrolytes based on sodium chloride can be considered neutral solutions. They are frequently used for metals and alloys in various concentrations, primarily 3% and 3.5% NaCl solutions. The mechanisms by which certain metals corrode in these electrolytes are as follows. 
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9.3.2.1  Corrosion of Iron 

Fe 

2e −  / 3e−  F2+/3

˜ 

+

+   anodic reaction

(9.37) 

2H  O + O





+ 4e

−  ° 4OH −  cathodic reaction 

(9.38) 

2 

2

The ions so formed react with chloride and produce ferrous and ferric chloride, as shown in Equations 9.39 and 9.40: 
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In the presence of water, the formation of a metal hydroxide mat takes place as per Equations. 9.41–9.44: 
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9.3.2.2  Corrosion of Aluminum 

In NaCl media, aluminum is similarly susceptible to corrosion. Al’s dissolution can be seen as follows: 
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The resulting Al ion instantly generates hydroxide complexes when combined with water. The following is a presentation of complex formation: 
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The hexa-coordinated complex develops during a microsecond. Additionally, specific poly-nuclear complexes arise via the following mechanisms: 2H  O + 2

Al 3 +  ° 2H 

+  +[Al (OH) ]

(9.53) 

2 

2 

2

4H O  + 2A

l3+  ° 4

H+ +[Al  (OH)  ]

(9.54) 

2 

2 

4

Equation 9.55 illustrates how aluminum ions can also combine with chloride ions to produce several reactive intermediates: 

− 

+  +3   °

2+ 

+

Cl 

Al 

AlCl  / AlCl /  

AlCl 

(9.55) 

excess 

3 

2 

Easily liquifying in H O, HCl, and NaCl, the mono-, di-, and trichloro-com-2

pounds are extremely sensitive. The formation of these intermediates thus supports Al corrosion in a NaCl medium. 

9.3.2.3  Copper Corrosion in NaCl 

Because copper is used extensively in various sectors and maritime domains, copper corrosion in NaCl is also more prevalent. The following is a presentation of CuCl , 2

CuClO, and CuCl  in the presence of water formation: 

2

H O + 2C

u ° 2

H+ + C

u O  + 2e − 

(9.56) 

2 

2

+ 

1 
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+  ˛ CuCl 

(9.58) 

2  2  −H O  

2 
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CuCl, CuCl , and Cu O are thus produced as by-products of corrosion. On the 2

2

other hand, atacamite, or Cu (OH) Cl, can also occur. 

2

3

2H  O + C

u O  + Cl 

−  ° H

+  + C

u  (OH)  Cl + e − 

(9.59) 
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2 
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9.3.3  corroSion in aciDic electrolyteS 

Two processes, anodic oxidation and cathodic hydrogen evolution reactions, cause metals to corrode in aqueous solutions. The following lists the cathodic and anodic reactions: i.  Anodic oxidation 

M ˜ 

+

 n   

M  + −

 n e 

(9.60) 

ii.  Cathodic reduction 

+  +  −

1 

H

e  ° H 

(9.61) 

2  2 

The metallic corrosion in different acidic electrolytes can be presented as follows. 
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9.3.3.1  Corrosion in HCl Medium 

The following methods allow metal (M) and metal oxide (MO and M O ) to dissolve 2

3

in an HCl medium: 

2HCl + M 

° H 

+ MC



l 

(9.62) 
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2
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° ˛ 3H 



+ 2M 



°Cl 
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2HCl  + MO °  H O +  MCl 

(9.64) 

2 

2 

6HCl + M O °

3H O +  2MCl 

(9.65) 

2 

3 

2 

3 

Here, M and M′ are the di- and trivalent metals. 

9.3.3.2  Corrosion in H2SO4 Medium 

The following methods allow metal (M) and metal chloride (MCl ) to dissolve in an 2

H SO  medium: 

2

4

H SO + M °  H  + MSO  

(9.66) 
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2 

4 

H SO + M

Cl  ° 2HCl + MS



O  

(9.67) 

2 

4 

2 

4

M stands for a divalent metallic element in this instance. Likewise, various acidic solutions (HNO , H PO , etc.) are also absorbed by metallic corrosion. 

2

3

4

9.4  CORROSION PROTECTION FOR NATURAL GAS 

AND CHEMICAL INDUSTRIES: ROLE OF VCIS 

Pipeline corrosion is a serious problem that can lead to explosions and make it dangerous to transfer hazardous commodities [27,  28]. Safety precautions and a corrosion control program are essential for preventing corrosion. Protective coatings are vital for addressing corrosion issues in the oil and gas sector, especially those brought on by CO  and H S. By forming a barrier between metal surfaces and 2

2

corrosive agents, including H S, CO , OAs, chloride ions, and so on, they are pre-2

2

ventive measures, lowering corrosion rates and enhancing equipment longevity and safety. In the oil and gas sector, cathodic protection (CP) is essential for preventing corrosion, particularly in regions where subterranean pipelines and storage facilities are at serious risk [29, 30]. Metal surfaces are turned into cathodes inside an electrochemical system to avoid stress corrosion cracking and minimize flaws that may arise during organic coatings’ application and operational life. In refinery settings, CP combined with coatings is frequently considered the most economical method of preventing corrosion. 

Carbon steels comprise most of the materials used in acid oil and gas activities. 

However, because of improved economics and corrosion-resistant alloys (CRAs), the use of CRAs for major equipment parts has increased [31, 32]. Corrosion-resistant materials are especially crucial for preserving the longevity and integrity of machinery and buildings. High-density polyethene, titanium, nickel-based alloys, stainless 
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steel, duplex stainless steels (DSSs), and fiber-reinforced plastics are a few known for their ability to withstand corrosion in natural gas conditions. Due to their high Cr content, austenitic stainless steels are corrosion-resistant, which causes a passive protective layer to grow on their surface. An affordable substitute for pricey nickel-based alloys and austenitic stainless steels, DSSs provide exceptional stress resistance. In applications where corrosion resistance is essential, especially in highly corrosive environments, Ti-475, a titanium alloy, is a viable option due to its remarkable corrosion resistance under simulated high-temperature geothermal conditions. 

Monitoring cor rosion inhibitors is essential to shield metal surfaces from damage [33, 34]. With about 70% of utilization, the ma rket for organic corrosion in hibitors has grown significantly. Both continuous injection and batch treatment a re used to give inhibitors, and each has a range of concentrations that must be met. Numerous cor rosion inhibitors, such as those based on polymers, Gemini surfactants, water-soluble imidazoline, and amines, have shown prom ise in acidic environments [8, 35]. Equipment longevity is increased, and adequate cor rosion protection is ensured by routinely checking these inhibitors. Three fundamental forms of corrosion inhibitors a re used in the oil and gas sector— 

soluble cor rosion inhibitors (SCIs), volatile/vapor cor rosion inhibitors (VCIs), and contact cor rosion inhibitors (CCIs). Applying CIs directly to metal surfaces or blending them into paints and varnishes stops the electrochem ical cor rosion. 

VCIs adsorb to metal surfaces and are chem ical formulations that volatilize into a gas and move th rough the air [36, 37]. By altering a liquid’s pH, SCIs immediately reduce its cor rosiveness, mak ing them effective in acidic conditions. 

VCIs are a viable solution since they have a high enough vapor pressure to saturate the gas phase and adsorb on the metal surface while offering dependable protection 

[38, 39]. VCI successfully guards against metal equipment corrosion in corrosive situations with water vapor, CO , and/or H S [38, 39]. Reliable protection against 2

2

corrosion damage is provided by the Defender series’ VCI, which rapidly fills the gas phase with its vapors and consistently preserves the stability of the protective coating that forms on the metal equipment’s surface. Further, it slows down the corrosion process beneath layers of corrosion-related substances and depositions. VCIs can prevent corrosion on metallic equipment in various sectors, such as boilers, pipes, and column-capacitive and heat-exchange equipment [37, 40]. Likewise, VCIs have also been ideal materials for corrosion protection in many chemical industries. 

9.5  CONCLUSION 

The corrosion problems in the chemical and natural gas industries are covered in this chapter, along with potential solutions using VCIs. These industries are connected to several corrosion-related issues that present significant risks and challenges to public safety. The chapter also describes the mechanism of corrosion in the sectors of natural gas and chemicals, with particular attention to halide (chloride) ions, CO , O , H O, organic acids (OAs), and H S. SSC, HIC, localized and pitting cor-2

2

2

2

rosion, and other material degradation make H S (sour)- and CO  (sweet)-mediated 2

2

corrosion in natural gas pipelines extremely difficult. Microbially induced corrosion (MIC) is also linked to them. Numerous chemical industries use corrosives 
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based on highly aggressive mineral acids, such as base (NaOH, KOH, NH OH, etc.), 4

organic acid (AcOH, HCOOH, etc.), halogens, ammonia, and so on, and acidic (HCl, H SO , HNO , H PO , etc.) that speed up the corrosion and failure of materials. 

2

4

3

3

4

Many efforts have been made to address various industries’ corrosion issues and problems. Corrosion inhibitors, cathodic protection, anticorrosive coatings, and corrosion-resistant materials (CRMs) are most frequently used. These industries have found that VCIs are cost-effective and efficient substitutes for conventional corrosion inhibitors. They adhere to the metal surface, vaporize fast, and create a protective layer against corrosion. By preventing the diffusion of corrosive species such as oxygen, moisture, corrosive gases, salts, OAs, and others, their hydrophobic films avoid the onset and spread of corrosion. 
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Applications in 

10 Automotive, Aerospace, 

and Electronic Industries 

10.1  INTRODUCTION 

10.1.1  corroSion proBlem in automotiVe inDuStrieS 

Metals are unstable in natural or automotive environments, leading to corrosion [1–3]. In the same manner that the corrosiveness of the atmosphere varies based on the location, the corrosion in the automotive environment can lead to aggressive metal corrosion [1–3]. 

In the automotive sector, corrosion is a hidden but enduring problem. The deterioration happens when metals interact with environmental factors like moisture, oxygen, and salt. Corrosion can damage an automobile’s structural integrity, detract from its cosmetic appeal, and require expensive repairs. Because of this, controlling automotive corrosion is essential to the production and upkeep of vehicles. Corrosion is made worse by high relative humidity, road salt, and industrial pollution [1–3]. This can impair efficiency, security, and cost by weakening the load-bearing parts, frame, and chassis. The cost of repairing corroded elements or repainting impacted regions may be high for owners. 

Electrochemical corrosion variables involve metal, an ion-conductive media, and coupled anodic and cathodic reactions. Different types of corrosion include uniform, galvanic, pitting, crevice, and deposit corrosion. The distribution of relative frequency of corrosion type in cars is presented in Figure 10.1. Uniform corrosion occurs over the entire exposed surface, galvanic corrosion occurs when two metals come in contact with an electrolytic presence, pitting corrosion occurs on passivated metals exposed to aggressive additives, crevice corrosion occurs when a small crevice is created, and deposit corrosion occurs due to water retention under the deposit [3]. 

10.1.2  corroSion proBlem in aeroSpace inDuStrieS 

The aerospace sector is essential for reliability, longevity, and safety. Since corrosion can jeopardize the structural integrity of aeroplanes and their components, which could have disastrous results, it is one of the most critical issues facing this industry [4,  5]. Metals corrode when exposed to the environment, reducing their structural integrity and increasing the likelihood of breakdowns. To preserve aircraft longevity and operational effectiveness, it is essential to comprehend the causes and put efficient engineering solutions into place. Aircraft components are particularly vulnerable to corrosion because of severe weather and various operating situations. 

Primary materials prone to corrosion, such as steel alloys and aluminum, can rust, pit, and crack under stress corrosion [4, 5]. Surface, intergranular, stress, friction, 93 
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FIGURE 10.1  Diagrammatic representation of the types of corrosion found in automobiles [3]. 

and dissimilar metal corrosion are the several types of corrosion in the aerospace sector. Each of these types has the potential to start the slow deterioration of aircraft metals, which could impact their mechanical characteristics and lower the aircraft’s overall safety and airworthiness. The most prevalent kind of corrosion is surface corrosion, which is identified by grayish-white powder deposits and rusting metal on the aircraft’s surface. When dissimilar metal components come into touch while a conductor is present, dissimilar metal corrosion occurs, resulting in significant pitting damage [6]. Galvanic corrosion is another name for this. An alloy’s grain boundaries are impacted by intergranular corrosion, which causes the metal on the surface to lift and flake [5, 7]. Stress corrosion results in cracks and failures when components, like crankshafts and engine landing gear, are exposed to continuous tensile stress in corrosive conditions. Significant pitting and acceptable debris are hallmarks of friction corrosion, which is brought on by the minor relative movement of two mating surfaces of aeroplanes. 

10.1.3  corroSion proBlem in electronic inDuStrieS 

The prolonged exposure of electronic equipment or parts to conditions that corrode metallic parts due to humidity and corrosive gases [8]. Corrosion can cause short circuits, poor conductivity, higher resistance, and eventually, malfunction or failure of the impacted electronic components. Electronic materials and gadgets like cars, bridges, and pipelines are more likely to fail due to corrosion because of their often small size. Electronic device performance, dependability, and lifespan all can be negatively impacted by electronic corrosion, which is a serious risk [9, 10]. Damage brought on by corrosion might result in data loss, lower productivity, and higher maintenance expenses. It also impacts the security of vital electronic devices in 
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various settings, including the automotive, medical, and aerospace sectors. Airborne pollutants, corrosive gases, dampness, and unfavorable storage conditions are some of the elements that can hasten electronic corrosion. Electronic component deterioration and metal oxidation can result from chemical reactions accelerated by moisture and humidity. Sulfur oxides, chlorine, and hydrogen sulfide are corrosive gases that react with metals to generate chemicals that gradually deteriorate electronic components [11, 12]. Dust and grime are examples of airborne pollutants that can worsen corrosion. Due to improper storage conditions, long-term damage can result from microelectronic equipment exposure to moisture or other corrosive substances. 

10.2  CORROSION PROTECTION: ROLE OF VCIs 

10.2.1  corroSion protection in automotiVe inDuStrieS 

Corrosion prevention in automotive industries has attracted huge attention due to its association with very high safety and economic losses. Several maintenance procedures and preventative measures are used to reduce the danger of automobile corrosion [13, 14]. Modern paints and coatings, like polymer coatings, electrocoating, and galvanization, shield metal surfaces from oxygen and moisture. Composite, stainless steel, aluminum, and other corrosion-resistant materials are employed. Vulnerability is reduced via better manufacture and design, such as precise assembly and flawless welding. Anticorrosion procedures like caulking, sealing, and rustproofing increase durability. Rust can also be avoided by routine maintenance procedures, including cleaning and waxing, checking weak spots, and applying touch-up paints. The automotive sector is also developing nanotechnology, self-healing materials, recycling, and sustainability to lower expenses and their adverse environmental effects [15]. 

The future of corrosion prevention is driven by advancements in recycling, self-healing materials, and nanotechnology. 

Significant attention has been paid to applying VCIs in the automobile industry to reduce corrosion [16]. In the automotive sector, VCIs are frequently employed to safeguard metal components throughout production, storage, and transit. They support the preservation of parts like engines and transmissions. The expansion of the automotive industry is driving growth in the global market for volatile corrosion inhibitors (VCI) packaging. VCI packaging shields components against corrosion, preserving the dependability and integrity of the product. It complies with regulations and simplifies logistics. VCI packaging provides environmentally favorable choices as the automobile sector shifts to more sustainable methods. With a 5.5% 

increase in exports and a 3% increase in imports, India reported a trade surplus in 2024. The industry had a trade deficit in 2023. By 2030, the global automobile industry will expand by US$9 trillion. 

VCI rust preventative bags aim to shield vehicle parts from corrosion and rust by creating an enclosed environment. They can hold things like electrical connec-tors, brake systems, fasteners, and engine parts since they are made of a unique film that contains VCI additives. By stopping rust from forming on metal surfaces, VCI bags prevent corrosion while lowering expenses and minimizing damage. They are adaptable, simple, and appropriate for various automobile parts. Additionally, VCI 
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bags have a longer shelf life, which enables auto suppliers to keep a stock of rust-free parts, cutting down on downtime and guaranteeing on-time delivery. 

To avoid rust and physical damage to automobile components along the supply chain, VCI rust preventive packaging options include VCI foam inserts, stretch films, sheets, emitters, and bubble wraps [17]. Palletized shipments or more significant components are wrapped in stretch films containing VCI additives. The film’s strong surface adhesion creates a barrier resistant to corrosion. For corrosion prevention, VCI papers are used in between stacked components. They work well when parts aren’t packed in bags or covered with film. VCI emitters are tiny gadgets that release molecules of VCI into the air. The cushioning qualities of conventional bubble wraps are combined with VCI technology in VCI bubble wraps. Because they prevent rust and offer physical protection, they are perfect for delicate parts that need particular attention when handling and transporting. 

10.2.2  corroSion protection in aeroSpace inDuStry 

The strength and safety of aeronautical components are seriously threatened by corrosion. High-altitude operations, severe weather, and various atmospheric factors all can cause degradation in aviation. Corrosion-resistant coatings and materials are used in the aerospace sector to stop this [5, 18]. By ensuring that aeronautical structures meet industry standards, they maintain structural integrity and increase the longevity of their operations. The most recent technology, inspection procedures, and coating application processes all are covered in coating inspector courses. 

The three main coating methods for aerospace corrosion management are ceramic coatings, polymer matrix composites, and coatings based on nanotechnology. Fuel economy is increased, drag is decreased, and these coatings improve aerodynamics. 

As these technologies proliferate, competent coating inspectors must guarantee correct application and adhere to strict quality standards for aerospace applications. 

Advanced coatings such as corrosion-resistant alloys, cathodic protection systems, and environmental control techniques are examples of solutions. These compounds protect metal parts from substances that can cause corrosion, such as chemicals, moisture, and salt. The risk of corrosion rises as an aircraft ages or is exposed to harsh conditions and high moisture levels [19]. During routine usage and storage, aeroplanes are protected against corrosion attacks by maintaining a clean vehicle with corrosion-inhibiting washes and storage techniques. Removing rust before using more corrosion inhibitors, like VCIs, may occasionally be necessary. 

The phase of vapor: Because they can impede corrosion attacks from several direc-tions, corrosion inhibitors are crucial to preserving aviation safety. 

VCIs are a cutting-edge, economical, and sustainable corrosion protection solution for the aerospace industry [20]. VCIs offer protection through a narrow, monomolecular barrier. In contrast to traditional corrosion-inhibiting techniques, VCIs provide a barrier that can be integrated with various functional qualities for additional protective capabilities. This barrier also self-replenishes and reheals and provides prolonged protection. To provide a barrier layer against aggressive ions, VCIs physically adsorb on metal surfaces. VCI additives offer highly effective, affordable, and environment-friendly process systems with corrosion protection. 
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VCIs defend against corrosion in the liquid phase, interphase, and vapor phase, whereas traditional corrosion-inhibiting treatments only offer protection in the liquid phase. The following advantages are linked to the application of VCIs in the automobile sector—saves expensive time and labor; safeguards the ecosystem; provides complete package solutions; dissolves in water, oils, and chemicals; is easy to construct; protects multiple metals; comes in multipurpose products; doesn’t change the characteristics of emulsions; guards against HEM (hydrogen embrittlement) and SCC (stress corrosion cracking); necessitates very little surface preparation; stops additional corrosion of ferrous surfaces; and doesn’t interfere with the functioning of mechanical components. 

VCI corrosion inhibitors are safe, good for the environment, and work well to stop corrosion on all metals, including alloys and aluminum. Covering the metal and preventing water vapor from adhering to it, they stop corrosion caused by moisture and the meeting of dissimilar metals in an electrolyte solution. VCI coatings and solutions are frequently used to prevent metals’ corrosion while being shipped and stored. To keep moisture and oxygen from coming into contact with the metal, they form a VCI “cloud” around it. Before applying a VCI corrosion inhibitor, clean the aircraft according to the manufacturer’s recommendations. Maintaining safety and preventing corrosion require routine inspections and maintenance. Around metal surfaces, VCIs provide a barrier of defense that dissipates static electricity and draws dust. Maintaining the aircraft regularly keeps it looking brand new and prolongs its lifespan. Many VCI-based approved products protect metallic structures in the aerospace industry. 

10.2.3  corroSion protection in electronic inDuStrieS 

Numerous attempts have been made to monitor and control corrosion in the electronic industry. Electronic corrosion has long been a problem in heavy industrial sites, especially those with significant sulfur content. Manufacturers changed their materials to be more prone to gaseous corrosion due to the 2003 Restriction of Hazardous Substances (RoHS) Directive, which caused connections to break rapidly even in mild settings. Failure can result from corrosion of electronic circuitry, especially creep and whisker development, which obstruct the current flow or create unauthorized circuit routes. Sulfur pollution is indicated by the development of silver whiskers on surface components. MAS Innovations provides gas-phase and particulate filtering solutions for mission control facilities to prolong circuit board life, prevent process shutdowns, preserve efficiency, lower the cost of replacing electronics, and safeguard warranty claims. 

The usage of corrosion-resistant metal alloys has risen, and corrosion has been decreased by using moisture-absorbing desiccants, noble metal platings, protective coatings, encapsulation, and hermetic sealing. VCIs can offer efficient protection by forming a skinny layer of defense that does not affect the base metal’s conductivity or resistance [21, 22]. In recent years, VCIs have been increasingly employed in the electrical and electronics sectors to protect circuits. The significance of corrosion control rises with the size and capability of electronics since even minute amounts can have disastrous consequences. The end user or system integrator bears the final 

98 

Volatile Organic Corrosion Inhibitors 

obligation because many manufacturers and assemblers have not adopted these technologies. Anodic, cathodic, and mixed are the three categories into which VCIs fall. 

Anodic inhibitors stop metal from corroding by raising the corrosion potential and lowering the current density. Cathodic inhibitors can increase circuit resistance by preferentially precipitating onto the cathodic sites or slowing the cathodic reaction. 

Mixed inhibitors draw molecules anodic and cathodic locations to create a monomolecular layer affecting electrochemical activity. Based on amine-carboxylate chemistry, VCIs are mixed inhibitor systems that use oxidizing anions to block the cathodic process. 

10.3  CONCLUSION 

The corrosion mechanism and protection in the electronics, automotive, and aerospace industries, with a focus on VCIs, are covered in this chapter. Corrosion is a significant issue in various sectors that compromises structural integrity, safety, and economic viability. In the automotive industry, exposure to road salts, pollutants, and moisture increases the likelihood that corrosion will begin and spread, which harms durability and maintenance costs. The airworthiness of metallic components used in the aircraft sector is compromised by harsher and more corrosive environments that exacerbate several types of corrosion, such as SCC, localized, uniform, interannual corrosion, and others. Similarly, when corrosive gases, humidity, and other contaminants are present, electronic metal components undergo corrosion-mediated failures that can result in short circuits and other issues. There has been a lot of interest in corrosion prevention in these industries, including cathodic and anodic protection, coatings, alloying and dealloying, and so on. A comparatively more efficient, cost-effective, and environment-friendly (3E) method of corrosion control is the use of VCIs. Through their adsorption, VCIs prevent air oxidation and electrochemical reactions while forming corrosion-protective hydrophobic molecular layers. The application of VCI-based self-healing materials has recently drawn much interest, particularly for ecologically friendly forms and anticorrosive coatings in the electronics, automotive, and aerospace sectors. 
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Applications in Oil 

11 and Gas Industries 

11.1  INTRODUCTION 

Oil and natural gas are significant energy industries since they are the primary fuel sources for the global economy [1, 2]. The intricate, expensive procedures need for cutting-edge technology. Although historically viewed as an annoyance, natural gas has gained popularity due to the US shale gas development and decreased green-house gas emissions. The oil and gas industries are the biggest worldwide force, with hundreds of thousands of employees and hundreds of dollars in revenue annually. 

The three main sectors of the industry are downstream, midstream, and upstream. 

Though midstream includes shipping, storing, and processing oil and gas, upstream entails exploration. The downstream process consists of refining crude oil and puri-fying natural gas, which are subsequently supplied in different forms to consumers and end users. Fuel oil and petrol (petrol) are the most common products in the oil and gas sector and are necessary for several chemical processes [3, 4]. As the price of petroleum has stabilized and growth has accelerated at an impressive rate, there has been a renewed sense of optimism in the sector. Annually, 30 billion barrels of oil are used, making up a sizable portion of the world’s energy consumption. 

In the oil and gas sector, corrosion is a serious problem that damages facilities used for production and transportation [5–7]. Crude oil and natural gas are naturally corrosive, which causes material deterioration, strength loss, and eventual failure. 

This can result in component failure and expensive replacements. Oil businesses frequently experience pipeline ruptures due to corrosion and oil spills, which can cause devastating environmental harm. Sweet corrosion, or CO corrosion, happens 2 

in the oil and gas sector when dry CO  gas combines with steel and water to generate 2

carbonic acid [8]. Because H S corrosion is so aggressive, it seriously threatens 2

infrastructure and equipment. The most harmful corrosion of drill pipes is sour corrosion, which is brought on by contact with moisture and hydrogen sulfide [9]. 

Drill pipe corrosion is caused by oxygen corrosion, a potent oxidant that reacts with metal rapidly. When metallic elements with varying nobilities are exposed to an electrolytic environment, corrosion results in a process known as galvanic corrosion. 

Narrow spaces or cracks are the site of crevice corrosion, which encourages corrosion. By eliminating the passive layer of corrosion products from the pipe wall, erosion corrosion speeds up the corrosion reaction rate. Bacterial activity causes microbiologically induced corrosion, which corrodes pipelines due to waste products such as CO , H S, and organic acids [10, 11]. Stress corrosion cracking (SCC) is 2

2

localized corrosion where tensile and corrosive stress causes metal fissures. Process vessels, tanks, turbines, electrical control panels, pressure vessels, pipes, valves, heat exchangers, pumps, compressors, drill pipes, fuel oil tanks, hydraulic oil systems, 100 
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electrical equipment, diesel engines, cooling towers, and gearboxes are examples of equipment that typically needs to be preserved. Chapter 9 provides a detailed description of the mechanics of sweet and sour corrosion. The factors influencing sour and sweet corrosion are covered in this chapter. 

11.2  FACTORS AFFECT CORROSION IN 

OIL AND GAS INDUSTRIES 

11.2.1  factorS affecting co2 corroSion rate 

11.2.1.1  Effect of Temperature 

The rate of sweet corrosion is greatly affected by temperature; it initially rises but then falls beyond a certain point [12, 13]. Iron carbonate (FeCO ), a corrosion 3

product, is remarkably soluble at lower temperatures (<60°C), rendering it inefficient against corrosion. FeCO  precipitates in amorphous, nonprotective forms 3

below 90°C, allowing corrosive species to enter and causing localized corrosion. 

Raising the temperature above 60°C increases the crystallinity and defensiveness of the FeCO . According to the literature, Fe O  production begins at temperatures 3

3

4

over  90°C. The typical temperature range for a combination of Fe O and FeCO

3

4 

3 

is 90–200°C. FeCO  formation predominates over Fe O  in the 90–150°C range, 3

3

4

while Fe O  formation predominates over FeCO  in the 150–200°C range [13]. 

3

4

3

Figure 11.1 shows the chemical production of several corrosion products at various temperatures. In the presence of oxygen, hematite (Fe O ) can also develop, but it 2

3

does so as a loose, porous coating. FeCO  breakdown can also produce Fe O . 

3

2

3

11.2.1.2  Effect of pH 

Like temperature, pH significantly impacts the rate and mechanism of corrosion. In general, an increase in corrosion rate and an increase in electrochemical reaction rate are linked to a decrease in pH [13]. Iron carbonate, a corrosion product that dissolves more readily at lower pH values, supports this. Furthermore, compared to electrolytes with greater pH, those with lower pH (increased acidity) can be considered more aggressive and caustic. Furthermore, the cathodic hydrogen reduction reaction proceeds more quickly at a lower pH (greater H+ concentration), which increases the corrosion rate overall. Because of its decreased solubility, FeCO becomes more protective and practical 3 

at higher pH values. According to the literature review, depending on the temperature, carbonate scales can form at pH values higher than 5–6 [14]. Lowering the pH from 5 

to less generally accelerates the corrosion rate. However, because of the FeCO  layer’s 3

development, the corrosion rate stays nearly constant at higher pH values. 

11.2.1.3  Effect of CO2 Partial Pressure ( PCO2) 

Sweet corrosion is significantly impacted by the CO  partial pressure (

) in film-

2

 P CO2

forming and film-free situations. Sweet corrosion severity has three danger degrees: high ( P

> 30), medium (

= 7–30), and neglectable (

< 7) [15, 16]. The rate 

CO2 

 P CO2

 P CO2 

of corrosion is increased when  P

levels rise. However, this is not always the case. 

CO2 

Environmental factors affect how  P

affects the rate of sweet corrosion. An increase 

CO2

[image: Image 47]
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FIGURE 11.1  Diagrammatic representation of how temperature affects the crystallinity and production of corrosion products [13]. 

in  P

accelerates the pace of anodic mild steel dissolving in film-free settings while CO2

decreasing the rate in film-forming conditions because it decreases surface sites for cathodic reduction. No straightforward model can adequately capture the complexity of the relationship between CO  partial pressure and corrosion rate. The and cor-2

 P CO2

rosion rate ( C ) can be calculated using the following relationships [15, 16]: R

 P 

(11.1) 

CO  =  P 

operating × ˛CO

2 

2 

1,710 

 C

log(   =

)   

−

5.8   

+ 0.67lo  P

g( 

)

(11.2) 

R 

 T 

CO2 
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In the above equations,  P

, 

, and 

operating χCO2

 T are the operating pressure, tempera-

ture, and mole fraction of CO , respectively. 

2

11.2.1.4  Flow Rate ( RG) 

The flow velocity strongly influences the sweet corrosion rate of steel. Because the carbonate protective scales are delayed and the FeCO protective coating is 3 

destroyed, it grows rapidly beyond the critical flow intensity (CFI) but slowly below it. High flow velocity may promote ferrous ion elimination, producing a less protective carbonate layer [17, 18]. The effect of  R  on corrosion rate can be presented by G

the Wei et al. equation (Equation 11.3) [19]. In flowing CO  circumstances, Dugstad 2

showed that the  C  of X65 steel at a rate of 3 m/s was over ten times faster than in R

the absence of flow [20]. Research has demonstrated that while flow rate influences precipitation rate and morphology, it does not affect the composition of corrosion products. At 150°C, however, the rate of corrosion is unaffected by the flow velocity. 

 R  =  +

13 

 C

12.89 

 G 

 R 

(11.3) 

11.2.1.5  Organic Acids 

Organic acids such as acetic acid, formic acid, and propionic acid, found in crude oil, can cause pipeline corrosion, especially top-of-the-line corrosion (TLC) in trench flow pipelines. It has been discovered that acetic acid (HAc) accelerates the pace of sweet corrosion, significantly increasing at pH 4 and losing its corrosive impact at pH ≥ 6 [13]. Free HAc and dissociated HAc (acetate ion) concentrations are associated with pH’s impact on sweet corrosion. HAc influences the sweet corrosion rate by increasing the cathodic current and acting as a proton/hydrogen ion supplier with a minimal impact on pH [13]. HAc has a more noticeable effect at high temperatures, where even a small amount negatively impacts the production and characteristics of FeCO . The presence of HAc can alter the characteristics of FeCO , weakening the 3

3

carbonate protective layer and increasing the corrosion rate. 

11.2.1.6  Salts 

Numerous dissolved salts, particularly mono- and divalent cations and anions like Na+ , Mg2+, and Ca2+, are present in crude oil [21, 22]. The main salt found in crude oil is NaCl, and the concentration of this salt can alter how soluble gases are. Carbon steel corrodes less quickly as the concentration of TDS rises, and brine solutions fall into one of three categories—mildly, moderately, or extremely alkaline. Ca, Mg, Sr, and Ba salts are other primary brine salts linked to oil and gas extraction [23, 24]. It is unclear how these ions affect the rate of sweet corrosion; some research indicates that the presence of Ca2+ speeds up corrosion, while other studies indicate that it slows down or promotes pitting corrosion assaults. Although Ca2+ and Mg2+ do not directly cause sweet corrosion, their presence affects its rate because they cause a solid solution of Fe Ca Mg CO  to develop in a CO  environment [25]. 

 x

 y

 z

3

2

11.2.1.7  Dissolved Oxygen 

In sweet corrosion systems, oxygen is essential since it reduces carbonic acid and speeds up cathodic processes. Higher concentrations slow down pitting corrosion, 

[image: Image 48]
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FIGURE 11.2  A schematic representation of the main factors affecting sweet corrosion [13]. 

whereas lower quantities make it more susceptible. Metal surfaces can be protected and passivated by oxygen. Oxygen concentration determines the nature of the corrosion product; low oxygen concentrations form FeCO  and Fe O , whereas high 3

2

3

oxygen concentrations form Fe O  and FeOOH [26, 27]. The effect of some signifi-3

4

cant factors on sweet corrosion rate is schematically presented in Figure 11.2. 

11.2.2  factorS affecting h2S corroSion rate 

Temperature, flow rate, and H S partial pressure (

) pH are some variables that 

2

 P H2S

affect the rate of sour corrosion of carbon steel [13]. The impact of a few key parameters is shown schematically in Figure 11.3. These factors alter the morphology and development of corrosion products, making it challenging to forecast the total impact of temperature. Many salts are present in the formation of water, which is highly dense and viscous during oil and gas extraction. Mackinawite and Fe O , two types 3

4

of solid iron sulfides that form after brief exposure, can be used to demonstrate how temperature affects the pace of sour corrosion. At higher temperatures, pyrite and pyrrhotite should be more stable than Fe O and Mackinawite, precursors for trans-3

4 

formation reactions [28, 29]. 

The rate of sour corrosion is greatly influenced by flow rate, particularly at low P

. According to studies, increasing fluid velocity raises the initial corrosion rate H2S

while having little impact on the total corrosion rate. This could be because long-term exposure causes a protective iron sulfide layer to develop. Localized corrosion is more likely to occur at high flow velocities, and high temperatures can accelerate the corrosion rate. Phygen significantly impacts the rate of sour corrosion, particularly at low  P

. At low pH, the solution is unsaturated for FeS, which causes protective H2S

[image: Image 49]
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FIGURE 11.3  A schematic representation of the main factors affecting sour corrosion [13]. 

iron sulfide scales to dissolve. However, the solution becomes supersaturated at higher   P

, and a stable, protective iron sulfide layer is more likely to develop. 

H2S

Therefore, unless the  P

is sufficiently high, a lower pH impacts the rate of sour 

H2S

corrosion. Numerous reports on the impact of H S partial pressure under N /H S and 2

2

2

CO /H S circumstances have also been published [30, 31]. The corrosion rate in N / 

2

2

2

H S systems increases marginally as 

rises. 

2

 P H2S

11.3  VCIs FOR OIL AND GAS INDUSTRIES 

Crude oils are a mixture of hydrocarbons extracted from wells, with water containing corrosive agents like CO , H S, and chlorides [7]. The oil and gas industries 2

2

involve crude oil extraction, pipeline conveyance, and refining to produce various oil derivatives [32, 33]. VCIs are applied to control wet corrosion, with gasoline being the most valuable. Gasoline contaminated with water causes corrosion in transport systems and motor vehicles. VCIs are formulated with esters of carboxylic or phosphoric acid, following regulations. Offshore oil platforms use VCI as an inhibitor for corrosion control [34]. Crude oil is transported in petroleum steel tankers filled with seawater for stability. Top-of-line (TLC), a form of acid corrosion, is a significant issue in corrosion management plans for wet gas lines in the oil and gas industries 

[35, 36]. It occurs due to the condensation of water vapor on the cooled internal surface of pipelines. Depending on production conditions, TLC can lead to severe metal loss, localized corrosion, and rapid pipeline failures. Mitigation measures include using corrosion resistant alloys (CRA), efforts to decrease water condensation rate (WCR) by adding thermal insulation, increased pipeline wall thickness for higher corrosion allowance, and chemical inhibition. VCI is a crucial mitigation method, 
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but challenges remain, such as formulation, finding the optimal functional group, and determining the optimal length of the alkyl tail. Recent efforts have focused on partitioning VCI in water and oil, injection method, effectiveness, and longevity of the VCI once in the pipe [37, 38]. 

VCIs are utilized in the oil and gas sector to prevent metal corrosion in static, contained spaces, including beneath tank floors, inside pipe casing annuli, inside out-of-service pipelines, enclosed spaces containing spare parts, pipe segments, and more. The VCI can volatilize or change from a solid or liquid to a gas [39]. The gas or vapor molecule then forms a mono-molecular barrier layer on the metal’s surface by adhering to it and taking precedence. This barrier layer reduces the chance of corrosion by preventing other molecules, such as oxygen and water, from adhering to the steel surface. The VCIs can counteract the corrosive effects of oxygen and water. 

Water is frequently added to the VCI powder, which serves as a delivery system to ensure the VCI reaches its intended location. Protection is challenging since corrosion often happens in places that are hidden or difficult to achieve. VCIs are capable of providing corrosion protection for both easily accessible and difficult-to-reach places, as well as for areas that are visible and difficult to view. 

11.4  CONCLUSION 

This chapter examines corrosion prevention in the oil and gas sector, a crucial area of the world economy. This chapter describes the oil and gas industry’s three main sectors—upstream, midstream, and downstream—with special attention paid to socioeconomic impacts, scale, and technological developments. In these sectors, corrosion is still a persistent and challenging issue that negatively impacts the performance and characteristics of the materials, resulting in their deterioration, failure, and costly replacement. 

Numerous forms of corrosion, such as galvanic (dissimilar metal) corrosion, CO -

2 

mediated (sweet) corrosion, H S-mediated (sour) corrosion, microbiologically influenced 2

corrosion, and so on, are linked to these industries. Various elements, such as water, salts, oxygen, temperature, partial pressure of CO  and H S, pH, flow rate, organic acids, and 2

2

so on, influence the corrosion rate in the oil and gas industry. While defensive corrosion products like iron carbonate (FeCO ) and iron sulfides (FeS) can form under certain 3

conditions, reducing damage, higher temperatures, and lower pH levels often promote corrosion. Finally, it has been explained how VCIs can be used to safeguard the oil and gas industries against corrosion. VCIs shield metal surfaces from corrosive chemicals by forming a protective molecular layer. They are invaluable in confined areas like offshore platforms, storage tanks, and pipelines. Nevertheless, there are still issues with improving VCI compositions, delivery systems, and durability. 
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12 Construction Industry 

12.1  INTRODUCTION: FUNDAMENTALS OF CORROSION 

IN CONSTRUCTION INDUSTRIES 

Given the variety of metals employed in construction, corrosion represents a significant problem in structures and the industry [1, 2]. One of the main issues with corrosion is the damage or deterioration of metal parts, like rusting steel. Most corrosion process involves electrochemical reactions. An electrical potential is created between dissimilar metals in the presence of a conducting liquid called the electrolyte, which enables a current to flow when an appropriate route is supplied. Steel’s low cost and appealing qualities make it the most widely utilized metal in structures. Other metals, however, might be more corrosion-resistant based on predicted service life and starting costs. 

There are four broad types of metal used in buildings: external (cladding, roofing, flashings), construction (structural and reinforcing steel, masonry ties, damp courses), services (piping, hot water storage tanks, drains, heating ducts), and underground [3]. 

Atmospheric conditions mainly influence the impacts of metals on building exteriors, while certain design features may alter these outcomes [4]. The period that water wets metal, temperature, and pollution from sulfur dioxide and chlorides all are factors that cause corrosion [5, 6]. Poor design is the primary cause of iron and steel corrosion in structures because design elements can drastically alter local exposure circumstances. Corrosion can be caused by air pollution from burning coal, especially in buildings with high sulfur dioxide concentrations [5, 6]. Corrosion is greatly influenced by temperature; steel used in regions with lower temperatures and less sulfur dioxide pollution requires less protection [5, 6]. A significant amount of building metals is structural steel, which is frequently protected from the elements by roofing and cladding. However, corrosion can occur when structural steel is exposed to water. This problem can be avoided by using the right materials and design. 

In addition to being prone to corrosion, low-quality concrete and brickwork make it easy for water to seep in. The addition of calcium chloride to cold-weather concrete has been connected to the buckling of vault door frames and significant corrosion of steel radiant heating coils [7]. Since prestressed concrete can cause considerable damage, the issue of steel corrosion in concrete is becoming more serious. Rain does not significantly contribute to the corrosion of metal connections in masonry; water penetration is the determining factor. Aluminum and other metals should be flashed in a mortar with an appropriate bituminous covering. Metal corrosion in building services, like water supply, heating, and sewage disposal systems, is a serious problem. In particular, boilers and condensate return lines can be protected against corrosion and scale by properly treating water, primarily steam or hot water. 

Combining radiant heating panels with hot water might cause corrosion. It is possible 109 
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to reduce corrosion by using corrosion inhibitors such as silicates or phosphates, but partial treatment may be worse than no treatment. 

Because of the oxygen and salt present, seawater systems can have significant corrosion issues, particularly when heated. Since the composition and corrosiveness of each municipality’s water supply vary, adding chemical inhibitors to reduce corrosion is challenging [8, 9]. Scale serves as a protective layer that helps lessen corrosion. 

Temperature plays a significant role in freshwater corrosion, with galvanized steel tanks being the most impacted. Copper tubing may corrode severely when exposed to soft, acidic water or water with dissolved carbon dioxide [10, 11]. Weak linkages and possible galvanic corrosion can cause problems when different materials are used in a single system. Metals buried in the earth can lead to corrosion, particularly in clay soils or muck near river and lake bottoms. Engineers should watch for these conditions since damage might not be discovered immediately, and replacement might be prohibitively expensive or impossible. When metals are exposed to corrosive environments, cathodic protection (CP), which uses an electric current and asphalt coatings, is typically the most effective technique [12, 13]. 

12.2  CORROSION PROTECTION IN CONSTRUCTION INDUSTRY 

12.2.1  traDitional corroSion protection 

The construction industry frequently faces corrosion, compromising structural integrity and leading to rust [1]. Materials with low carbon content, like 300 series stainless steel, can lessen damage and avoid corrosion [14]. However, structural strength declines and costs rise with increased resistance. Stainless steel from the 400 series might work well for less demanding jobs [15]. Potential problems can be avoided by architects, designers, and contractors with careful planning and design. Steel construction components can be coated with various materials to stop corrosion. 

One such method is galvanizing, which involves applying a thin layer of magnesium or zinc to preserve the structural integrity of the underlying component [16,  17]. 

When dissimilar metals come into contact, this can also result in galvanic or bime-tallic corrosion, speeding up one element’s rusting [16, 17]. 

Cutting-edge building techniques, such as rain screens and rust-proof top coatings, can help mitigate the negative consequences of corrosion. An assembly placed on an external wall, rain screens control moisture and offer a comprehensive strategy for keeping a structure dry and strong. To prevent water buildup and subsequent corrosion, they are made with an exterior protective coating that protects the building facade from rainfall penetration [18, 19]. This layer also permits air circulation and moisture drainage. Several varieties of protective rust-proof top coats include polyurethane coatings, epoxy, and alkyd enamels. High-performance coatings that are long-lasting, environmentally benign, and resistant to UV and corrosion have recently attracted much attention. They are linked to superior durability, beautiful gloss and color retention, improved color consistency, resistance to corrosive conditions and UV light, and an environmentally safe and isocyanate-free formulation. 

ISO 12944 (2nd Part) categorizes the atmospheric corrosivity and corresponding examples of environments [20, 21]. The classification is based on their effect 
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FIGURE 12.1  Schematic presentation of ISO 12944 (2nd part) categorization of atmospheric corrosivity in the construction industry. 

on the corrosion rate of low-carbon steel (μm/year). The corrosivity and risk category was classified as C1, C2, C3, C4, C5-I and C5-M, representing the risk level of very low, low, medium, high, very high or extreme (industrial), and very high or extreme (marine), respectively. Mass or thickness loss represents the yearly material loss in any corrosive environment. Different outdoor (exterior) and indoor (interior) conditions were considered. Figure 12.1 summarizes the ISO 12944 (2nd Part) categorization. Noticeably, thickness or mass loss values are considered for the first year of exposure. These values may decrease over time. The severity of corrosion increases when moving C1 (very low) to C5 

(extremely high). The coastal, urban, and industrial environments lead to higher thickness loss. The salinity, high humidity, and pollution contribute significantly to the thickness or mass loss. 

Some of the common corrosion protection practices are briefly described below: i.  Patch Repair: Patch repairs are frequently used to restore rusted structural components [22, 23]. The damaged concrete cover must be removed, the corroded steel surface must be cleaned, and repair mortar must be used to safeguard the steel rebars. They are recommended because localized patch repairs are inexpensive and provide momentary aesthetic alleviation. 
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However, chlorides near the restored concrete make patch repairs less effective because they cause ring or halo damage and accelerate the rebars’ 

corrosion. Bridge refurbishment entails enhancing and fixing the carrying capacity of existing structures. Designers are required to create superior repairs and reinforce any damaged areas. Spot repairs are recommended because they are less expensive and provide a transient aesthetic, but if the concrete contains chlorides, they might not work. Following the local work, the chloride concentration in this area will drop, creating an early anode (Figure 12.2) [24]. 

ii.  Coatings on Steel Rebars: In concrete constructions, anticorrosion coatings such as cement polymer composite (CPC) and fusion-bonded epoxy (FBE) are frequently used to stop reinforcing corrosion [25, 26].  Factory-coated thermoset polymer coatings, known as FBE coatings, are applied at a higher temperature, yet, once hardened, become brittle. Pitting corrosion and degradation to FBE coatings can result from poor building techniques such as dragging, stacking, and prolonged exposure. In contrast, CPC coatings passivate steel rebars and postpone corrosion by reacting with the metal surface to create a complex protective film. However, poor surface preparation methods frequently cause CPC-coated rebars to fail. Early corrosion initiation may result from insufficient surface cleaning. According to the literature, sandblasting should be required before applying CPC coating to guarantee strong adhesion and ionic transfer resistance. However, sandblasting is unused due to time, expense, and inadequate quality control constraints at building sites. 

iii.  CP Systems: Inadequate quality control in conventional corrosion control methods might result in unfavorable conditions on building sites. CP is a contemporary and efficient technique for preventing reinforcing steel in concrete constructions from corroding. To protect various settings, a metal surface is made for the cathode of an electrochemical cell. Two kinds of CP systems exist—impressed current cathodic protection (ICCP) and galvanic cathodic protection systems (SACP) [27, 28]. An anode is inserted into a reinforced concrete structure exposed to the atmosphere by applying a direct electrical current to the steel to prevent corrosion. ICCP systems are expensive and challenging to build, particularly for big structural systems with a 25-year lifespan. By joining a less noble substance to the reinforcing steel, SACP prevents corrosion and lowers start-up and maintenance expenses. Because SACP systems produce lower system voltages and currents, there is less chance of cathodic interference in nearby structures. In reinforced concrete constructions, SACP is frequently used to stop corrosion [26, 29]. It uses reactive metals such as Mg, Al, and Zn. The anode prevents corrosion in the patch area and its environs [26, 29]. Alkali–silica reactions (ASR) are inhibited, and active Zn dissolution is encouraged by the low-resistance environment in which the enclosing mortar is produced around the anode. The porous mortar around the anodic metal prevents stress accumulation around the metal core. 
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FIGURE 12.2  Diagram showing the formation of early anodes following patch healing [24]. 

12.2.2  Volatile corroSion inhiBition (Vci) 

In the construction industry, VCIs can be used in various forms to protect against metallic corrosion. They can passivate the metal surface by forming thin hydrophobic films through adsorption. The hydrophobic film avoids the diffusion of corrosive species (water, oxygen, etc.) and ions (chloride) to reach the metal surface. The construction industries are associated with different aggressive environments that contain highly aggressive and corrosive species (such as water, oxygen, and chloride ions), and VCIs react with them and neutralize their aggressiveness [30]. VCIs can also slow down the electrochemical (anodic and cathodic) reactions and mitigate corrosion [31, 32]. In such industries, VCIs can be used in numerous applications. In reinforced concrete, steel rebar is associated with extreme corrosion problems due to carbonation and ingress of chloride ions. To avoid this corrosion, VCIs can be added to the concrete mixture, or the steel surface can be coated with VCIs. VCIs can also be used for transporting, storing, and transporting construction materials and steel reinforcement in piers, seawalls, bridges, and tunnels. Steel frameworks are extensively used in industrial complexes and high-rise buildings, and they can benefit from using VCI-impregnated wrapping or coatings during storage and transport. VCIs are employed for shielding in various industries, such as pipelines, concrete insula-tors, protective coatings, and construction equipment. They stop corrosion in oils, greases, and packaging materials while transported or in storage. Additionally, VCI-emitting devices prevent long-term corrosion of commodities in storage facilities and transportation hubs. 
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12.3  CONCLUSION 

Corrosion-induced material degradation poses serious problems for the construction sector by raising maintenance costs and shortening service life. Several strategies have been employed to prevent corrosion in the construction sector, such as patch repair, anodic and CP, alloying and dealloying, traditional corrosion inhibitors, and design enhancement. Through adsorption, VCIs exhibit additional cost-effective and efficient substitutes that can offer respectable protection by creating a molecular hydrophobic barrier. The protective barriers based on VCI prevent corrosive species such as moisture, gases, and ions from diffusing or penetrating the metal surfaces. Because of carbonation and the migration of chloride ions, reinforced concrete corrodes in the construction industry. By preventing the passage of CO  and chloride ions, VCIs stop 2

carbonation and corrosion caused by chloride. During their transportation, storage, and installation, metallic assets used in the construction sector can also be safeguarded by VCIs. The application of VCIs also protects metallic materials in industrial and maritime settings. Compared to conventional inhibitors, the VCIs offer several advantages, including long-term protection, convenience of use, and less environmental effects. 

However, many things need to be considered when using them, such as the time and conditions of exposure, humidity, and the compatibility of the materials. With a focus on VCIs as corrosion inhibitors, this chapter discusses corrosion and corrosion prevention in the building or construction sector. VCIs readily evaporate and adhere to the metal surface, creating a hydrophobic layer that makes them effective. 
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Applications in 

13 Marine Industries 

13.1  INTRODUCTION 

13.1.1  microBially inDuceD corroSion (mic) 

Corrosion degradation processes in marine environments seriously threaten the power sector and other industries’ buildings and machinery [1]. Corrosion from being exposed to saltwater and other marine elements can be severe and expensive. 

The deterioration of structures and machinery due to corrosion in saltwater environments can shorten their usable lives and result in higher maintenance, substitutes, and repair costs. Corrosion affects the economy; yearly losses from corrosion amount to between 3% and 5% of the world’s gross domestic product [2, 3]. The severe conditions in the maritime sector are notorious for corroding equipment and facilities, which is costly for persons and businesses. Indeed, according to the Maritime Industry, “the estimated global cost of marine corrosion is between $50 and 80 billion annually” [4]. The coatings sector is responsible for 40% of the entire direct cost, which makes these figures astounding. For businesses in the maritime industry, investing in corrosion prevention is a smart move. Many of these businesses are investing in coating extremely corrosive metal, even though there is a more efficient way to do it. Metal still only lasts so long, even though coating it helps and is necessary to slow down the corrosion process. It is impossible to eradicate rusting problems, even if the coating is removed and reapplied every one to two years. More corrosion will occur in these places when the rust spreads even more. 

The primary deterioration process in maritime conditions is electrochemical corrosion, which is brought on by the interaction of metals, saltwater, and ions [5, 6]. 

When two dissimilar metals come into electrical contact when immersed in a marine environment, galvanic corrosion occurs, hastening the deterioration of equipment and buildings [7, 8]. Generally speaking, several intricate elements contribute to marine corrosion. For instance, erosion corrosion results from fast liquid flow and sand impact on surfaces, while cavitation corrosion is caused by the propeller rotating at high speed. Chemical and electrochemical corrosion is a significant problem, in addition to physical corrosion forms. The electrical conductivity of seawater is significantly increased by the presence of numerous salt types in varied propor-tions, such as K SO , MgCl , NaCl, and MgSO . Further encouraging the chemical 2

4

2

4

and electrochemical reactions between the metal and seawater is that the surface seawater has enough CO  and O  to ultimately contact the metal surface when 2

2

subjected to wave and seawater scouring [9]. 

The formation of biofilms on metal surfaces by bacteria and algae accelerates the pace of disintegration and causes microbiological corrosion [10]. Because they see 117 
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metals as energy sources, microorganisms preferentially adhere to them to survive. The alloy components and surface microstructure impact the MIC. For example, although carbon and stainless steel are made of iron, their surface MICs are very different. 

In seawater, stainless steel corrodes far less quickly than carbon steel because of the passivation film that slows down microbial corrosion. The microbial degradation processes are comparable, although the corrosion mechanisms differ [11]. 

There is still much to learn about the molecular processes underlying microbial corrosion [12]. Microbes are not directly engaged in the corrosion process, according to traditional hypotheses like the corrosion product hypothesis and the oxygen concentration difference cell theory (Figure 13.1a and b) [13]. However, according to the 2009 biocatalytic cathodic sulfate reaction (BCSR) theory, microbes take electrons straight from the metal surface (Figure 13.1c). Direct electron transfer (DET) and mediated electron transfer (MET) are the two types of EET mechanisms that microorganisms use in corrosion in marine environments as biofilms (Figure 13.1d). Gene 

FIGURE  13.1  Diagrammatic representation of the marine microorganisms’ corrosion mechanism. Numerous corrosion mechanisms have been demonstrated, and microorganisms in the form of biofilms contribute to the corrosion process in maritime environments. 

(a) Change in oxygen concentration. (b) Corrosion product. (c) Cathodic sulfate reaction mediated by biocatalysis. (d) Electron transport outside of cells [13]. 
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knockouts linked to direct electron transfer can result in direct iron-to-microbial electron transfer, which can corrode stainless steel. Direct electron transfer is a crucial mechanism for controlling microbial corrosion. When microorganisms absorb electrons from the metal surface by secreting soluble electron transfer mediators, this is known as indirect electron transfer. 

Substantial corrosion of metal surfaces, especially in maritime conditions, can be caused by several microbial biofilms [14]. These biofilms create intricate structures with caustic media, high nutrition, and low oxygen concentrations. Interactions between several microbe species within a biofilm might result in metabolic processes that exacerbate corrosion (Figure 13.2). Metal oxidation (MIC) is typically more severe when numerous microorganisms interact synergistically and competitively than when they do so alone. Sulfate-reducing and sulfur-oxidizing bacteria, for instance, can cooperate to break down metallic materials, producing organic acids, lowering pH, and hastening the corrosion process [13, 15]. Recent research has shown that the combined impacts of various microbe kinds can accelerate the corrosion process. Nevertheless, little is known about the mechanisms underlying the corrosion of larger microbial communities. 

Metal corrosion can only be accelerated by microbial cooperation and competition interactions. Competition between various microbes can worsen corrosion and cause more hostile microbial communities [13]. Metal corrosion, for instance, can be facilitated by the cooperation of microorganisms that reduce sulfur and iron by electron 

FIGURE 13.2  Diagrammatic representation of marine microbiota corrosion mechanisms. 

Through interspecific connections, microbiomes in maritime settings create biofilms on the surface of metal surfaces, contributing to the corrosion process. (a) Communication. 

(b) Competition. (c) Cooperation [13]. 
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transfer. Different species struggle with one another for resources, resulting in microbial competition and the production of caustic substances such as hydrogen sulfide and organic acids. The corrosion mechanisms of various microorganisms and their possible effects on infrastructure and the maritime environment require more investigation. 

13.1.2  nacl-BaSeD corroSion 

Sodium chloride is a primary salt in seawater and a major contributor to marine corrosion [16–18]. NaCl’s electrochemical process increases seawater conductivity and encourages galvanic corrosion, causing corrosion [16–18]. Chloride ions speed up localized corrosion by penetrating protective oxide layers [16–18]. Deep pits and fissures, typical in aluminum alloys and stainless steels, are the outcome. When seawater comes into touch with various metals, galvanic corrosion takes place. 

Corrosion of Fe and Al in NaCl-based electrolytes are presented as follows: a.  Corrosion of Iron 

Fe ˜ F2+  + 2e−  anodic reaction 

(13.1) 

Fe ˜ F3+  + 3e−  anodic reaction 

(13.2) 

2H  O + O





+ 4e −  ° 4OH−  cathodic reaction

(13.3)

2 

2 

The hydroxide ions so formed react with Fe2+ and Fe3+ ions and form protective hydroxide and oxide layers, as shown in Equations 13.4–13.6: 
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The hydroxide ions can also react with Fe2+ and Fe3+ ions and form corresponding chlorides, as shown in Equations 13.7 and 13.8: 
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 Corrosion of Aluminum: Aluminum is similarly susceptible to corrosion in NaCl media. Al’s dissolution can be seen as follows: 
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The resulting Al ion instantly generates hydroxide complexes when combined with water. The following is a presentation of complex formation: 

+  +3   ° +  +

+

H O   Al 

H  [Al(OH)]2 

(13.11) 

2 

+  3+  °  + +

+

2H  O Al

2H

[Al(OH)  ]

(13.12) 

2 

2 

+  3+  °  +

3H  O Al

3H + [Al(OH)  ]

(13.13) 

2 

3 

+  +3   °  +  +

−

4H O   Al 

4H  [Al(OH) ]

(13.14) 

2 

4 

+  +3   °  + +

2− 

5H O   Al 

5H  [Al(OH) ]

(13.15) 

2 

5 

+  +3   °  +  +

−

6H O   Al 

6H  [Al(OH) ]3 

(13.16) 

2 

6 

Noticeably, chloride ions diffuse the protective oxide and accelerate the localized corrosion, such as pitting corrosion. 

13.2  MARINE CORROSION PROTECTION 

13.2.1  mic corroSion protection 

Marine manufacturers commonly use corrosion-resistant coatings or aerosols to prevent corrosion on navigational devices. The four primary types of coatings are cathodic protection, paint, powder coating, and galvanizing [19, 20]. While a metal item is subjected to corrosive conditions, like salty water, cathodic protection suppresses the electrochemical process. Sacrificial anodes of slower corroding metals like Zn, Ni, Cd, or Al can protect steel. However, they can be costly, time-consuming, and wasteful. Galvanizing is the process of applying layers of zinc to a surface to stop corrosion; however, numerous chemical baths are required to remove impurities. Powder, a remarkably fluid bed powder coating, protects steel ships substantially [21]. Since powder coating sticks to the steel substrate well and reduces corrosion more efficiently than painting, galvanizing, and cathodic protection, it is the best choice for maritime corrosion protection [13]. It comes in various colors and is both aesthetically pleasing and useful. 

Research into microbes (MIC) activities in the marine environment is being conducted to improve mitigation techniques. MIC inhibition techniques include coating, surface treatment, material design, and biological defense (Figure 13.3) [13]. 

The materials used to make anticorrosion coatings include organic, inorganic, and mixed coatings. Organic coatings are used widely due to their chemical resistance, flexibility, and adherence. The most common coating is epoxy because it does not rust in the maritime environment. Inorganic coatings are also known as metallic because they are stable under extreme circumstances and have high corrosion resistance. The high antifouling properties of copper-based coatings make them widely used. Furthermore, coatings made of zinc exhibit promising antifouling qualities. 

Aluminum and its alloys have exceptional corrosion resistance, which makes them useful for a wide range of marine applications. The benefits of both inorganic and 
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FIGURE 13.3  MIC inhibition in marine environments. (a) Surface treatment—cathodic protection and physical treatment. (b) Coating. (c) Material design—texture tuning and the addition of antibacterial materials. (d) Biological protection—biomineralization, EPS protection, and antimicrobial active substance [13]. 

organic coatings can be combined to create mixed coatings, a practical means of enhancing defense against microbial corrosion. The development of surface modification techniques and antibacterial chemicals has improved coating effectiveness against microbial corrosion. 

Since bacteria colonies use preferential adherence to metal surfaces to survive, microbial corrosion investigations aim to establish a connection between germs and metals [22, 23]. Materials like carbon steel and stainless steel that exhibit different surface microstructure behaviors can impact biofilm formation. Specialists strive to increase corrosion resistance through substance preparation and design. 

Additional antimicrobial ingredients and texture adjustments can improve corrosion resistance. Metals like copper, silver, and chromium can cause bacterial life habitat disruption and adhesion problems, leading to bacterial mortality. Metal ions can generate reactive oxygen species (ROS), which can oxidatively damage vital bacterial components. Some corrosive microorganisms can protect metals by altering the environment beneath the biofilm. The main mechanisms of MIC 

inhibition include corrosion inhibitor release, biofilm, corrosion product sheltering effects, modifications to the local microenvironment, and adjustments to anodic and cathodic processes. Antimicrobial active components include amino acids, carbonic anhydrases, alkaline phosphatases, proteases, and biosurfactants [13]. Proteases can change the pH of the environment and promote ion sedimentation, which can protect metals [24]. Biofilms, which are formed when microorganisms like bacteria 
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and extracellular polymers (EPS) stick to each other and aggregate, have a unique strength and viscosity. 

The highly harsh saline conditions, constant exposure, and high humidity present significant corrosion difficulties for the marine industry. In addition to conventional corrosion prevention techniques, using VCIs provides a creative and effective means of reducing corrosion, particularly in enclosed systems and difficult-to-reach locations. They are known for being easily vaporized, having effective adsorption, and delaying electrochemical processes. VCIs safeguard electrical systems, spare parts packaging, and engine components [25, 26]. Ballast tanks, hull interiors, and empty spaces all can be protected by them. Offshore oil and gas platforms can shield storage tanks, drill pipelines, and structural steel from metallic corrosion. 

13.2.2  nacl-BaSeD corroSion protection 

VCIs are extensively used corrosion inhibitors in NaCl-based environments. They form corrosion-protective hydrophobic film through their adsorption. Ma et al. 

investigated using two VCIs in aqueous and atmospheric settings—benzotriazole (BTA) and 2-phenyl imidazoline (2-PI) [27]. They discovered encouraging results regarding copper deterioration, with an efficacy of up to 94.1% in the natural environment and 99.1% in NaCl solution. The study also proposed a possible intermolecular connection. The combined 2-PI and BTA adsorption on the Cu surface exhibits a pseudo-first-order, with parallel azole molecule and intense intermolecular interaction leading to negative adsorption energies and increased surface coverage. Quantum chemical computations optimize inhibitors’ molecular structures and HOMO/LOMO orbitals (Figure 13.4). The LUMO shows the propensity to take 

FIGURE 13.4  Frontier molecule orbital distributions of 2-PI, BTA, and BTA+2-PI molecules and optimized geometric configurations [27]. 
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FIGURE 13.5  Diagram showing the structures and production procedure of OHB and OHS [28]. 

electrons from a donor, whereas the HOMO shows the ability to donate electrons. 

According to the 2-PI+BTA composite’s optimized structure, the BTA molecule has most of the LUMO orbitals, indicating that BTA accepts electrons from Cu atoms. 

The fact that 2-PI molecules have a large number of HOMO orbitals indicates that 2-PI donates electrons from the empty orbital of Cu atoms. Compared to either inhibitor alone, the combined inhibitor of BTA and 2-PI exhibits a more intense interaction with Cu. 

Two new green VCIs, oleic hydrazide benzoate (OHB) and oleic hydrazide salicylate (OHS), were created by Sudheer et al. (Figure 13.5). They assessed their suppression of mild steel corrosion using weight loss, potentiodynamic polarization, and electrochemical impedance techniques [28]. The efficiency of OHB was higher. 

Under vapor phase conditions, it has been discovered that both OHB and OHS, two volatile corrosion inhibitors, are efficient at preventing mild steel corrosion. 

When the inhibitor concentration is increased, both VCIs’ inhibitive performance rises. For mild steel, OHB performed better as VCI than OHS did. The polarization study demonstrated that OHS is a mixed-type inhibitor and OHB is an anodic. 

The inhibitors’ adsorption on the metal surface adhered to the Langmuir adsorption isotherm. The VCI molecules make the metal surface hydrophobic, which stops the metal from reacting with the surroundings. Many other studies also report the inhibition potential of organic and sustainable VCIs [29–39]. 

13.3  CONCLUSION 

This chapter discusses marine industry corrosion issues and how to mitigate them, focusing on volatile corrosion inhibitors. Marine environments are linked to significant corrosion-related problems because of high humidity, fiercely shifting temperatures, salty seawater’s corrosive properties, and microbial activity. This results in significant issues with safety, the economy, and the environment because of the high maintenance cost and the severe failure and deterioration of the materials. These issues have led to developing and applying various corrosion prevention techniques, such as cathodic protection, coatings, sacrificial anodes, corrosion inhibitors, and biocides. However, most of these techniques have their costs, effectiveness, and impact on environmental issues. VCIs provide a successful, creative, economical, and environmentally responsible method of corrosion prevention in the marine sector. They provide anticorrosion protection by 
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readily vaporizing and adhering to the metal surface, particularly in inaccessible locations in enclosed systems. In shipbuilding, the storage of marine assets, offshore oil and gas platforms, and naval defense systems, they can safeguard metal components. Many benefits, including long-lasting protection, ease of use, affordability, and environmental friendliness, are typically linked to VCIs. The compatibility of materials, ambient factors, and formulation stability significantly impact VCIs’ success. 
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14 Mining Industry 

and Preservation of 

Monuments and Coins 

14.1  INTRODUCTION 

14.1.1  corroSion in mining inDuStry 

Corrosion, a natural deterioration process made worse by hostile conditions, is a recurring problem in the mining sector. Corrosion hence affects machinery, security, and financial gain. Due to its position in harsh climates, mining is a business that employs low-quality water for processing. Because seawater is frequently moved inland, it raises the danger of corrosion and affects operational performance. 

Throughout commissioning, this may have consequences on the budget, timeline of the project, and technical aspects. Some of the corrosion issues that mining faces are external atmospheric attack, erosion-corrosion, elevated temperatures, the quality of the water source, and soil conditions. To overcome these obstacles, corrosion control must be approached proactively. Regular upkeep is necessary to address these issues because corrosion deteriorates machinery, creating serious dangers to operating effectiveness, safety, and economics. 

Metals deteriorate naturally through corrosion caused by electrochemical or chemical interactions with their surroundings. Proximity to chemicals, abrasive materials, and moisture speeds up this process in mining, posing a continuous risk to gear, pipes, and screens. Corrosion can take many forms, including galvanic corrosion, uniform corrosion, and corrosion in places with insufficient oxygen flow. Among the negative consequences of corrosion include decreased productivity, contamination, equipment damage, material loss, accidents, plant interruptions, and repair expenses. The degradation of metal machinery brought on by chemical reactions with the environment is known as corrosion in the extraction and processing of mineral ore. Abrasive wear, ambient conditions, equipment failure, processing chemicals, and the chemical makeup of the ore are important variables. Ecological issues, productivity losses, delays, and safety hazards all can result from corrosion. The areas most impacted by corrosion are storage containers and vessels, leaching tanks and pipes, conveyor belts, and crushing and grinding equipment. For mining operations to be safe and effective, corrosion must be avoided through adequate oversight and surveillance. 

Numerous industries, especially building, aircraft, defense, petroleum, and utilities, are significantly impacted by corrosion. Experts have studied and resolved 128 
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corrosion issues in these industries for more than 40 years, and their litigation experience frequently finds explanations for customers’ noncorrosion-related problems. 

The optimum time to prevent corrosion is during the design phase, and courses on corrosion prevention design have been offered to audiences worldwide. Unexpected corrosion failures brought on by poor design or improper material choices can cause expensive environmental damage. 

14.1.2  corroSion of monumentS anD coinS 

The longevity and structural integrity of historical and cultural landmarks worldwide face significant problems due to the corrosion of monuments. Environmental factors like humidity, pollution, temperature changes, and exposure to seawater can cause corrosion in historical monuments composed of stone, metal, wood, and concrete. Microbial (algae and lichen) growth sometimes contributes to surface erosion in monument corrosion. Most metals exhibit three types of corrosion behavior— 

passivity, rust, and immunity. Rust happens when iron is exposed to air, whereas immunity happens when metal does not corrode in the atmosphere. When the surface corrodes, and a protective layer of corroded material, such as titanium, aluminum, and stainless steel, forms, passivity takes place. The surface is shielded from additional oxidation by patina, a protective coating of corrosion products. Patina is frequently found on historical monuments, such as copper, which was first made pure by reducing ores in 3500 BC. Currently, metallic iron- and aluminum-based alloys are the most widely used building materials. 

The accelerated oxidation process known as corrosion, which is brought on by airborne oxygen, chlorides, or sulfur dioxide, makes coin conservation a serious concern. Dust and damping can exacerbate this by creating galvanic cells that promote corrosion. Long-term contact between two metals produces an electrolyte, which prevents more noble metals from corroding and preserves more noble ones. This can be prevented by putting coins of different metals next to each other in the same foil or drawer. When chemicals react with metals, corrosion occurs, and some by-products are aesthetically pleasing or acceptable. Because it is inert, gold won’t corrode in typical Earth-like air conditions. Coins do not contain unstable substances like gold sulfide, gold chloride, or chloroauric acid. Seawater causes gold to dissolve gradually over thousands of years, while pure gold does not. Coinage gold is diluted with copper or silver to strengthen it physically. This is why most antique gold coins have toning and corrosion. Instead of paying more for “monster toning,” coin collectors should concentrate on keeping their coins from corroding. 

14.2  CORROSION CONTROL IN THE MINING INDUSTRY 

AND PRESERVATION OF MONUMENTS AND COINS 

The productivity, safety, and sustainability of mining equipment might be jeopardized due to rust. Mining firms’ financial viability may be at risk due to corrosion on their equipment, resulting in hazardous working conditions and prohibitive upkeep, repair, and substitute expenses. Heavy reliance on metal compounds in mining 
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equipment can compromise its structural integrity and expose miners to dangerous toxins. Equipment failure and corrosion can also result from prolonged exposure to water. Cutting-edge instruments like inline examinations and ultrasonic testing routinely check and monitor tools and equipment to manage corrosion effectively. 

This ensures a comprehensive grasp of the tool’s status by assisting in the early identification of problems and enabling efficient repairs or replacements. 

One important step in reducing corrosion in mining machinery is to have protection systems in place. Protective coatings are physical barriers that keep corrosive substances like oxygen, chemicals, and moisture away from the metal surface. 

Miners ought to choose coatings that are compatible with the materials of their equipment and that will shield them from the particular environmental risks present in their regions. Applying cathodic protection is a further defensive strategy. Using sacrificial anodes or influenced current devices can lessen the electrochemical reactions that cause corrosion. By utilizing current technology to minimize the metal, these techniques combine to safeguard your mining equipment, extending its lifespan and lowering the need for costly repairs. 

Monitoring all aspects of operation is further advice for managing corrosion in mining. Optimizing these parameters is helpful for prevention because these factors affect corrosion rates. Observe for variables that can cause corrosion in the mining machinery, such as pressure, temperature, and environmental minerals. Pipelines are more vulnerable to corrosion when turbulent flows erode protective layers. System stress is reduced by maintaining ideal operating settings and calibrating equipment regularly. Additionally, using corrosion inhibitors, chemical agents made to lessen the chemical interactions that lead to corrosion, is a good way to supplement your approach. Through effective management of operating conditions, wear can be minimized, and the pipeline’s usability extended. Learn how Silver Fox can help maintain the integrity of your pipeline with our cutting-edge solutions, such as our cutting-edge coatings that are resistant to abrasion and corrosion. Get in touch with us right now to find out more about what we can do to help you streamline your operations and protect your assets from corrosion. 

One of the most prevalent types of corrosion in coins is galvanic corrosion. An electrolyte is created when two metals come into prolonged contact, which prevents more noble metals from corroding and preserves more noble ones. Coins should be stored in different foils or drawers to avoid this. Core damage may also result from an electrolytic process in lined coins with varying compositions. Coins should be cleaned before being stored, kept apart from other metals, and kept out of the air and moisture for extended periods. While North American and Canadian conservation guidelines recommend storing thin coins in opaque resin blocks, European manuals advise metal drawers should contain apertures for proper aeration. Alternative techniques have been developed due to Brazil’s tropical climate, making climatizing sites for coin and medal collections challenging. 

The conditions for coin conservation are favorable in English medal drawers. 

Three steps have been designed for the mechanical cleaning of these drawers— 

cleaning, protection with microcrystalline wax, and envelope storage. Friction with a cotton flannel containing calcium carbonate, washing in running water with a neutral detergent, drying in cotton flannel, and submersion in pure acetone all are 
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steps in mechanical cleaning. Using a flexible brush to apply microcrystalline wax, the metal’s pores are sealed, preventing corrosion. Envelopes can be manufactured with disacidified Ph papers or crystal paper; however, they must be checked regularly because of acidification. Coins must be handled before being stored to stop the growth of fungi and fingerprint discoloration. Contact with metal tools or devices should be avoided, and cotton flannels are advised for speedy cleaning. Wearing rubber or plastic gloves when cleaning will prevent the pieces from direct hand contact and ensure they are safe throughout transportation. 

14.3  CONCLUSION 

Because the mining industry operates in a hostile climate and uses low-quality water for processing, it faces significant corrosion difficulties. The harsh conditions in the mining sector hasten metallic corrosion, harming structural integrity, safety, cost-effectiveness, and operation efficiency. Corrosion occurs in mining because of abrasive materials, processing chemicals, and exposure to moisture. In the mining sector, corrosion protection has received much attention due to significant safety, financial, and environmental issues. The main methods of preventing corrosion include surface cleaning, cathodic protection, protective coatings, and ongoing observation. Additionally, the longevity and structural integrity of coins and historical monuments are negatively impacted by corrosion. Corrosion is significantly accelerated and initiated by various environmental variables, including pollution, microorganisms, humidity, sulfur compound availability, and acid rain. The primary materials of the historical monuments are metal, stone, and concrete. Monuments’ 

metal parts exhibit various corrosion behavior, including passivity, immunity, and rusting. Coins are prone to galvanic corrosion because of electrochemical processes, mainly when made of different metals. Corrosion hazards can be reduced using appropriate conservation measures, such as cleaning procedures, protective coatings, and controlled storage conditions. This chapter examines cutting-edge mitigating strategies while highlighting the adverse effects of corrosion on mining operations and cultural assets. 
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