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1.1 Introduction

Different industrial practices require the use of metals and metal-based structures
[1, 2]. In these environments, the metals can directly contact the aggressive acidic,
alkaline, saline, etc. media [3]. This can cause considerable damage to the underly-
ing metallic surface that causes significant economic losses and is a potential hazard
to the environment. The application of organic molecules as corrosion inhibitors is
one of the most effective means to counter corrosion issues. Most effective corrosion
inhibitors are based on inorganic and organic molecules, which are toxic and pose
serious environmental concerns. Due to strict environmental regulations, there is
growing research attention in the area of environment-friendly alternatives as cor-
rosion inhibitors. This includes the categories of naturally occurring plant extracts,
drugs, biopolymers, amino acids, proteins, and ionic liquids (ILs) [4-7].

This chapter presents a brief overview of corrosion, impact, and its background,
emphasizing green corrosion inhibitors. The significance of biopolymers as corro-
sion inhibitors is described, and a comprehensive review of literature is presented on
the application of biological polymeric corrosion inhibitors derived from polysaccha-
rides and proteins. The importance of the chemical functionalization of corrosion
inhibitor molecules and the application of chemically modified biopolymers as cor-
rosion inhibitors are also outlined. This review article is expected to benefit the
scientists and researchers working in this area and would act as a reference tool for
the chemists/biochemists working in this field.
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1.2 Corrosion and Its Economic Significance

Corrosion is a major industrial nuisance, and its control is a considerably chal-
lenging issue in different industrial applications. The corrosion damage incurred
upon the metals and alloys in the presence of aqueous corrosive environments
is considered a major concern in several industries. The metals are generally
purified from their respective ore forms by applying a considerable amount of
energy. Therefore, these metallic surfaces have a significant tendency to revert to
their original ore forms when exposed to the environment. This process of natural
degradation and deterioration of the metals and alloys to their original forms is
referred to as corrosion, which poses enormous economic losses and can even lead
to potential structural failure and even loss of human life. According to a study by
the National Association of Corrosion Engineers (NACE), the number of developed
and developing nations estimated that the global annual loss is due to corrosion
amounts to around US$3.4 trillion [8]. A number of different methods are in practice
to control and mitigate corrosion. This includes anticorrosion coatings, corrosion
inhibitors, corrosion-resistant alloys, and cathodic protection. The use of corrosion
inhibitors becomes a preferred choice to counter the aqueous corrosion of metals
and alloys in various media. For this reason, many researchers working in chemical
engineering, mechanical engineering, materials science, computational studies,
and organic chemistry are devoted to developing efficient corrosion inhibitors.

1.3 Corrosion Inhibitors

The corrosion inhibitors can be described as chemical additives, when introduced to
a corrosive environment, and can minimize corrosion losses [3]. Conventionally, the
inorganic chemical compounds from the classes of chromates, nitrites, nitrates, and
phosphonates are the preferred choice as corrosion inhibitors [9]. In addition, the
organic molecules from the categories of azoles, pyridines, and pyrimidines are also
a preferred choice. This is due to the presence of an abundance of heteroatoms
(N, S, O, etc.) on the inhibitor backbone and the existence of phenyl rings, n-bonds,
etc. that can aid in the adsorption of the inhibitor molecules on the metallic surface.
However, the use of conventional inorganic/organic corrosion inhibitors has caused
severe environmental concerns forcing scientists and researchers worldwide to focus
on using greener alternatives as corrosion inhibitors.

1.3.1 Green Corrosion Inhibitors

Several organic corrosion inhibitors come into the category of environmentally
benign molecules. This includes synthetic heterocyclic molecules, amino acids,
natural extracts, biological polymers, and ILs. The criteria of greenness include:
(i) Toxicity in terms of ECy, and LCy, values > 10 mgl™ to North Sea species
(algae, fish, crustacean, and seabed worms); (ii) Biodegradability: >60% in 28 days;

(iii) Bioaccumulation: log (P,,) <3 or Mol. Wt.>600gmol~'. Literature shows
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the number of natural extracts derived from different plant parts, such as leaves,
stems, fruits, flowers, peel, and pulp [7], has been explored as corrosion inhibitors
for various media. The presence of different phytochemical constituents in these
extracts is responsible for the adsorption and corrosion inhibition behavior.
Another example is the pharmaceutical products that contain a number of
heterocycles, heteroatoms, and phenyl rings and can undergo adsorption on the
metal surface [10, 11]. The ILs that are the room-temperature liquid molecules
containing organic cations and ions are another category of green inhibitors. Their
appreciable solubility in the corrosive media has led to the application of several ILs
in corrosion inhibition [12]. Some of the examples of IL-based corrosion inhibitors
are given in Scheme 1.1. Imidazolium and pyridinium-based ILs were studied for
mild steel in 1 M H,SO, [13]. High inhibition performance of 82-88% at 100 mg1~!
was noticed with chemical adsorption supported from the surface analytical
measurements. A pyridazinium-based IL was prepared by El-Hajjaji et al. and
evaluated for mild steel in 1 M HCI medium. High inhibition performance at high
temperatures was observed [4]. The same group studied two pyridazinium-based ILs
1-decylpyridazin-1-ium iodide (DPI) and 1-tetradecylpyridazin-1-ium iodide (TPI)
for mild steel in 1 M HCI using electrochemical and surface analysis [14]. Density
functional theory (DFT)-based computational investigation of the inhibitors was in
good agreement with the experimental results. Two pyridinium ILs were studied on
mild steel in 1 M HCI by electrochemical methods. [15]. Tafel evaluation revealed
anodic type of corrosion inhibitors. The experimental studies supported by the
computational methods of analysis indicated that the inhibitor having longer alkyl
chain length provided better performance. Other examples of green inhibitors are
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Scheme 1.1 Synthesis of different ionic liquid-based corrosion inhibitors. Source:
(a) Likhanova et al. [13]/Elsevier, (b-d) El-Hajjaji et al. [4, 14, 15]/Elsevier.
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bio-derived polymers [16] and amino acids [17] that undergo effective adsorption
on the metallic substrates.

1.3.2 Importance of Biopolymers as Corrosion Inhibitors

Polymeric corrosion inhibitors find significance due to the high surface coverage
and the availability of plenty of adsorption sites to interact with the metallic sur-
face. The biopolymers refer to the polymeric corrosion inhibitors derived from the
classes of polysaccharides and proteins. Biopolymers gain their market share by their
intrinsic biodegradable nature in combination with the exciting properties that have
been applied for specific applications. The biopolymers can be extracted from nat-
ural resources, biosynthesized by living organisms, or chemically produced from
biological materials [18]. Being of natural origin, biopolymers present a significant
advantage over plastic-based materials. Additional advantages include biocompat-
ibility, renewal origin, biocompatibility, barrier action against moisture/gases, low
toxicity, and cost-effectiveness. A primary benefit associated with these molecules is
the greenness and the environmentally benign nature. Several research articles are
focused on the development of corrosion inhibitors based on biopolymers. To fur-
ther improve the solubility and the corrosion inhibition performance, researchers
have also investigated the chemical functionalization of these corrosion inhibitors.
The global biopolymers market can be expected to attain around US$10 billion by
2021, at a growth rate of approximately 17% [19]. A detailed account of the corro-
sion inhibitors developed from polysaccharides, proteins, and chemically modified
biopolymers is given in the following sections.

1.4 Polysaccharides as Corrosion Inhibitors

Carbohydrates are naturally abundant and are green in nature. Naturally occurring
carbohydrate polymers have emerged as a potential class of corrosion inhibitors due
to their appreciable biodegradability, biocompatibility, and solubility in aqueous
media [16]. Some of these are given in Figure 1.1. A beneficial aspect of using
these polymers as corrosion inhibitors is their natural origin, due to which they
do not pose any environmental concerns. In addition, being of a polymeric nature,
these molecules contain a number of heteroatoms, functional groups, and a
large molecular weight that can afford a considerable coverage of the metallic
surface. In the below section, a literature review on the application of some of
the corrosion inhibitors developed from carbohydrate polymers is discussed. The
biopolymer-based corrosion inhibitors are designed using DFT-based compu-
tational studies. From these studies, the computational parameters of frontier
molecular orbital energies (Eyono, ELumo)s molecular orbital energy gap (AE),
electronegativity (y), hardness (i), softness (o), etc. are evaluated. On that basis,
the reactivity and tendency to adsorb on a given metallic substrate can be deter-
mined [20]. The synthesis/chemical functionalization of the biopolymers can be
accomplished using simple single-step chemical methods. The biopolymers are
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Figure 1.1 Different types of polysaccharides and proteins-based biopolymers reported as
corrosion inhibitors.

characterized using spectral analysis methods, including Fourier-transform infrared
spectroscopy (FTIR), nuclear magnetic resonance (NMR) (‘H NMR, 3C NMR),
molecular weight analysis, and thermal stability using thermogravimetric analysis
(TGA).

Chitosan is a polysaccharide extracted from chitin, which constitutes the
exoskeleton of insects, molluscs, shrimps, etc. It was studied on copper corrosion
for 0.5M HCI [21]. Scanning electron microscopy (SEM) and FTIR analyses
supported the inhibitor adsorption on the metallic surface. For mild steel substrate,
chitosan was studied in 0.1 M HCI, wherein the inhibition efficiency (IE) increases
with increasing the inhibitor concentration, and maximum efficiency of 68% was
achieved [22]. Chitosan and carboxymethylcellulose were studied for API 5L
X60 steel surface in the sweet environment via electrochemical impedance spec-
troscopy (EIS), potentiodynamic polarization (PDP), and surface analysis [23]. The
inhibitor performance was also compared with a commercial inhibitor formulation,
and encouraging results were noted. Hydroxyethylcellulose was investigated for
zinc surface in ammonium chloride [24]. Electrochemical and surface analysis
evidenced the inhibitor adsorption on the metallic surface. The high inhibition
efficiency was noticed with the thermodynamic parameters indicating the physical
mode of adsorption. Sodium alginate is a polysaccharide carbohydrate extracted
from seaweed (such as sargassum). It is biodegradable and nontoxic, has good
biocompatibility, can reduce blood glucose and lipid levels, clean the intestinal
tract, eliminate heavy metals, and have other functions beneficial to health. Sodium
alginate is an unbranched binary copolymer of (1-4)-linked p-p-mannuronic acid
(M) and a-l-guluronic acid (G) residues as monomers, constituting of M, G, and
MG sequential block structures [25]. Sodium alginate as a corrosion inhibitor was
evaluated for Mg alloy AZ31 in NaCl environment [26]. Surface analysis by SEM
and FTIR supported the adsorption of sodium alginate on the metal surface. It was
also studied for X60 carbon steel in the saline environment using weight loss and
electrochemical measurements [27]. The inhibitor adsorption on the metal surface
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took place by the carboxylate oxygen groups and exhibited a physical mode of
adsorption. Ultraviolet (UV)-vis and FTIR verified the adsorption of the corrosion
inhibitor on the metallic substrate. Chitosan and carboxymethylcellulose were
studied for API 5L X60 steel surface in sweet environment via EIS, PDP, and surface
analysis [23]. The inhibitor performance was also compared with a commercial
inhibitor formulation, and encouraging results were noted. Hydroxyethylcellulose
was investigated for zinc surface in ammonium chloride [24]. Electrochemical and
surface analysis evidenced the adsorption of hydroxyethylcellulose on the metallic
surface. The high inhibition efficiency was noticed with the thermodynamic
parameters indicating the physical adsorption.

Guar gum is a polysaccharide consisting of a straight chain of p-mannopyranose
units joined by p-(1—>4) linkage with a side-branching unit of a single
p-galactopyranose unit joined to every other mannose unit by a-(1—6) link-
ages. It was analyzed for carbon steel corrosion in 1M H,SO, by applying weight
loss and PDP tests [28]. Guar gum was also studied for pure aluminum in 1 M HCI,
and 84.19% protection efficiency was noted at a dose of 0.4 gl~! [29]. Gum acacia
(GA) is a complex arabinogalactan, which contains a small proportion of proteina-
ceous materials and has been classified as arabinogalactan—protein complex. Gum
acacia was analyzed for steel in 1 M HCI, resulting in 95% inhibition at 1 g1~! [30].
Atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)
evidenced the inhibitor adsorption, and the formation of a protective film on the
metal surface further supported using the DFT-based computational studies. Gum
arabic provided 83.5% inhibition efficiency at 5gl~! when evaluated for carbon
steel 1018 [31].

Pectin is a structural heteropolysaccharide contained in the primary cell walls of
terrestrial plants. It is produced commercially as a white to light brown powder,
mainly extracted from citrus fruits. Electrochemical tests studied pectin as a
corrosion inhibitor for X60 steel substrate in a 0.5M HCI environment [32]. EIS
revealed a charge-transfer control of the inhibition performance that was further
supported with contact angle measurements, which exhibited an increment in
the hydrophobicity with the inhibitor-adsorbed film providing evidence for the
formation of inhibitor film on the steel surface. On the aluminum surface, pectin
provided 92.1% protection at a dose of 2 g17! [33]. The AG?,, values indicated spon-
taneous inhibitor adsorption with a primarily mixed type of inhibition. Starch is a
natural polymer, available in abundance at low cost, renewable, and biodegradable.
Chemically, it is a polysaccharide carbohydrate consisting of a large number of
glucose units joined together by glycosidic bonds. All green plants produce starch
as an energy store. It contains two structurally different components: amylose
(15-20%) and amylopectin (80-85%). The amylose is composed of a large linear
chain of a (1-4) linked a-p-glucopyranosyl residue, whereas amylopectin is a
branching form of a-glycogen linked by a (1-6) linkage. Amylose was evaluated on
mild steel in 0.1 M H,SO, and 64.78% protection was achieved at 500 mg1~' [34].
The addition of cetyltrimethylammonium bromide (CTAB) surfactant produced
a synergistic improvement in the corrosion inhibition performance. Tapioca
starch was evaluated for AA6061 alloy in seawater medium using weight loss and
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electroanalytical measurements [35]. The inhibition efficiency was achieved at 96%
at 1000 mgl™!, and the adsorption of inhibitor was in agreement with Langmuir
isotherm. SEM and energy-dispersive X-ray (EDX) analyses supported the inhibitor
film formation on the metallic substrate that supported the surface protection.

Hydroxyethylcellulose (HEC) and sodium alginate (ALG)-based corrosion
inhibitor formulations were used as inhibitors for Mg alloy AZ31 in NaCl envi-
ronment [36]. HEC and ALG formulations provided effective performance with
80.56% and 77.43% efficiencies. Surface examinations using scanning electrochem-
ical microscopy (SECM), AFM, SEM, and EDX revealed that the coexistence of
Mg(OH), and adsorbed inhibitor complexes protected the alloy surface. Dextran
was used to inhibit corrosion of 6061 Al alloy in a 1M HCIl medium [37]. The
inhibitor showed a mixed type of performance with physical adsorption and obeyed
Langmuir adsorption isotherm. At a dose of 0.4gl™!, an inhibition efficiency of
74.6% was obtained. Some of the different polysaccharides that have been used as
corrosion inhibitors for metals and alloys are listed in Table 1.1.

1.5 Proteins and Polyamino Acids as Corrosion
Inhibitors

Mostly the animal and vegetable wastes are responsible for the protein sources.
For example, slaughterhouse wastes can provide a reputable resource for the
proteins of animal origin, such as gelatin. These wastes constitute the inedible
tissues/parts of the animals that have been slaughtered for meat production [38].
Several reports are available in the literature on the application of protein-based
biopolymers as corrosion inhibitors. Figure 1.1 lists the different proteins that have
been used as corrosion inhibitors for metals and alloys [39]. Casein was studied as a
corrosion inhibitor for mild steel in 0.1 M HCI solution in the range of 50-400 mg1~!
concentrations [40]. The corrosion rate decreased from 98.4 to 3.9 mpy in the
presence of an inhibitor. EIS studies revealed a charge-transfer control of the
electrochemical process, whereas the PDP measurements indicated a mixed mode
of inhibition. Casein was also studied as an inhibitor for reinforcing steel 0.1 mol 1~}
NaOH solution in the presence of varying concentrations of Cl~ ions with 82%
inhibition efficiency [41]. Using weight loss and electrochemical measurements,
gelatin was explored for X60 steel in a 15% HCl environment wherein the inhibition
efficiency increased with increasing the inhibitor concentration [42]. Adding
potassium iodide (KI) to gelatin as a synergistic component increased the inhibition
efficiency from 70.42% to 84.51%. Gelatin was also evaluated for aluminum and
aluminum-silicon alloys in 0.1 M NaOH solution using electrochemical measure-
ments [43]. The inhibitor adsorption was in accordance with the Flory-Huggins
isotherm. Gluten hydrolysate was analyzed on mild steel in 1 M HCl solution using
weight loss and electrochemical measurements [44]. The inhibitor showed a mixed
mode of inhibition performance by forming an inhibitive film on the metallic
substrate. It also performed as a mixed mode of physical and chemical adsorption.
A high inhibition efficiency of 93% was obtained even at an elevated temperature
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Table 1.2 Performance of different protein-based biopolymers as corrosion inhibitors.
Metal surface/ Inhibition efficiency/  Adsorption
Name medium concentration isotherm/type Reference
Casein Mild steel/0.1 M 96.41%/400 mg1~! Langmuir isotherm/ [40]
HCI mixed type
Casein Reinforcing steel/ 82%/9.7x 1074 M — [41]
synthetic concrete
pore solution
Gelatin X60 steel/15% HC1 70.42%/2.5% w/v Mixed type [42]
Gelatin Al alloy/0.1M 65.71%/2000 mg1~!  Flory-Huggins [43]
NaOH isotherm/
Mixed type
Gluten Mild steel/1 M HCl 92.8%/1000 mg1~! Langmuir isotherm/ [44]
hydrolysate mixed type
Maize-gluten  Steel/Simulated 88%/2000 mg 1! Langmuir isotherm/ [45]
meal extract concrete pore mixed type
solution in 3% NaCl
Soy Carbon steel/1M 89.51%/5000 mgl~!  Langmuir isotherm/ [46]
H,SO, mixed type

of 323 K. Maize-gluten meal extracts were analyzed for steel in simulated concrete
pore solutions with 3% NaCl [45]. The inhibition efficiency rose from 69.12% to
88.10% in the concentration range of 0.25-2 g1~!. The Langmuir isotherm provided
the most appropriate fit of the data and the surface analysis via SEM and AFM
studies. Soy polymer and polyvinyl pyrrolidinone were evaluated for carbon steel
in a 1M H,SO, environment in the temperature range of 30-60 °C with high
efficiency of 89.5% [46]. The inhibitor adsorption on the metal surface obeyed the
Langmuir isotherm and the PDP studies revealed a mixed mode of inhibitor action.
Table 1.2 lists some of the different protein-based biopolymers that have been used
as corrosion inhibitors for metals and alloys.

Among polyamino acids, most of the available literature reports the applica-
tion of polyaspartic acid as corrosion inhibitors. Polyaspartic acid (PAsp) was
reported as a corrosion inhibitor in different molecular weights. Besides, a com-
bination of polyaspartic acid and various amino acids, namely, tyrosine, histidine,
phenylalanine, and leucine, resulted in detergent formulations without/with
phosphate/silicate have also been reported as corrosion inhibitors [47]. The effect
of pH, temperature, and rotation conditions was studied for PAsp as corrosion
inhibitors by Silverman et al. [48]. PAsp accelerated the corrosion at pH values
lower than neutral pH. In contrast, at the higher pH values, it facilitated corrosion
inhibition at a concentration of 1-10% for iron and steel surfaces. In an amino
sulfonic acid medium, PAsp was also reported as a corrosion inhibitor for copper
surface wherein it provided a high efficiency of 89.8% at 1 g1~! [49]. An amount of
0.5g1™! PAsp in a synergistic combination with the same imidazole concentration
provided an inhibition efficiency of 95.7%. Synergistic corrosion inhibition was
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also introduced with iodide ions for mild steel in 0.5M H,SO,, resulting in a rise
in the inhibition efficiency from 87.9% to 96.3% [50]. At a pH value lower than
an isoelectric point, the amino acid can get protonated in the corrosive solution,
resulting in PAspH™" species in the medium, which would directly adsorb on the
metallic surface to provide protection from corrosion. In the presence of KI, I~
ions would first undergo adsorption on the metallic surface and would promote
the electrostatic interaction with the protonated form of the polymer. In another
study, a combination of polyaspartic acid with Zn?* ions (0.01g1™!) produced the
corrosion inhibition of 61% at 2 g1~! for mild steel in 3.5% NaCl medium [51]. It was
proposed that the amide groups and the carboxylate species of the PAsp played a
key role in the interaction of the PAsp with the metallic substrate. This was further
evidenced by the DFT-based quantum chemical calculations and Monte Carlo
simulations.

1.6 Chemically Modified Biopolymers as Corrosion
Inhibitors

One of the issues associated with the naturally occurring carbohydrate-based poly-
mers as corrosion inhibitors is their limited solubility in the corrosive solution. The
high-molecular weights of these polymers that afford the appreciable surface cov-
erage also render these molecules with limited solubility in the aqueous corrosive
medium. A convenient strategy, in this case, is the chemical functionalization of the
polymeric backbone using a suitable agent to improve the solubility and the inhibi-
tion performance. Herein we have discussed the corrosion inhibition behavior of sev-
eral organic corrosion inhibitors based on chemically modified biopolymers in the
aqueous corrosive media. The synthesis of some chemically modified chitosan-based
inhibitors is shown in Scheme 1.2.

A most commonly adopted strategy for chemical modification of chitosan is
the Schiff base formation. The pyranose ring present in the chitosan contains
attached -NH, functional groups. These amine groups can be reacted with organic
compounds containing free -CHO groups in a single-step reaction to introduce the
imine (-HC=N-) linkage in the chitosan polymer. The imine (-HC=N-) linkage
present in the Schiff base shows the ability to undergo adsorption on the metal
surfaces. The choice of Schiff bases stems from the fact that they are nontoxic and
can be synthesized easily, and the introduction of the imine linkage is expected to
improve the film-forming capability and anticorrosion behavior [5, 55-58]. A signif-
icant advantage of using the chitosan Schiff bases is that the Schiff base preparation
is a simple procedure requiring single-step reactions, and the azomethine (-CH=N)
linkage is known to show strong adsorption over the metallic surface. Three Schiff
bases of chitosan produced via microwave irradiation method using benzaldehyde
(CSB-1), vanillin (CSB-2), and N,N-dimethylaminobenzaldehyde (CSB-3) were
utilized as inhibitors against the corrosion of mild steel in 1M HCI [5]. At a low
dose of 50 mgl~!, all the inhibitors showed high inhibition efficiencies among
which, CSB-3 performed the best. The structural aspects in terms of -N(CH,),
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group afforded a planar orientation on the metallic substrate that allowed a better
coverage and a superior corrosion inhibition. Two more Schiff bases of chitosan
with Piperonal (Pip-Cht) [52] and cinnamaldehyde (Cinn-Cht) [53] were prepared
using a single-step microwave synthesis method. They were utilized as corrosion
inhibitors for carbon steel in 15% HCI solution. The thermal stability studies
indicated both the inhibitors were stable up to 200 °C and revealed high efficiencies
at low doses of 500 and 400 mg1~!, respectively. In a subsequent study by the same
group, vanillin-chitosan (Van-Cht) Schiff base was used as a corrosion inhibitor
for carbon steel in 15% HCI solution [54]. Electrochemical studies and computation
analyses revealed strong inhibitor adsorption over the metallic substrate. Another
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Scheme 1.3  Structures and inhibition performance of different chemically modified
chitosan-based inhibitors on mild steel in 1M HCL. Source: (a) Chauhan et al. [60]/Elsevier,
(b) Chauhan et al. [60]/Elsevier, (c) Srivastava et al. [61]/Elsevier, (d) Chauhan et al.
[62]/Elsevier.
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Schiff base of chitosan was prepared using salicylaldehyde and studied for sweet
corrosion of J55 steel [59]. At an elevated temperature of 65°C, high inhibition
efficiency of 95% was obtained at a concentration of 150 mgl~!. The structures
and corrosion inhibition performance of different chemically modified chitosan
derivatives are shown in Scheme 1.3.

Heterocyclic molecules are generally understood as effective corrosion inhibitors.
Several heterocyclic corrosion inhibitors, e.g. azoles, pyridines, and pyrimidines,
have been reported for different corrosive media [3]. In a study, chitosan was
chemically functionalized using amino-mercapto triazole and utilized as corrosion
inhibitor for 1 M HCI on carbon steel environment and in 3.5% NaCl on stainless
steel [62, 63]. In both cases, high inhibition performances were obtained. Thiosemi-
carbazide (CS-TS) and thiocarbohydrazide (CS-TCH) were used to chemically
functionalize the chitosan and used as mild steel inhibitors in 1 M HC] medium
using gravimetric, electrochemical, and computational studies. The CS-TCH
provided a more significant corrosion inhibition with preferential adsorption of the
protonated form of the corrosion inhibitor [60]. Using EIS and PDP measurements,
the same polymer was further investigated for stainless steel 3.5% NaCl [64]. Chi-
tosan was also modified using polyethylene glycol and was evaluated as an inhibitor
for steel surface in 1 M HCl and 1 M sulfamic acid solutions [61, 65]. High efficien-
cies were obtained at around 200 mg1™! in both media. Two amino-acid-modified
derivatives of dextran (LDT and S-LDT) were studied as inhibitors for corrosion of
carbon steel in CO,-saturated oilfield produce water [66].

1.7 Biopolymer Nanoparticles as Corrosion Inhibitors

Nanoparticles of chitosan were utilized for corrosion inhibition of mild steel
substrate in 3.5% NaCl solution. A 90% protection was achieved with the inhibitor
adsorption on the steel surface, obeying the Langmuir isotherm [67]. Nonionic
amphiphilic chitosan nanoparticles were synthesized in aqueous medium employ-
ing surfactant-free protocol and used for steel surface protection in 1M HCI.
At 250 mgl™!, an inhibition efficiency of 93.5% was afforded [68]. Chitosan
nanoparticles were also studied as inhibitors for A6063 alloy corrosion in 3.65%
NaCl medium [69]. An inhibition performance of >70% was observed. Glycogen
nanoparticles were synthesized via microwave irradiation and studied as corrosion
inhibitors for zinc in sulfamic acid medium [70]. At a concentration of 0.20 mg1-1,
an inhibition efficiency of 92% was obtained. Maltodextrin nanoparticles were
evaluated as inhibitors against acid corrosion of zinc and at high efficiency of 93%
was obtained at 50 mg1~! of concentration [71].

1.8 Biopolymer Composites as Corrosion Inhibitors

Nanocomposites of chitosan were prepared with cobalt (IE>95%) and SnS,
(IE>80%) and investigated for mild steel in 1M HCl medium [72]. Chitosan
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composites were also prepared with silver nanoparticles using the simple reduction
of silver by honey and were studied for ST37 steel in 15% HCI [73]. A mixed
mode of physical and chemical adsorption was obtained at low temperatures,
wherein chemical adsorption was observed at higher temperatures. A cathodic
type of corrosion inhibition performance was observed at higher temperatures.
The chitosan-AgNp composites when evaluated in 15% H,SO, provided a 94%
inhibition performance [74]. Chitosan (Ch) grafted with poly(ethylene glycol)
(Ch-g-mPEG) was assembled over silver nanoparticles and evaluated for carbon
steel in 1 M HCI using electrochemical and surface analytical measurements [75].
Starch-silver nanoparticle composites were studied as inhibitors for mild steel
in 0.5M HCI, and 82.806% efficiency was obtained at 70 °C [76]. At 30 °C, a
high efficiency of 93.168% was observed. Dextran and its silver nanoparticle
composites were utilized as corrosion inhibitors for ST37-2 steel surface in 15%
H,SO, using weight loss and electrochemical studies [77]. Synergistic effect of KI
was also investigated at 25 °C (IE 94.21%) and 60 °C (IE 99.4%). A mixed type of
inhibition behavior with predominance of the cathodic control of the reaction was
observed.

1.9 Adsorption and Protection Mechanism
of Biopolymers on the Metal Surface

A general mechanism of the adsorption of the biopolymer-based corrosion inhibitors
on the surface of metals and the protection performance can be explained as fol-
lows. The gravimetric method of inhibitor analysis reveals the effect of the variation
in the inhibitor concentration on the corrosion rate and the inhibition efficiency.
The increase in the inhibition efficiency and a corresponding lowering in the cor-
rosion rate with an increase in the inhibitor concentration suggests adsorption of
the corrosion inhibitor on the metal surface. The inhibitor molecules adsorb on the
metal surface and cover the corrosion active sites, thereby decreasing corrosion.
The EIS studies show an increase in the resistance against the charge transfer with
the increase in the inhibitor concentration [14]. The PDP method shows a lowering
in the corrosion current densities with an increase in the inhibitor concentration.
Thus, the EIS and PDP methods also support the inhibitor adsorption and corrosion
inhibition. The shift in the corrosion potential can indicate the anodic, cathodic, or
mixed type of inhibition behavior [14]. In a corrosive solution, a corrosion inhibitor
can exist in the protonated form as shown below:

Cinn — Cht Cinn — Chty o onated (1.1)

N
neutral ~—

The inhibitor can adsorb on the metallic surface via displacement of the
pre-adsorbed water molecules as follows:

My o + Cinn — Cht = Mgjpn_ch + H,0 1.2)

The protonated form of corrosion inhibitor can adsorb on the metallic substrate
and cover the cathodic sites, protecting them from corrosion. The neutral form
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Figure 1.2 (a) Surface morphology (SEM) of carbon steel samples after immersion in 15%
HCLl in the absence (A) and the presence of (B) optimum concentration of Van-Cht for 6 h at
25°C. (b) FTIR spectra of pure chitosan, Van-Cht, and film of Van-Cht adsorbed steel
surface after immersion in 15% HCL for 6 h at 25 °C. Source: Quraishi et al. [54]/Springer
Nature.

of the inhibitor can adsorb directly at the metal surface by the sharing of the =
electrons or the lone pair of electrons. The filled d-orbitals of the metal surface can
also back-donate the electrons to the inhibitor molecules. The surface analysis of
the metal surface via electron microscopy and spectroscopic analysis can provide
further support for inhibitor adsorption (Figure 1.2). The surface morphology
of carbon steel substrate after immersion in 15% HCI in the absence and the
presence of inhibitor Van—Cht is given in Figure 1.2a. The blank steel surface shows
considerable damage, whereas the inhibited surface shows a smooth morphology
indicating the adsorption and protection performance of inhibitor. The FTIR spectra
of pure chitosan, Van-Cht, and Van—Cht inhibitor after adsorption on carbon steel
surface following immersion in 15% HCI are given in Figure 1.2b. The characteristic
absorbance maxima of Van-Cht can be seen in the range of 3300-3400cm™*

l
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Figure 1.3 Mechanism of adsorption and inhibition behavior of vanillin-modified chitosan
(Van-Cht) on carbon steel surface. Source: Quraishi et al. [54]/Springer Nature.

corresponding to N-H stretch. Small peaks of -HC=N- stretching in the region of
1598-1575cm™! can be observed in the adsorbed sample. Slight shift in the above
band in the adsorbed sample compared to the pure Van-Cht with a lowering in the
intensity indicates the involvement of this group in the adsorption of the inhibitor
on the steel surface.

Further information can be obtained via computation analysis. The pK, anal-
ysis can indicate the existence of the inhibitor in the protonated form [66]. This
observation is supported by the DFT calculations and the molecular simula-
tions, both of which can reveal the active sites present on the inhibitor molecule
amenable to undergo adsorption and the inhibitor’s preferred alignment on the
metal surface [23]. Figure 1.3 shows a tentative mechanism of the adsorption and
inhibition behavior of the corrosion inhibitor.

1.10 Conclusions and Prospects

Corrosion of metallic structures is a major issue causing significant economic con-
cerns. Most of the available corrosion inhibitors belong to the class of nitrogen-based
heterocyclic compounds. However, the use of these inhibitors leads to severe issues
related to toxicity and environmental pollution. Therefore, there is a growing
interest in the area of corrosion inhibitors based on environmentally benign
molecules, such as natural extracts, drugs, and ILs. One of the primary categories
is the polymeric corrosion inhibitors derived from carbohydrates and proteins.
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The polymer-based corrosion inhibitors find application due to their large molecular
size that can afford the considerable coverage of the metallic substrate on the target
metal surface. The major categories are chitosan and the exudate gums, among
the carbohydrate-based corrosion inhibitors. On the other hand, polyamino acids
have found the major application as corrosion inhibitors among the protein-based
corrosion inhibitors.

Furthermore, in recent years, to improve the adsorption and the inhibition
effect of the polymeric corrosion inhibitors on the metallic surface, the chemical
modification of the inhibitor backbone has been applied as a strategy. Namely, the
single-step chemical modifications, nanocomposite formations, and copolymer
formation are some of the methods commonly adopted to develop the modified poly-
meric materials with superior corrosion inhibition behavior. The comprehensive
experimental studies have been well supported using appropriate computational
modeling analysis of the corrosion inhibitors. In recent years, researchers have
also targeted industry-relevant research areas, such as sweet corrosion and the
oil-well acidizing environments using polymeric corrosion inhibitors. However,
the collected literature also shows some knowledge gaps specifically in the realms
of the influence of different functional groups, more detailed synergism studies,
the effect of temperature, etc. Furthermore, another aspect is the development of
inhibitor formulations using the desired surfactant, oil, synergistic agent, etc. as
an additive along with the active corrosion inhibitors. Also, detailed comparisons
of the newly developed corrosion inhibitors with the literature reported corrosion
inhibitors must be carried out before they can be considered for the potential
applications in industry.
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